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Summary 

The current CoV-SARS-2 pandemic exemplifies the profound impact viruses can have upon 

our lives. Virus infection is a complex process where viral proteins cooperate to exploit host cell 

metabolism while evading immune responses. Herpes simplex virus 1 (HSV-1) is a very prevalent 

human herpesvirus that causes life-long infection and is known to dramatically remodel the cellular 

environment upon replication. This extensive manipulation is achieved using only a limited number of 

virus-encoded proteins, many of which possess numerous functions and exert their effects in multiple 

different subcellular compartments. HSV-1 pUL21 is an example of such multi-function protein: it is 

known to be important for assembly of new virus particles and viral cell-to-cell spread but its exact 

molecular functions remained unknown.  

Using a high throughput interactomics screen, previous members of the group identified 

potential cellular binding partners of pUL21: protein phosphatase 1 (PP1) and ceramide transfer 

protein (CERT). This thesis presents biophysical characterization of the direct interactions between 

pUL21 and these partners and describes the role of pUL21 as a novel viral phosphatase adaptor that 

recruits PP1 to multiple substrates, including CERT, to promote their dephosphorylation. 

Conservational and structural analyses led to the discovery of a non-canonical linear motif in pUL21, 

termed TROPPO, that is critical for PP1 binding and it is absolutely conserved across α-herpesviruses. 

In vitro evolution experiments using HSV-1 strains with mutated TROPPO motifs revealed that the 

phosphatase adaptor pUL21 antagonises the activity of the virus-encoded kinase pUS3. A correct 

balance of kinase and phosphatase activity is shown to be essential for correct subcellular localisation 

of the HSV-1 nuclear egress complex and for virus replication and dissemination. 

Using in vitro biochemical experiments, stable expression of pUL21 in cultured cells, and 

infection with wild-type HSV-1 or viruses expressing pUL21 with a mutated TROPPO motif, we 

confirmed that pUL21 stimulates PP1-dependent dephosphorylation of CERT and the viral nuclear 

egress complex component pUL31, plus additional as-yet unidentified proteins. The binding interface 

of the pUL21:CERT complex was determined using small-angle X-ray scattering, enabling the 

generation of pUL21 mutants where binding to CERT, but not to other substrates, was specifically 

disrupted. Generation of a CERT non-binding mutant facilitated a detailed characterization of the 

sphingolipid-modulatory role of pUL21 using ‘click chemistry’-based assays and revealed that  

pUL21-dependent upregulation of sphingomyelin turnover is required for the correct trafficking of 

maturating virions to the plasma membrane.  

In summary, this thesis presents structural and functional characterisation of HSV-1 pUL21, 

dissecting the multiple roles played by this protein during the replication of HSV-1. Furthermore, this 

study provides first insights into the modulation of sphingolipid homeostasis during virus infection,  

a critically understudied host:pathogen interaction. 
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1 Introduction 

1.1 Overview of herpes simplex virus 1 (HSV-1) infection 

Herpes simplex virus 1 (HSV-1) is a member of the subfamily Alphaherpesvirinae of the 

Herpesvirales order (1). Most people associate HSV-1 infection with very mild orofacial ulcers 

(“cold sores”), but the virus can also cause more severe conditions such as genital and 

esophageal lesions, encephalitis, ocular herpes, neonatal herpes, and very dangerous 

systemic infections in immunocompromised patients (2–6). It is estimated that, depending on 

the geographical area, between 60–95% of human population are infected with the virus (7) 

with 192 million people suffering from genital HSV-1 infection globally (7). The routes of 

transmission rely predominantly on physical contact in the genital and oral areas, and the risk 

of infection is highest when active infection manifesting as sores is present (8). HSV-1 is also 

infrequently transmitted during gestation or birth, causing neonatal herpes characterized by 

high morbidity and mortality (9). 

Primary infection with HSV-1 is usually asymptomatic and happens at a young age (10). Virus 

entry occurs primarily via epithelial cells of non-keratinized mucosal tissues in the oral cavity 

or genital area; however it may also happen through infection of basal layers of keratinized 

epithelium if lesions in the skin are present (11). From the infected epithelial cells, the virus 

disseminates to sensory nerve terminals, where it infects and undergoes retrograde transport 

to cells bodies of neurons within peripheral ganglia to establish lifelong latent infection (12). 

Upon reactivation, the virus returns to keratinized epithelial cells by anterograde transport, 

leading to active lytic infection at the affected areas that manifests as blisters or ulcers 

containing large amount of infectious virus. In rare instances, anterograde transport can also 

deliver the infectious virions to the central nervous system, where it causes severe 

neurological disease (12). The molecular basis of reactivation is poorly understood but it is 

though that the replicative cycle of HSV-1 can be triggered by various stress factors such as 

fever, emotional trauma, suppression of the immune system or tissue damage (10,13). 

Acyclovir is a very potent drug against HSV-1 infection. Acyclovir is applied topically for 

epithelial lesions, while treatment of immunocompromised patients or neonates usually 

requires oral or intravenous therapy (10). Treatment with acyclovir is extremely efficient as it 

acts as a nucleotide analogue that requires the presence of the viral thymidine kinase for 

activation by phosphorylation. HSV-1 DNA polymerase incorporates it then into the viral DNA 
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primer-template, causing its termination and inactivation of the viral polymerase (14). 

Importantly, this process is dramatically less efficient in uninfected cells which cannot activate 

and incorporate acyclovir due to the lack of the viral enzymes, hence its cytotoxicity is very 

low (15). However, acyclovir treatment can stop only acute lytic infection and cannot 

eradicate the latent HSV-1 infection. HSV-1 encephalitis still causes up to 19% mortality in 

patients treated with antivirals, with survivors often suffer from severe neurological sequelae 

(16). Moreover, resistance to acyclovir can develop causing life-threatening infection in 

immunocompromised patients (10). 

1.2 HSV-1 replication and pUL21 

1.2.1 Nuclear egress 

HSV-1 replicates its 154 kb double-stranded DNA genome, encoding at least 84 proteins (17), 

in the host nucleus and packages it into icosahedral capsids. These nucleocapsids must next 

find their way to the cytoplasm to undergo the subsequent steps of virus maturation. The 

nucleus is a cellular compartment surrounded by a lipid bilayer called the nuclear envelope, 

which consists of the inner nuclear membrane (INM), the outer nuclear membrane (ONM), 

and the perinuclear space between the two. Most trafficking between the nucleus and the 

cytoplasm occurs via the nuclear pores but the diameter of their inner channel (~39 nm) (18) 

is not permissible for large molecules, such as HSV-1 capsids (~125 nm) (19). Therefore, to 

leave the nucleus the capsids utilize a unique route comprising sequential steps of 

envelopment at the INM (termed ‘primary envelopment’) and de-envelopment at the ONM 

(20,21) (Figure 1.1). The nuclear egress complex (NEC) that comprises two viral proteins, 

pUL31 and pUL34, is critical for HSV-1 capsid nuclear egress and its components are conserved 

across all members of the Herpesviridae family (22,23). pUL31 has a nuclear localization signal 

that directs it to the nucleus where it interacts with the nucleocapsids and tethers them to 

the INM via binding to pUL34, which, in turn, is anchored in the INM via a C-terminal 

transmembrane helix (24). In vitro studies using purified proteins and cultured cells 

expressing the NEC components showed that they are sufficient for formation of vesicles that 

bud from the nuclear membrane (25,26). The regulation of the NEC occurs via pUS3-

dependent phosphorylation of pUL31: introduction of serine-to-alanine mutations that 

prevent phosphorylation to its N-terminus caused virions aggregation at the nuclear rim, 

similar to the phenotype that results from deletion or inactivation of pUS3 kinase activity (27). 

Assembly of the capsid vertex-specific component (CVSC), comprising HSV-1 proteins pUL17 
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and pUL25, promotes nuclear egress of DNA-filled capsids (‘C-capsids’) to ensure their 

preferential translocation to the cytoplasm over capsids without encapsulated genomes (‘A-

capsids‘ and ‘B-capsids’) (28). It has been proposed that DNA packaging mediates a subtle 

conformational change in the capsid that can accommodate more of the heterodimeric 

pUL17:pUL25 complex on its surface (29), thus promoting their preferential recruitment to 

the NEC. Viral glycoproteins gH, gL and gB have been implicated in the regulation of the de-

envelopment fusion at the ONM (30), with the activity of the latter being also controlled via 

phosphorylation by pUS3 (31).  

 

Figure 1.1 HSV-1 assembly and spread.  

1: Following viral genome replication and protein expression, newly synthesised virus DNA in 

the nucleus is packaged into viral capsids (to become nucleocapsids or ‘C-capsids’). 2: 
Nucleocapsids undergo primary envelopment at the INM, budding into the perinuclear space 
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and thereby acquiring a lipid envelope. This envelope fuses with the ONM and the 

nucleocapsid is released into the cytosol. 3: Tegument proteins present in the cytosol 

assemble around the nucleocapsid, forming a proteinaceous layer. 4: Secondary 

envelopment. The tegument-coated nucleocapsids associate with TGN- and recycling 

endosome-derived membranes that are rich in viral glycoproteins, budding into these 

compartments to acquire a glycoprotein-studded envelope. 5: Transport vesicles surrounding 

the enveloped virions are actively trafficked to and fuse with the plasma membrane. 6: 
Progeny virus infects the neighbouring cells by direct cell-to-cell spread (a) or is released into 

the extracellular milieu (b). Adapted from Owen et al., 2015 (69) 

To maintain the structural integrity of the nucleus, the nuclear envelope is supported by a 

filament network called the nuclear lamina that is attached to the INM (32). This network is 

composed of intermediate filament proteins, called nuclear lamins, and forms a rigid 

structure anchored to the INM via a set of integral membrane lamina-associated proteins 

(LAPs) (33). The nuclear lamina constitutes a physical barrier to nuclear egress by HSV-1 

nucleocapsids, limiting the access to the INM and preventing changes of the membrane 

curvature required for the budding. To overcome these obstacles, HSV-1 causes local 

destabilization of the interactions between lamin proteins and the LAPs tethering them to the 

INM, a phenomenon that is largely dependent on control of lamin phosphorylation by viral 

and cellular kinases recruited to the nucleus during infection (34–37). For example, several 

types of protein kinase C (PKC) are recruited to the nuclear membrane in a NEC-dependent 

manner to phosphorylate lamin B, leading to thinning of the lamina (38,39).  

pUL21 is a herpesvirus protein conserved across the members of the α-herpesvirus subfamily 

(40), it is a 57.6 kDa soluble protein, which localises to both the cytoplasm and the nucleus 

(41). The protein has been shown to be required for the optimal virus replication in cultured 

cells as upon its deletion the virus titres are reduced 10–100 fold following a single cycle of 

replication (42,43). It can be classified as a late gene as its expression increases linearly 

throughout the replication cycle and accumulates at late stages of infection (44). 

Interestingly, pUL21 has been implicated in the early gene expression, with its knock-out 

causing a delay in viral gene expression at early stages of infection (40,45), presumably via 

changes in the components packaged into nascent virus particles when pUL21 is absent. An 

accumulation of capsids in the nucleoplasm has been observed in cells infected with HSV-2 

lacking pUL21 (ΔpUL21) (40), although this phenotype was not present in cells infected with 

ΔpUL21 HSV-1 (46). Other studies noted a higher incidence of empty capsids in the cytoplasm 

upon pUL21 knock-out, pointing towards a role for pUL21 in licensing of nucleocapsids to 
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enter the cytoplasm or in stabilising C-capsids (47,48). In short, it has been demonstrated that 

pUL21 plays a role in nuclear egress, although its exact role is elusive and it is likely to be virus- 

and strain-specific (46).  

1.2.2 Tegumentation and secondary envelopment 

Upon reaching the cytoplasm, HSV-1 nucleocapsids undergo spontaneous association with a 

structure called tegument (Fig. 1.1), which comprises thousands of densely packed protein 

molecules of both host and viral origin (49). Tegument is assembled via a complex network of 

protein interactions, forming a tight amorphous protein layer that maintains structural 

integrity of the virions (50). Tegument proteins can be classified as inner or outer, based on 

the strength of their association with the capsid assessed by detergent lysis in the presence 

of increasing salt concentration (51). Some of the tegument proteins, e.g. pUL36 and pUL37, 

take part in the retrograde transport of the virions to the nuclei (52–54) and the release of 

viral DNA at the nuclear pore complexes upon entry (55,56).  

HSV-1 pUL21 is directly associated with the capsid as a part of the inner tegument (52,57,58). 

It directly binds pUL16 and both help each other in their recruitment to the tegument (59–

61). The pseudorabies virus (PRV) homologue of pUL21 also stimulates incorporation of the 

tegument proteins pUL46 and pUL49 and of the viral kinase pUS3 (62).  

Concomitant with acquisition of tegument, maturing virions bud into specialized vesicles 

containing the viral glycoproteins that will stud the surface of mature virions, a process called 

‘secondary envelopment’ (Figure 1.1). Tegument proteins link the capsid to the glycoprotein-

containing vesicles, promoting budding (63). After secondary envelopment, the vesicles 

containing membrane-wrapped virus particles are trafficked to and fuse with the plasma 

membrane, thereby releasing the mature enveloped virion (Figure 1.1) (64). The exact origin 

of the viral envelope has been a topic of intensive scientific debate but the current consensus 

points towards vesicles derived from the intersection of the trans-Golgi network (TGN) 

(65,66) and the endosomal system (67), confident discrimination between them being 

precluded by their closely-related functions and the known reorganisation of intracellular 

organelles during HSV-1 infection (63,68).  

Trafficking of viral membrane proteins to secondary envelopment compartments is an 

essential prerequisite to secondary envelopment (70–72). It has been demonstrated that 

pUL21 and pUL16 interact with the tegument protein pUL11 to form a tripartite complex that 
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assembles with the cytoplasmic tail of gE on cellular membranes (41). Since pUL21 bind 

capsids (52,57,58) it has been proposed to play a role in secondary envelopment by directly 

linking cytoplasmic capsids to glycoprotein-studded membranes that will go on to form the 

virus envelope (41,60). This model is supported by the observations in cells infected with PRV 

lacking both pUL16 and pUL21, where secondary envelopment is hindered and clusters of 

unenveloped virions are found in the cytoplasm (73).  

1.2.3 Trafficking to the plasma membrane 

All herpesviruses preferentially use direct cell-to-cell spread rather than spreading as 

extracellular virions (Figure 1.1). Such strategy is not only rapid and efficient, but it also 

protects the virus from the effect of the immune system components such as neutralizing 

antibodies (74). The preference for direct cell-to-cell spread also explains why the severity of 

HSV disease and the time to recrudescence correlate poorly with the titres of HSV-neutralizing 

antibodies in patients (75). To successfully infect a neighbouring cell, the progeny virus must 

be specifically directed to cell-cell contact sites where it can move across the narrow spaces 

between cells in fashion that is negatively regulated by the presence of the tight and adherent 

junctions (76,77). This targeting to the right surface site is particularly important in polarized 

cells, such as keratinocytes, which represent the primary site of HSV-1 infection and which 

form extensive cell junctions at the basolateral membranes where the virus progeny exit 

(78,79). It has been shown that viral glycoproteins, exemplified by the gE:gI complex, are likely 

to play vital roles in delivering the maturating virions from their side of secondary 

envelopment to the cell-cell contact sites for direct cell spread (80–82). The exact mechanism 

behind directing the enveloped virions to the plasma membrane remains unknown, but it is 

likely to utilize the existing cytoskeleton architecture (83) and hijack the cellular cargo sorting 

processes. It has been shown that dysregulation of protein kinase D (PKD), which plays a major 

role in the cargo sorting at the TGN (84–87), leads to abnormal virus secretion (88).  

A crucial role for pUL21 in cell-to-cell spread is demonstrated via the observation that ΔpUL21 

HSV-1 forms virus plaques (areas of infected cell population resulting from direct cell-to-cell 

spread from a single infected cell) that are extremely small on susceptible monolayers of cells 

(46,47). Although the mechanism behind this defect remains unknown, it may be related to 

the binding of pUL21/pUL16/pUL11 to the cytoplasmic tail of gE (41) as gE is known to be 

critical for cell-to-cell spread (81). Because pUL21 binds both capsids (57,58) and microtubules 
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(57), it has been hypothesized that it may be directly involved in the anterograde transport of 

maturating virions along microtubules to the cell periphery. Furthermore, pUL21 may also 

play a role in the retrograde trafficking to the nucleus, upon virus entry. In support of this 

notion, PRV pUL21 has been reported to co-immunoprecipitate with the cytoplasmic dynein 

light chain Roadblock-1 protein (89) which is involved in minus-end directed microtubule 

transport (90). Interestingly, replacement of the mutated amino acids in pUL21 found in the 

PRV vaccine strain Bartha with wild-type (WT) residues rescues its defect in retrograde transit 

(91) and restores virulence (92), which further strengthens the notion of a versatile trafficking 

role of pUL21. 

1.3 Structural studies of pUL21 

pUL21 is conserved across members of the α-herpesvirus subfamily (40,93), the sequence 

identity of homologues to HSV-1 pUL21 ranging from 21% (VZV pORF38) to 84% (HSV-2 

pUL21). Only positional homologs have been identified in β- and γ-herpesviruses (e.g., human 

cytomegalovirus [HCMV] pUL87 and Kaposi's sarcoma-associated herpesvirus [KSHV] ORF24), 

but in the absence of obvious sequence similarity it is unclear whether these proteins share 

similar functions. In the study by Metrick and Heldwein (93), purified full-length pUL21 

expressed in E. coli underwent spontaneous proteolysis that resulted in generation of stable 

N-terminal (pUL21N, residues 1 to 216) and C-terminal (pUL21C, residues 284 to 535) 

fragments, indicating that the intermediate residues form a poorly structured linker (Figure 

1.2). According to the analysis of the available α-herpesvirus sequences, pUL21N (9.7% of 

residues fully conserved) is more conserved than pUL21C (1.2% of residues fully conserved) 

(93). The structures of both domains were determined using X-ray crystallography (Figure 

1.2). pUL21 residues 1 to 198 were observed in the pUL21N structure (PDB ID 4U4H (93)) and 

they adopt a novel ‘sail-like’ fold that possesses no appreciable structural similarity to any 

other protein, precluding inference of its potential functions. Studies of pUL21C were initially 

impeded by poor solubility of the purified protein constructs, but a tag-less variant spanning 

the residues 275 to 535 was eventually concentrated and produced diffracting crystals (PDB 

ID 5ED7 (94)). Similar to pUL21N, the C-terminal domain was shown to adopt a novel fold, in 

this case being an all α-helical fold that resembles a dragonfly. Further analysis of surface 

electrostatics and evolutionary conservation patterns identified regions on the surface of 

both domains that may be functionally relevant, but again the lack of structural homology to 

other protein families precluded inference of function by analogy. However, pUL21C was 
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observed to copurify with E. coli RNA, likely through the basic patches on its surface, indicating 

a potential role in regulating transcription and/or translation. (94)  

 

Figure 1.2 Crystal structures of the HSV-1 pUL21 terminal domains.  

pUL21 can be divided into two well-characterized ordered domains (the N-terminal domain 

[PDB ID 4U4H (93)] and the C-terminal domain [PDB ID 5ED7 (94)], both depicted in violet) 

joined by a flexible linker region (depicted in yellow). Crystal structures of the 

corresponding domains showed no homology to other known protein domains. Spheres 

indicate the terminal amino acid residues of each domain.   

1.4 Interactomics studies of pUL21 

1.4.1 Co-immunoprecipitation and mass spectrometry to identify binding partners 

The basis of this PhD project was formed by an interactomics screen for host binding partners 

of pUL21 that was performed by Dr Julia Muenzner and Dr Stephen Graham. A co-

immunoprecipitation (co-IP) assay was performed using HEK293T cells that had been 

differentially labelled via stable isotope labelling by amino acids in cell culture (SILAC) before 

transfection with plasmids encoding either C-terminally tagged pUL21-GFP or GFP alone. The 

latter served as control to discriminate real interactors from false-positive hits resulting from 

host proteins binding to the GFP-tag and/or the affinity resin. The rationale for using an 

ectopic overexpression of the bait protein, rather than infection with recombinant HSV-1 

expressing pUL21-GFP, was to identify direct interactions rather than interactions that arise 

from pUL21 assembling into the intricate HSV-1 tegument network that in turn binds many 

different proteins in infected cells. Two strong hits were identified, namely ceramide transfer 

protein (CERT) and the catalytic domain of protein phosphatase 1 (PP1) (Figure 1.3). These 
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two candidate pUL21 binding partners were selected for further validation and 

characterization, the results of which are presented in this thesis. 

 

Figure 1.3 Quantitative mass spectrometry interactomics screening for pUL21 host 
binding partners using SILAC co-IP.  

HEK293T cells were transiently transfected with either pUL21-GFP or GFP alone. The cells 

were lysed after 24 hrs and the bait proteins were captured using high affinity GFP-binding 

resin. Co-precipitated proteins were identified by mass spectrometry and the data is 

presented as log2 fold enrichment versus significance of enrichment (-log10 of two-sided t 

test using a null hypothesis of no enrichment) in the pUL21-GFP sample versus the GFP-

only control. Data represents three biological replicates. The two strongest hits are shown 

in blue. 

1.5 Hypothesis 

The activity of CERT as a ceramide transport is well known to be regulated by its reversable 

phosphorylation (95,96) and PP1 phosphatase activity is known to be directed to specific 

targets by adaptor proteins (97,98). Based on the interactomics screen, we hypothesized that 

pUL21 is a viral PP1-adaptor that specifically targets CERT for dephosphorylation and 

activation – a novel viral strategy for regulating host sphingolipid metabolism. 

1.6 Regulation by protein phosphorylation 

Post-translational modifications (PTMs) are critical for rapid and spatiotemporally controlled 

alterations to the properties of proteins, facilitating the generation of a diverse array of 

structural and functional units within cells. One of the best studied PTMs is reversable protein 

phosphorylation, which orchestrates a myriad of cellular functions and processes. (99) The 

presence of the phosphate group can trigger conformational changes in the protein, thereby 

modifying its affinity for binding partners or (de)activating its enzymatic activity (100). It has 
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been estimated that there are as many as 230,000 distinct phosphorylation sites in human 

proteome that cover 13,000 proteins (101), amounting to nearly 70% of all human proteins 

(102). Two class of enzymes maintain the balance in protein phosphorylation: kinases that 

add a covalently bound phosphate group to the appropriate amino acids, and phosphatases 

that remove them. Phosphorylation occurs predominantly on threonine, serine and tyrosine 

residues but other non-canonical phosphorylation sites have been recently reported (103).  

1.6.1 Kinases 

Protein kinases are signalling proteins that act as molecular switches in the cell by 

phosphorylating their target proteins. The human protein kinase family consists of at least 

518 members, which makes it one of the largest enzyme families in humans (104). Almost all 

kinases require a divalent cation such as Mg2+ to catalyse the phosphorylation reaction. The 

activity of kinases is tightly regulated as they exist in a dormant state and become active only 

upon receiving a diverse range of regulatory stimuli (105). The mechanism of such activation 

can be very intricate and often involves signalling cascades that incorporate multiple kinases, 

phosphoprotein targets and secondary messengers (105). Despite the divergence of 

regulation and substrates, all kinases share conserved functional motifs and similar structural 

principles (Figure 1.4). The conserved kinase core consists of two sub-domains, N-Lobe and C-

Lobe, that undergo constant conformational fluctuations and such movement is thought to 

form an essential part of the catalytic cycle (105,106). The cleft between the two lobes houses 

the adenine ring of ATP, which is bound by the Glycine-rich Loop (GxGΦG, where x is any 

amino acid and Φ refers to a hydrophobic residue) in the N-Lobe. There is a conserved salt 

bridge between a conserved motif (AxK, where x is any amino acid) in strand β3 of the N-Lobe 

and a conserved glutamate within the C-helix of the N-Love, near the hinge, formation of 

which is a prerequisite for the formation of active protein kinases (104). Two functional 

subdomains present in the C-Lobe are also critical for kinase activity, the activation loop that 

regulates phosphorylation activity and a helical subdomain that helps define substrate 

specificity (107). The activation loop also consists of a short “magnesium-binding loop” and 

often ends with residues APE, which are involved in intramolecular salt bridge formation 

stabilizing the segment (105,108). Kinases are difficult targets for drug treatment due to their 

wide array of functions and conserved structure that impede identification of selective 

inhibitors (108). 
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 Figure 1.4 Conserved functional elements of protein kinase A (PKA). 

A representative structure of PKA (PDB ID 3TNQ (109)) with the conserved elements typical 

for a protein kinase highlighted and labelled.   

1.6.2 Phosphatases  

There are only around 30 serine/threonine phosphatases (PSPs) identified in human cells 

(110), a modest number compared to over 428 identified genes encoding for human 

serine/threonine kinases (104). PSPs can be divided into three major families: phosphoprotein 

phosphatases (PPPs), metal-dependent protein phosphatases (PPMs), and the aspartate-

based phosphatases represented by FCP/SCP (TFIIF-associating component of RNA 

polymerase II CTD phosphatase/small CTD phosphatase) (111). Several members of the PPP 

family have a wide range of substrates determined by the association of their catalytic subunit 

with a great variety of regulatory subunits (112). Members of the PPP family include protein 

phosphatase 1 (PP1), PP2A, PP2B, PP4, PP5, PP6, and PP7. The PPM family comprises protein 

phosphatases dependent on manganese/magnesium ions (Mn2+/Mg2+), such as PP2C and 

pyruvate dehydrogenase phosphatase. Unlike PPP, the PPM family members do not have 

regulatory subunits, but their substrate specificity is instead determined by additional 

domains and conserved sequence motifs (113). Metal ions play a catalytic and central role for 

both PPP and PPM through the activation of a water molecule required for the 

dephosphorylation reaction. Lastly, FCP/SCP uses an aspartate-based catalysis mechanism 

and its only known substrate is the C-terminal domain (CTD) of RNA polymerase II. 
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1.6.2.1 Protein phosphatase 1 (PP1) 

Protein phosphatase 1 (PP1) is the major eukaryotic phosphatase, with its physiological 

functions ranging from muscle contraction (114) and cell-cycle progression (115) to neuronal 

signalling (116). Its unique properties make it one of the most ubiquitous and efficacious 

human enzymes (97,98). The catalytic subunit of PP1 has low intrinsic specificity toward 

substrates, thus its coordinated action is dictated by formation of complexes with other 

proteins, known as regulators of protein phosphatase one (RIPPOs), which act as regulatory 

subunits (97,98). Furthermore, although PP1 is present in all eukaryotic cells at modest 

concentrations, it is responsible for over 50% of all phosphoserine/threonine 

dephosphorylation events in eukaryotic cells (97) indicating an intracellular competition for 

its binding between the RIPPOs. While only three PP1 genes are present in the mammalian 

genome, more than 200 genes encoding various RIPPOs have been identified, and more are 

yet to be discovered (117). The binding of RIPPOs to PP1 is mediated by short linear motifs 

(SLiMs) that comprise 4–8 amino acid and bind to specific surface grooves of PP1 

(97,98,118,119). Multiple SLiMs, acting as PP1 docking motifs, are often found in intrinsically-

disordered PP1-anchoring domains (98,119–121). The coordinated binding of SLiMs provides 

a high-affinity interaction between PP1 and its RIPPO, often resulting in partial structural 

ordering of the PP1-binding domain (122). The most prevalent and best-studied SLiM is the 

so-called RVxF-motif, which is present in nearly 95% of all known RIPPOs (123) and mutation 

of which is often sufficient to disrupt holoenzyme formation (124). Other PP1-binding SLiMs 

such as SpiDoc, SILK, MyPhoNE, ΦΦ and NIPP1-helix (120,125) are less common and are 

considered promising druggable targets, allowing formation of specific PP1 holoenzymes to 

be inhibited (120). Indeed, this strategy has already been used in the development of 

compounds inhibiting the replication of Ebola virus and human immunodeficiency virus (HIV) 

in cultured cells (126,127). Importantly, the large number of RIPPOs effects a local 

competition for binding to PP1, thus framing a complicated interaction landscape where some 

regulatory subunits act as direct inhibitors of other PP1 adaptors (119,123).  

1.7 Phosphomodulatory potential of herpesviral infections  

All herpesviruses encode protein kinases and the most conserved group of these kinases, 

termed conserved herpesvirus protein kinases (CHPKs), is represented in HSV-1 by pUL13 

(128,129). Despite their low sequence homology, CHPKs possess distinctive common features 

and may possess conserved biological roles that are important for viral infection (130). All 
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CHPKs localize to the nuclei of infected cells, suggesting a role in viral DNA replication and 

nuclear egress (131–133). Moreover, they are also classified as components of the tegument, 

suggesting they may be involved in the maturation and/or trafficking of the cytoplasmic 

virions (134–136). Interestingly, during infection with β- and γ-herpesviruses only the 

member-specific CHPK is being expressed, while α-herpesviruses encode an additional 

protein kinase (pUS3 and homologues thereof) implying separate biological functions of the 

two alphaherpesviral kinases.  

Less is known about the herpesvirus-encoded phosphatases or phosphatase adaptors. 

Herpesviruses are not known to encode any protein phosphatases and only one herpesvirus 

RIPPO has been identified, γ34.5 (137), expression of which is limited to just HSV-1 and HSV-

2 (138).  

1.7.1 pUL13 

CHPKs of human β- and γ-herpesviruses play important roles in virus replication, causing 

significant growth defects and compromised fitness when knocked-out or inhibited by RNAi 

(139–143). Nuclear egress seems particularly affected in the mutant strains lacking kinase 

activity (144), manifesting as an overall reduction in the abundance of NEC proteins (139). 

Studies with α-herpesviruses have yielded conflicting data, with some reports demonstrating 

dispensability of pUL13 for viral replication (145,146) while others showed more severe cell 

type-dependent defect in replication when pUL13 was missing (147). This subfamily-specific 

redundancy of CHPKs in the replication cycle of neurotropic α-herpesviruses can be explained 

by the additional viral kinase they encode, pUS3, which was acquired after separation of α-

herpesviruses from β- and γ-herpesviruses (148). Indeed, an HSV-1 mutant lacking expression 

of both kinases pUL13 and pUS3 shows more severe defects in both cell-to-cell dissemination 

and growth in cultured cells than mutants lacking either enzyme individually (35).  

1.7.2 pUS3  

The viral kinase pUS3 and its homologues are encoded exclusively by members of the 

Alphaherpesvirinae subfamily (148). Abolished expression of pUS3 from HSV-1, HSV-2, VZV, 

PRV, MDV-1, or BHV-1/5 has been shown to impair viral replication in some cell types (148). 

Moreover, the protein kinase activity of HSV-1 pUS3 is critical for virulence in the central 

nervous system (CNS) and peripheral sites of mice following intracranial and peripheral 

infection, respectively (149,150). To date, over 23 phosphorylation events requiring the 
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presence of HSV-1 pUS3 have been reported, encompassing a diverse group of substrates and 

cellular functions (reviewed in (151)). These observations suggest that pUS3 is a promiscuous 

protein kinase that phosphorylates many more substrates than originally anticipated (152). 

The activity of pUS3 is regulated by pUL13-mediated phosphorylation (150,153) and by 

autophosphorylation at serine-147 (153), with the enzyme displaying higher kinase activity 

when phosphorylated (150). The broad substrate specificity of HSV-1 pUS3 overlaps with 

those of the cellular kinases Akt (154) and protein kinase A (PKA) (155), allowing the 

monitoring of pUS3-mediated phosphorylation events by Akt and PKA phosphosubstrate-

specific antibodies.  

1.7.3 γ34.5 

γ34.5 (a.k.a. infected cell protein 34.5 [ICP34.5]) is a multifunctional protein that acts 

throughout the HSV-1 infection cycle in multiple pathways, such as control of type I IFN 

induction through TANK-binding kinase (156), and inhibition of autophagy via binding of 

beclin 1 (157). Via a separate domain, γ34.5 also prevents host shutoff of protein synthesis, 

which is characteristic of the innate immunity response to infection and requires interferon-

dependent induction of double-stranded RNA–dependent protein kinase R (PKR) (158). When 

activated, PKR phosphorylates the eukaryotic (translation) initiation factor – eIF2α, causing 

translational arrest and gross reduction in the synthesis of both viral and cellular proteins 

(159). To alleviate this host defence mechanism and allow for successful viral infection, HSV 

has evolved a strategy to reverse the eIF2α kinase-mediated translational arrest through 

γ34.5. Acting as a phosphatase adaptor, HSV-1 γ34.5 binds and recruits PP1 to eIF2α, thus 

targeting it for dephosphorylation and, as consequence, reversing the protein synthesis 

shutoff (160). The activity of γ34.5 in counteracting the PKR response and eIF2α 

phosphorylation is required for successful replication of HSV-1 in some cultured cells 

(137,161). Similarly, Δγ34.5 HSV-1 is much less virulent in animal models of ocular and CNS 

disease and the defect is dependent on the endogenous expression of PKR (162). 

1.8 Sphingolipids as signalling molecules and building blocks of cell membranes 

1.8.1 Ceramide 

Ceramide (Cer) is a lipid molecule that plays important roles in many physiological processes 

and in disease. Its distinct biophysical features (e.g. very low polarity, prominent 

hydrophobicity, small functional group and high melting temperature) can strongly modify 
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membrane properties, leading to cascades of signalling events (163). Biochemically, Cer is 

especially interesting as it is the precursor molecule of sphingomyelin (SM) and 

glycosphingolipids. In resting cells, the homeostatic concentrations of Cer are extremely low, 

increasing upon stress conditions or introduction of a various stimuli (164).  

In terms of structure, Cer consists of a sphingoid base, usually sphingosine, and attached to it 

fatty acyl chain of variable length (Figure 1.5). This length is the basis for the classification of 

Cer (165), with those of long acyl chains (C16-24) being the most abundant in mammalian 

cells (166).  

 

Figure 1.5 Lipids involved in the sphingolipid metabolism.  

Skeletal formulas of the main lipids important in sphingolipid metabolism. The elements 

typical for each lipid are highlighted. R’, an acyl chain of variable length and saturation 

that usually determines further classification of the lipids.  

Cer can be either synthesized de novo or via recycling through hydrolysis of SM by enzymes 

called sphingomyelinases (SMases) (167). The former route begins at the ER with the 

conjugation of serine to palmitate, and, after several consecutive conversions, the Cer 

molecule is formed. This Cer molecule is then transported to the Golgi apparatus. Vesicular 

transport is utilized predominantly for the delivery of Cer to the cis-medial-Golgi, where it 

undergoes further modifications during its conversion into glycosphingolipids (168). 
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Alternatively, Cer destined for SM synthesis can be transferred directly to the TGN in a non-

vesicular fashion by CERT, which functions at organelle membrane contact sites (MCS) 

between the ER and the TGN (169).   

1.8.2 Sphingomyelin 

The class of enzymes responsible for synthesis of SM are called phosphatidylcholine:ceramide 

cholinephosphotransferases or sphingomyelin synthases (SMSs). During the reaction, a 

phosphocholine moiety from phosphatidylcholine (PC) is transferred onto the primary 

hydroxyl group of Cer to form SM and diacylglycerol (DAG) (170) (Figure 1.5). There are two 

human SMSs, SMS1 and SMS2 (171), and both are integral membrane proteins that exist as 

homodimers and are found in the Golgi apparatus (172). In addition, SMS2 has palmitoylated 

residues at the C terminus that is important for its transport to the plasma membrane (PM) 

(172), where it is the only enzyme able to synthesize SM (173). While SMS1 is thought to be 

essential for the synthesis of the bulk of SM, SMS2 located at the PM has been shown to 

control the local levels of Cer and SM as required at the cell periphery (173). SM and 

cholesterol (Chol) are enriched in the outer leaflet of PM where they are responsible for the 

formation of highly packed microdomains (174). These SM-rich microdomains are platforms 

for selective recruitment and activation of surface receptors, thus changes in SM metabolism 

have implications in multiple signalling pathways (175–177). On the other hand, hydrolysis of 

SM at the PM by acid SMase enhances formation of Cer-enriched platforms that are larger in 

size and also promote clustering of receptor molecules and facilitate cellular signalling (178). 

Finally, SM is known to decrease the membrane permeability (179) and fluidity (180) in a 

concentration-dependent manner.  

The activities of both SMSs are also directly responsible for changes in the local concentration 

of the by-product of SM synthesis – DAG, which determine the trafficking from the TGN to 

the PM (181). In general, DAG is an extremely potent lipid signalling molecule that has been 

associated with a plethora of cellular processes such cytoskeletal reorganization, cell 

proliferation, exocytosis, membrane trafficking, synaptic formation, phagocytosis, and it is 

also a key intermediate of multiple lipid metabolic pathways (reviewed in (182)). This 

functional heterogeneity is a consequence of the vast number of proteins, especially protein 

kinases, that it regulates. Despite the prominent roles that DAG plays in the cell, the 

elucidation of its mechanisms have been very challenging due to the tight regulation of its 
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overall low endogenous concentration that is likely to be subject only to very localized, 

spatiotemporally controlled changes (183,184). 

1.9 Ceramide transfer protein (CERT)  

1.9.1 Splicing variants 

The two alternative splicing products of the COL4A3BP gene are translated into two isoforms: 

CERT (68 kDa) and CERTL (71 kDa), with the latter also known as Goodpasture-antigen binding 

protein (GPBP) (185). The two proteins are very similar in their domain composition, the only 

difference being a 26-residue serine-rich fragment (encoded by exon 11) that is missing in 

CERT (Figure 1.6). Although very similar, there are potentially different functions associated 

with each variant. The more abundant, cytosolic CERT isoform is thought to be the main 

component responsible for non-vesicular Cer transport from the ER to the Golgi in most cells 

(169). Whereas, its longer secretable isoform GPBP/CERTL was primarily characterized as 

kinase phosphorylating type IV collagen (186), hence affecting the supramolecular structure 

of collagen’s glomerular basement membrane, and being responsible for the deposition of 

IgA antibodies mediating glomerulonephritis in Goodpasture Disease (187,188). Recently, 

several studies have also indicated an immune-related function of CERTs, and their possible 

role in the clearance of apoptotic cells (189,190). In vitro studies confirmed the 

interchangeability of both isoforms in regard to the Cer-trafficking properties (169). It should 

be noted that most of the research to date has been conducted on the shorter isoform. Lastly, 

an additional isoform of CERTL can be detected in a few types of human cells – a 91 kDa 

product of noncanonical mRNA translation initiation (Figure 1.6), which is a membrane-bound 

protein (191). The exact function of this isoform remains unknown. 

 

Figure 1.6 Schematic representation of CERTs with indication of their functional 
domains and motifs. 

Amino acid numbers are shown. Grey, additional region at the N terminal of CERTL resulting 

from noncanonical mRNA translation initiation. Green, pleckstrin homology (PH) domain 
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and steroidogenic acute regulatory protein-related lipid transfer (START) domain. Yellow, 

middle region with highlighted functional motifs: serine-rich (SR) motif, confirmed 

phosphorylation sites are shown in bold red text and S* is the priming phosphorylation 

(residue 132 of CERT/CERTL); predicted coiled-coil region; two phenylalanines in an acidic 

tract (FFAT) motif; exon 11, genetic region spliced out in CERT but present in CERTL. 

1.9.2 Structure of CERT 

CERT, similar to other lipid transfer proteins (LTPs), consists of several functional domains and 

motifs (Figure 1.6). The N-terminal pleckstrin homology (PH) domain preferentially binds to 

phosphatidylinositol 4-monophosphate (PtdIns(4)P). That specificity towards PtdIns(4)P 

promotes an association of the PH domain with the TGN, where PtdIns(4)P is relatively 

abundant (169,192,193). The 3D structures of the CERT PH domain obtained by solution NMR 

(PDB ID 2RSG (193)) and X-ray crystallography (PDB ID 4HHV (194)) gave more insight into the 

recognition of TGN membranes by the domain, explained by the presence of two regions 

contributing to the binding. One is a conventional phosphoinositide-binding pocket, the 

second is a basic groove with a loop and a tryptophan pair. It is the latter epitope that provides 

a low affinity for membranes formed of acidic lipids, such as phosphatidylserine, even in the 

absence of PtdIns(4)P. However, only the synergistic binding of both pockets to PtdIns(4)P 

confers high affinity interaction, facilitating specific recruitment of CERT to TGN membranes 

that are rich in PtdIns(4)P (193). 

The C-terminal steroidogenic acute regulatory protein-related lipid transfer (START) domain 

of CERT extracts Cer from the ER membranes and transfers them into TGN phospholipid 

bilayers (169). The 3D structure of the START domain in complex with Cer has been 

determined (195). The amphipathic cavity provides the means for accommodation of highly 

hydrophobic lipids, yet it is the size that allows the entrance only of Cer (and its natural 

isoforms: C16-phytoceramide and C16-dihydroceramide (196)) with acyl chains no longer than 

20 carbons (195). The stoichiometry of that binding has been biochemically estimated to be 

1:1 (196). The CERT START domain is not capable of transferring other lipids, such as Sph, PC, 

SM, or Chol. Even DAG, structurally similar to Cer (Figure 1.5), can be transferred by CERT with 

only 5-10% efficiency (196). Moreover, two types of CERT inhibitors have been developed, 

both targeting the START domain: one is ceramide structural mimetics such as HPA-

12 (197) and the other is a class of nonmimetics with multiple cyclic groups (198). 
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The region between the two domains of CERT, known as the middle region (MR), is predicted 

to be mostly unstructured (199). However, despite its disordered nature, it contains several 

modules critical for the function of CERT (Figure 1.6). One of them is a short peptide motif 

called “two phenylalanines in an acidic tract” (FFAT), which binds VAMP-associated proteins 

(VAPs) in the ER membrane (200). Functional analyses of the FFAT motif in CERT shows it to 

be required for efficient Cer trafficking from the ER to the TGN (201). The MR houses also the 

serine rich motif (SRM), phosphorylation of which represents the major regulatory switch for 

CERT activity (for details, see section 1.9.3). A predicted coiled-coil region in the MR has been 

shown to promote CERT oligomerization (202).   

CERT transfers Cer from subregions of the ER located in a close proximity (~10nm) to the TGN. 

That vicinity should allow CERT to simultaneously bind to both membranous organelles and 

perform its action in so called “neck-swing” fashion (Figure 1.7). In that model, the PH domain 

and FFAT motif anchor CERT to the ER and TGN membranes, respectively, while the START 

domain linked through the flexible MR transfers the newly synthesized Cer from the ER to the 

TGN (95,203,204). 

 

Figure 1.7 Mechanism of Cer transfer by CERT. 

CERT is thought to function at membrane contact sites (MCS) between trans-Golgi network 

(TGN) and endoplasmic reticulum (ER). Docking of the PH domain (green cartoon, PDB ID 

4HHV (194)) to the TGN is provided by its binding to PtdIns(4)P, whereas the association 

through VAPA/B protein to the ER happens via the FFAT motif located in the flexible MR 

(green dotted line). In the “neck-swing” model (203), the START domain (green cartoon, in 

complex with C18-Cer (PDB ID 2E3R (195)) transfers the extracted Cer molecule from the 
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ER towards the TGN, where the lipid integrates with the membrane and serves as substrate 

for SM synthesis. 

1.9.3 Regulation of CERT activity 

The activity of CERT can be controlled by changes of its phosphorylation status (96). The 

serine-rich motif (SRM), a functional epitope located in the MR, consists of 10 

phosphorylation sites that modulate CERT activity. Upon their phosphorylation, the ability of 

CERT to bind PtdIns(4)P and to transfer Cer are significantly reduced (96). 

In cells, this regulation is maintained by specific phosphatases and kinases. One is casein 

kinase 1γ2, which sequentially phosphorylates the serine/threonine residues in the SRM, 

causing inactivation of CERT (205). The prerequisite for its sequential action is a priming 

phosphorylation of the first residue of the SRM (S132) that is performed by PKD (206). 

Phosphatidylinositol 4-kinase IIIβ (PI4KIIIβ) also modulates CERT activity indirectly by 

phosphorylating phosphatidylinositol molecules to generate the pool of PtdIns(4)P that is 

necessary for targeting of the PH domain to the TGN (207). PI4KIIIβ activity is thought to be 

the reason for the dependence of Cer transport on the provision of biological energy in a form 

of ATP (208), even though such energy input is not required in artificial phospholipid vesicles 

based systems (169).  

PKD, the priming kinase, performs dual role in the modulation of CERT activity (Figure 1.8). In 

addition to directly phosphorylating S132 of CERT, causing its inactivation, it also elevates the 

concentration of PtdIns(4)P in the TGN by activation of PI4KIIIβ, therefore promoting 

recruitment of CERT to the TGN (207). PKD activation can be triggered by DAG, which not only 

recruits PKD to the TGN but also stimulates its phosphorylation by protein kinase Cη (209). 

Elevated PKD phosphorylation has been observed upon overexpression of CERT, probably due 

to accumulation of DAG produced during the synthesis of SM from Cer (206). DAG 

accumulation and PKD phosphorylation thus represent a complex feedback loop involved in 

the tuning of CERT action.  

Overexpression of sphingomyelinase also inhibits the activity of CERT via a feedback effect. 

The perturbation of the SM/Chol rafts on the PM has been shown to affect the 

phosphorylation status of CERT (96), but the molecular basis of this regulation is currently 

unknown.  
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Figure 1.8 The regulatory interplay between CERT and PKD. 

Regulation of CERT involves multiple pathways. SM – sphingomyelin; PKD – protein kinase 

D; PI4KIIIβ – phosphatidylinositol-4-kinase IIIβ; PI – phosphatidylinositol; PtdIns(4)P – 

phosphatidylinositol-4-phosphate. 

 

As mentioned above, CERT cellular distribution is dictated by its phosphorylation status. 

Fluorescent microscopy of labelled CERT in HeLa cells shows that most WT CERT is 

hyperphosphorylated and sequestered into the cytosol, whereas constitutively 

hypophosphorylated variants are distributed to the Golgi region (96). Hence, under 

physiological conditions there is a pool of inactive CERT present in the cytosol which, upon 

dephosphorylation, can be redirected to the ER:TGN contact sites to effect Cer transport (96). 

In order to restore the activity of CERT and cause its relocalisation, the SRM needs to be 

dephosphorylated by the ER transmembrane protein PP2Cɛ (210). Interestingly, it has been 

also reported that the secretion of CERTL is increased from cultured cells when transiently 

transfected with the constitutively dephosphorylated variant CERTL
S132A (202).  

In addition to its negative regulation by phosphorylation of S132 and downstream residues in 

the SR region, the activity of CERT is also regulated by phosphorylation at S315 – adjacent to 

the FFAT motif. Unlike hyperphosphorylation of the SRM, which inhibits CERT activity, 

phosphorylation of S315 enhances its ability to bind to VAPs and thus upregulates CERT 

activity (95).  
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Structural studies of CERT have brought more detailed insight into its phosphorylation-driven 

regulation. Prashek et al. reported the crystal structure of the PH:START complex and, using 

isothermal titration calorimetry (ITC), showed that they associate with a KD of 9.2 μM (211). 

The structure showed that the START-binding site of the PH domain partially overlaps with 

PtdIns(4)P-binding site, showing evidence for a model where the hyperphosphorylated SRM 

induces conformational changes in the CERT molecule that leads to the CERT START masking 

the functional region of the PH domain (96). Moreover, recent findings indicate an 

independent regulatory role of the SRM in direct inhibition of the PH domain binding to 

PtdIns(4)P when the motif is hyperphosphorylated (212), although the ability of the START 

domain to bind Cer is not affected by its binding to the CERT PH domain (211). 

Homologues of CERT have been found in all multicellular organisms, whereas CERTL is present 

only in vertebrates (213). This indicates that the ceramide trafficking function appeared 

before CERTL gained the additional sequence, known as intron 11, to enable its yet-to-be-

determined role. Interestingly, the residues corresponding to the SRM and the S315 

phosphorylation site are conserved across almost all multicellular animals, demonstrating the 

central role of CERT phosphoregulation (214).  

1.10 Sphingolipids in infection  

1.10.1 HSV-1  

Early reports of the effects of HSV-1 infection on cultured cells showed a two- to three-fold 

upregulation of Cer synthesis in infected cells at 16 hours post-infection (hpi) (215). Inhibition 

of UDP-glucose ceramide glucosyltransferase, required for de novo synthesis of 

glucosylceramide, in the infected cells resulted in a nearly 1000-fold reduction in production 

of progeny virus (216). In the same study, HSV-1 infected cells where SMase was inhibited 

showed a 50-fold reduction in the production of infectious progeny. Furthermore, the 

reliance of HSV-1 replication on the activity of SMase is highlighted by the >30-fold reduction 

in virus production observed in cells cultured from a patient donor suffering from the 

Niemann-Pick disease resulting from a genetic defect in SMase (216). Infection of cells pre-

labelled with 32PO4 revealed an increase in the overall labelled SM at 12 hpi, an effect that 

could result from either increased SM synthesis or lower SMase activity (217). These early 

observations outlined some trends in the modulations of the host sphingolipid environment 
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by HSV-1 and their requirement for efficient virus replication, but unfortunately did not offer 

any testable hypotheses for the mechanisms behind them.  

Very little progress has been made on the interplay between α-herpesviruses and host 

sphingolipid metabolism since those early reports. In fact, the only recent study is one by Lang 

et al. who reported that intracellular sphingosine has antiviral properties against HSV-1 

replication in macrophages (218). Macrophages are specialized in phagocytosis and play a 

vital role in the innate immune system against viruses. Upon virus infection of an individual, 

activated macrophages are recruited to the site of infection where they engulf the pathogens 

and inactivate them by proteolysis (219). To perform their role, macrophages are protected 

from HSV-1 infection through a mechanism that depends on cellular acid ceramidase 

generating sphingosine-rich intraluminal vesicles that trap HSV-1 virions before they reach 

endosomal membranes. This effect, however, is less pronounced in other cell lines and it is 

limited to the endocytic route of HSV-1 entry (218). 

1.10.2 Other pathogens 

Physiological roles of Cer range from apoptotic signals (220) through acting as a precursor for 

lipids involved in lipid microdomain formation to determining properties of the cell 

membranes such as fluidity of permeability (179,221). These latter features are expected to 

have important implications for entry mechanisms of pathogens, leading to modifications of 

the Cer turnover upon infection. Indeed, formation of Cer-enriched platforms in the cell 

membrane are promoted by some bacteria (including Neisseria gonorrhoeae (222), 

Pseudomonas aeruginosa (223), and Staphylococcus aureus (224)) and viruses (i.e. Sindbis 

virus (225) and Rhinoviruses (226)) through activation and relocalisation of the host SMase. 

The resulting high concentration of Cer in the membrane stimulates internal invaginations 

and promotes clustering of receptors, thus facilitating the uptake of invading pathogens and 

budding/exocytosis of multiplied viruses (227). Rubella virus, on the other hand, has been 

shown to require SM-rich domains at the plasma membrane for successful cell entry (228).  

There are two known examples of pathogens specifically modulating CERT activity. One of 

them is Chlamydia trachomatis, an obligate intracellular bacterial pathogen. Upon infection, 

Chlamydia establishes a membrane bound compartment called the inclusion (229). Derré et 

al. (230), reported the pathogen is capable of forming MCS between the ER and the inclusion, 

allowing CERT to transfer Cer between these two membranes. This system, depends on the 
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presence of host VAP and CERT proteins, together with the bacterial protein IncD which has 

been characterized as a specific binding partner for CERT (230). IncD-stimulated relocalisation 

of CERT is required for Chlamydia survival, highlighting the importance of ceramide in creating 

a metabolic and/or signalling microenvironment favourable for bacterial development. 

Hepatitis C virus (HCV) is another example of a pathogen utilizing the CERT-dependent 

pathway to regulate its replication (231). This viral cycle is highly reliant on host sphingolipid 

synthesis, which implies that inactivation of CERT is disadvantageous to the replication of 

HCV. To prevent CERT inhibition the virus has developed strategies to block the activity of 

PKD, therefore disabling it from priming the SRM phosphorylation cascade (231). 

1.11 Project aims  

For a long time, the enigmatic HSV-1 pUL21 protein has been postulated to play a role in the 

nuclear egress and secondary envelopment. Only limited data have been published in support 

to these presumed functions and no biochemical insights have been proposed to 

mechanistically characterize its activity during infection. In this project, my aim was to study 

the consequences of pUL21 binding to PP1 and CERT, putative cellular interacting partners 

identified via interactomics screening performed by previous members of our group.  

Aim 1. Validation and structural characterization of the tripartite PP1:pUL21:CERT interaction 

Firstly, it was essential to purify all protein components to validate whether the interactions 

were direct. Knowing the multifunctional nature of most viral proteins, we recognized a 

requirement for pUL21 point mutations that would specifically disrupt interaction with only 

one binding partner at a time in order to limit the confounding effects of targeting more than 

one function simultaneously. Generation of these highly specific molecular tools was the most 

challenging goal of this project as structural determination of flexible multimeric complexes 

remains one of the biggest problems in the field of structural biology. Our strategy consisted 

of combining multiple complementary techniques, ranging from conservational analysis of 

the minimal binding regions to building models of native recombinant protein complexes in 

solution.  

Aim 2. Establishment of an experimental platform to monitor CERT phosphorylation level in 

vitro and in cultured cells. 

CERT is a major regulator of sphingolipid metabolism in cells and its ceramide transfer activity 

is strongly dependent on the level of CERT SRM phosphorylation. It was critical to establish 
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whether pUL21-mediated recruitment of PP1 to CERT promoted CERT dephosphorylation. We 

thus sought to design an assay to measure changes to CERT phosphorylation in cultured cells 

upon infection with WT and mutant viruses. This assay could also be used to functionally 

characterise structurally-informed pUL21 point mutations (Aim 1) using in vitro enzymatic 

assay with all purified protein components. 

Aim 3. Assessment of pUL21-mediated changes in sphingolipid homeostasis in cultured cells. 

Sphingolipids play well-documented roles in cell signalling and comprise critical structural 

elements of cell membranes, dictating their physical properties such as fluidity and 

permeability. The lack of well-established tools and methods to track transient fluctuations in 

lipid concentrations, and the difficulty in their detection or identification required seeking 

novel approaches. We aimed to identify and optimize technique to specifically characterize 

the pUL21-dependent changes of sphingolipid dynamics in the context of HSV-1 infection.  

Aim 4. Evaluation of the replication parameters of HSV-1 expressing pUL21 with impaired 

ability to bind CERT or PP1. 

Herpesviruses are highly adapted to co-exist with their host for life, establishing infection 

despite a multitude of cellular defence mechanisms. The high-confidence identification of PP1 

and CERT as pUL21 binding partners in the interactomics screen suggested that binding to 

both confers some kind of advantageous characteristic to the virus. We aimed to use well-

established virology techniques to evaluate the efficiency of virus replication and cell-to-cell 

spread in the context of the pUL21 mutants unable to bind PP1 or CERT. Specifically, we aimed 

to identify whether loss of PP1 and/or CERT binding could explain the loss in virus replication 

and cell-to-cell spread observed when pUL21 is absent during HSV-1 infection. 
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2 Materials and methods 

2.1 Molecular biology 

2.1.1 Polymerase chain reaction (PCR)  

Reagents used for PCR were mixed as shown in Table 2-1. Betaine was included in the reaction 

mix to enhance the amplification (232). DNA was amplified using a thermocycler with the 

following program: i) initial denaturation for 120 s at 95°C; ii) 15 cycles of denaturation for 20 

s at 95°C, annealing for 10 s at 55°C and extension for 25 s/kb at 70°C; iii) final extension for 

5 min at 70°C. Digestion of the methylated template DNA was performed by incubating the 

PCR reaction mix with 20 U of DpnI (New England Biolabs) for 1 hr at 37°C. PCR products were 

separated and visualized by agarose gel electrophoresis (see section 2.1.2), and purified using 

EconoSpin™ All-in-One Mini Spin Columns (Epoch), following the manufacturer’s instructions. 

The pUL21, pORF38 and CERTL sequences were amplified from synthetic genes (unless 

indicated otherwise) that had been codon optimised for expression in Escherichia coli 

(purchased from Life Technologies). Primers are listed in Table 2-10.  

Table 2-1 Components of PCR reactions used for DNA amplification from plasmid. Reagents 

for a single polymerase chain reaction  

Reagent Volume (μL) 
10× KOD Hot Start DNA polymerase Buffer (Merck) 5.0 

25 mM MgSO4 3.0 

25 mM dNTP mix (dATP, dCTP, dGTP and dTTP, each 

at 25 mM) 

0.5 

10 ng/μL DNA template 1.0 

10 μM forward primer 1.5 

10 μM reverse primer 1.5 

Nuclease-free water  12.5 

Betaine 25 

KOD Hot Start DNA Polymerase (Merck) 1.0 

Total 50.0 
 

2.1.2 DNA analysis by agarose gel electrophoresis  

To prepare 1.0% agarose gels, 0.5 g of molecular biology grade agarose powder (Sigma) and 

50 mL of 0.5× Tris-Borate EDTA (TBE) (Appendix 1) buffer were mixed and the agarose was 

dissolved by microwave heating. Before casting, 2 μL of 25,000× SYBR Safe™ DNA stain 

(ThermoFisher) was added. DNA samples were mixed with 10× DNA loading buffer (Appendix 
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1), the DNA species were resolved by electrophoresis (100 V, 100 mA) using a Mini-Sub Cell 

GT electrophoresis system (Bio-Rad) in 0.5× TBE buffer and the signal was detected with UV 

or visible blue light, the latter being preferred when DNA bands were to be extracted for 

downstream processing.  

2.1.3 DNA digestion  

For each reaction, 1 μg of insert or vector DNA was combined with 10 U of the specified 

restriction enzymes and 2 μL 10× CutSmart® buffer (New England Biolabs). Next, nuclease-

free water was used to adjust the reaction volume to 20 μL and the reactions were incubated 

at 37°C for 2 hrs. After 1 hr of incubation, the digestion reaction mix with the vector was 

supplemented with 5 U Antarctic phosphatase (New England Biolabs) and the reaction was 

continued for another hour. The cut products were inspected by agarose gel electrophoresis 

(see section 2.1.2), followed by band excision and DNA purification using EconoSpin™ All-in-

One Mini Spin Columns (Epoch) according to the manufacturer’s instructions for gel 

extraction. 

2.1.4 Site-directed mutagenesis 

Site-directed mutagenesis was used to introduce point mutations in the regions of pUL21, 

pORF38, PP1 and CERTL. To design the primers, which are listed in Table 2-13, the PrimerX 

server (http://www.bioinformatics.org/primerx/, last updated 14/08/2006) was used. 

Components for a single mutagenesis reaction and the program used in the thermocycler 

were the same as in section 2.1.1. Methylated template DNA was digested with 20 U of DpnI 

(New England Biolabs) for 1 hr at 37°C. DH5αTM cells were then transformed as described in 

section 2.1.10 using 2 μL of the reaction mix. 

2.1.5 Inverse PCR 

The truncations of expression constructs that could not be generated by insertion of 

premature STOP-codon using site directed mutagenesis (see section 2.1.4) were generated 

by inverse PCR. First, the standard PCR protocol was employed (see section 2.1.1) using the 

primers presented in Table 2-11 and the products were purified using EconoSpin™ All-in-One 

Mini Spin Columns (Epoch) following the manufacturer’s instructions. The linear DNA was 

then digested with 10 U of DpnI and its terminal nucleotides were phosphorylated using 10 U 

of T4 polynucleotide kinase (New England Biolabs) in a single reaction tube in the presence of 
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1× NEB T4 ligase buffer (New England Biolabs). The reactions were allowed to proceed for 1 

hr at 37°C. After another DNA purification step, the DNA was eluted in 20 μL nuclease-free 

water and used for DNA ligation (see section 2.1.6).  

2.1.6 DNA ligation  

Digested insert with the appropriate vector DNA combined in a 3:1 molar ratio (total 100 ng) 

or 100 ng of purified inverse PCR product were incubated with 0.5 μL of T4 ligase (New 

England Biolabs) and 1 μL of 10× T4 ligase buffer (New England Biolabs), nuclease-free water 

was used to achieve the total volume of 10 μL. Ligation reactions were incubated at 16°C for 

2 hrs. Competent DH5αTM E. coli cells were transformed as described in section 2.1.10, cells 

were also transformed with digested vector only as negative control (restriction cloning). 

2.1.7 Gibson assembly  

All fragments were generated using the appropriate primers (Table 2-12) which were 

designed using the online NEBuilder Assembly Tool (v 2.5.4). The primers were used to amplify 

the DNA fragments using PCR (see section 2.1.1), the products were analysed by agarose gel 

electrophoresis (see section 2.1.2) and the bands of the correct size were purified using 

EconoSpin™ All-in-One Mini Spin Columns (Epoch) according to the manufacturer’s 

instructions for gel extraction. The purified DNA fragments were then ligated in the correct 

orientation using Gibson Assembly® Master Mix (New England Biolabs), following the 

manufacturer’s instructions. 

2.1.8 Expression constructs 

2.1.8.1 In vitro transcription/translation system 

The full-length mammalian codon-optimised sequences of human CERTL and CERT for 

expression using in vitro transcription/translation system from wheat germ extract were 

cloned into the pF3A WG (BYDV) Flexi® Vector by Dr Stephen Graham. The truncations of 

CERTL were generated either by inverse PCR (MR and STARTL, see section 2.1.5) or 

introduction of a premature stop codon (PH) using site-directed mutagenesis (see section 

2.1.4). 
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2.1.8.2 Mammalian  

The pcDNA-SW vector and the CERTL insert were digested simultaneously with HindIII (New 

England Biolabs) and BamHI (New England Biolabs). Ligation was performed as described in 

section 2.1.6. The S132A substitution was introduced using site-directed mutagenesis (see 

section 2.1.4). Restriction cloning with HindIII (New England Biolabs) and BamHI (New England 

Biolabs) was used for cloning of the pUL21 and pORF38 inserts into the pEGFP-N1 vector. The 

point mutations were introduced via site-directed mutagenesis (see section 2.1.4).  

For PB-TSW, CERTL and CERTL
S132A were cut from the corresponding pcDNA-SW constructs 

using simultaneous digestion with NheI (New England Biolabs) and HindIII (see section 2.1.3). 

The PB-TSW vector was cut using the same pair of restriction enzymes.  

For pEGFP-N1-PP1γ-synUL21, PP1γ was first extended by a 25 amino acid linker using inverse 

PCR (see section 2.1.5) using UK622 (a kind gift from Professor David Ron (CIMR, Cambridge) 

a template, and the full construct was then built via Gibson assembly approach using the 

commercially available kit (see section 2.1.7). The D64A substitution was introduced using 

site-directed mutagenesis (see section 2.1.4). 

2.1.8.3 Bacterial  

Full-length HSV-1 pUL21 amplified from a bacterial artificial chromosome (BAC) harbouring 

the HSV-1 strain KOS genome (233) was cloned into pOPTn3G vector, encoding a C-terminal 

human rhinovirus 3C protease site followed by Schistosoma japonicum GST, by Dr Julia 

Muenzner. Codon-optimised HSV-1 pUL21 was synthesized commercially, amplified using 

PCR (see section 2.1.1) and digested simultaneously with NdeI and BamHI (see section 2.1.3) 

for cloning into the pOPTnH vector, encoding a C-terminal LysHis6 purification tag, that was 

cut with the same set of restriction enzymes. Amino acid substitutions were introduced using 

site directed mutagenesis (see section 2.1.4). 

For miniCERTL, CERTL was amplified from the pF3A-CERTL construct and cloned into pOPTH, 

encoding an N-terminal MAH6 tag, following digestion of both insert and vector with NdeI and 

BamHI. This construct was then used for a series of inverse PCR reactions (see 2.1.5) aiming 

to first remove the part of the middle region (residues 132–350), followed by the removal of 

the first 19 amino acids of the PH domain. 
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The short variant of PP1γ (residues 7–300) was cloned into pOPTnH following amplification of 

the insert using a construct containing mouse PP1γ (UK91), generously provided by Professor 

David Ron (CIMR, Cambridge), as a template. Insert and the vector were then digested with 

NdeI and BamHI restriction enzymes (see section 2.1.3) and ligation was performed as 

described above (see section 2.1.6). 

pOPTH-PP1γ-synUL21ΔR was built via Gibson assembly approach using a commercially 

available kit (see section 2.1.7). 

2.1.9 Preparation of competent E. coli cells 

Competent E. coli strains (DH5αTM and T7 Express lysY/Iq) were prepared in house. 100 mL 

cultures were grown in lysogeny broth (LB) without antibiotic. The cultures were grown until 

reaching OD600 ≈0.3, then chilled on ice for 15 min. Cells were pelleted by centrifugation at 

4,000×g for 10 min at 4°C, re-suspended in 30 mL ice-cold sterile 0.1 M CaCl2 and incubated 

on ice for 30 min. The cells were pelleted as previously and re-suspended in 6 mL ice-cold 

sterile 75 mM CaCl2 mixed with 15% v/v glycerol. Cells were divided into 50 μL aliquots and 

snap frozen on dry ice before being stored at -70°C.  

2.1.10 Transformation of competent E. coli cells 

Either 1 μL of purified plasmid DNA, 2 µL of site directed mutagenesis mix or 3 μL of ligation 

reaction was added to 50 μL of competent E. coli cells and incubated on ice for 30 min. Next, 

the cells were heat-pulsed for 30 s at 42°C and transferred immediately onto ice to recover 

for 2 min. 200 μL of 2× tryptone yeast (TY) medium was added to each tube and the cells were 

incubated for 1 hr at 37°C on a shaking platform. The transformation mix was spread on 2×TY 

agar plates supplemented with the appropriate antibiotic: ampicillin (100 μg/mL) or 

kanamycin (30 μg/mL). The plates were incubated overnight at 37°C. pOPTH, pOPTnH, 

pOPTn3G and pF3A WG vectors confer ampicillin resistance; pEGFP-C1/N1 confers kanamycin 

resistance.  

2.1.11 Purification of plasmid DNA  

DH5αTM cells were used for plasmid amplification following transformation described in 

section (see section 2.1.10). At least two colonies were selected for each construct and 

incubated for 14–18 hrs in 5 mL 2×TY medium with appropriate antibiotic (Table 1-8) at 37°C 

on a shaking platform. For small-scale preparations (<20 μg DNA), the turbid cultures were 
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harvested by centrifugation at 11,000×g for 1 min and plasmid DNA was isolated using 

EconoSpinTM All-in-One Mini Spin Columns (Epoch), as per manufacturer’s instructions. For 

larger preparations (500–1000 μg DNA), 1 mL of the 5 mL overnight culture was used to 

inoculate 100 mL 2×TY medium supplemented with appropriate antibiotic (Table 2-8) and 

cultures were cultured for 14–18 hrs at 37°C on a shaking platform. The cells were harvested 

by centrifugation at 4,000×g for 15 min. DNA was isolated using a PureLinKTM HiPure Plasmid 

Midiprep kit (ThermoFisher) following the manufacturer’s instructions. All inserts and the 

flanking vector regions were Sanger sequenced to ensure the sequence was correct and in 

frame (sequencing primers listed in Table 2-14). Isolated plasmid DNA was stored at -20°C.  

2.2 Protein chemistry  

2.2.1 Large scale protein expression using T7 Express lysY/Iq 

After transformation (see section 2.1.10), four bacterial colonies were picked and each was 

used to inoculate 4 mL of 2×TY containing ampicillin at 100 μg/mL before being cultured 

overnight at 37°C on a shaking platform (220 rpm). The next day, the turbid cultures were 

pooled was used to inoculate fresh pre-warmed 2×TY supplemented with the ampicillin (50 

μg/mL) and MnCl2 (1 mM, only constructs containing PP1), with 2 mL of pooled culture being 

used as inoculum per 1 L of medium. Cultures were incubated on a shaking platform at 220 

rpm at 37°C. Upon reaching the OD600 of 0.6–0.8, isopropyl β-d-thiogalactopyranoside (IPTG) 

was added to a final concentration of 0.4 mM to induce protein expression and the cultures 

were cultured at 21°C for a further 18–22 hrs on a shaking platform at 220 rpm. Following 

expression, the bacterial cultures were harvested by centrifugation at 5,000×g for 15 min. 

Resultant bacterial pellets were immediately used for protein purification or frozen and 

stored at -70°C. 

2.2.2 Large scale protein expression using Freestyle™ 293-F cells 

The cells were maintained as described in section 2.5.1. On the day of transfection or 

induction, the appropriate cells were seeded into the Freestyle™ medium at 1×106 cells/mL. 

Up to 300 mL of suspension culture was used per 1 L vented polycarbonate Erlenmeyer flask 

(Corning). For transfection, 300 μg of DNA isolated using PureLinKTM HiPure Plasmid Midiprep 

kit (ThermoFisher) was added to 30 mL of sterile phosphate-buffered saline (PBS) and mixed 

thoroughly before 450 μL of PEI was added. After brief vortexing, the transfection mix was 

incubated at RT for 15 min, it was then added dropwise, using a plastic pipette, to the 
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suspension culture while mixing by gentle rotations. For induction, cells were supplemented 

with doxycycline (ThermoFisher Scientific) to a final concentration of 2 μg/mL. The 

transfected/induced cells were then incubated on a shaking platform (125 rpm) in a 

humidified 8% CO2 atmosphere at 37°C for three days. Cells were washed once with PBS by 

pelleting at 1,000×g at 4°C for 5 min using six 50 mL falcon tubes and the pellets were 

resuspended in 10 mL of cold PBS. After the second centrifugation, the PBS was discarded and 

the pellets were used for the subsequent purification steps, or pooled, frozen and stored at -

70°C. 

2.2.3 Wheat-germ cell-free expression 

Constructs for expression via wheat-germ cell-free expression were cloned into pF3A myc WG 

(see section 2.1.8.1). For each construct, 4 μg of DNA in a volume of 20 μL was combined with 

30 μL of TNT® SP6 High Yield Wheat Germ reaction mix (Promega), followed by incubation at 

25°C for 2 hrs.  

2.2.4 Purification of pUL21 (and the mutants thereof), miniCERTL, PP1γ and PP1γ-pUL21ΔR 

chimera from bacteria 

Recombinant proteins were captured using an appropriate affinity chromatography resin and 

further purified using SEC. The following method applies to the purification of all proteins 

unless otherwise stated. Bacterial pellets were thawed on ice and resuspended in 90 mL of 

chilled lysis buffer (for the compositions of buffer for each construct, see Table 2-2). Cells 

were lysed at 24 kpsi using a Constant Systems cell disrupter, followed by centrifuged at 

40,000×g for 30 min to separate insoluble components. Cleared lysate was subjected to GSH-

affinity chromatography to capture GST-tagged proteins or Ni-NTA affinity chromatography 

to capture H6-tagged proteins.  

2.2.4.1 Ni-NTA affinity chromatography 

For each E. coli cleared lysate, 4 mL of Ni-NTA beads (Qiagen) were equilibrated in re-usable 

columns with two column volumes of ultrapure water followed by two column volumes of 

chilled His-wash buffer (Table 2-2). Next, the beads were removed from the column and 

incubated with the cleared lysate at 4°C on a rolling bed for 1 hr. The beads were re-applied 

to the column and washed with 150 mL His-wash buffer. Bound protein was eluted in His-

elution buffer (Table 2-2) and collected in 2 ml fractions at RT. Bradford reagent (234) was 
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used to identify fractions containing protein and elution was continued until the signal was 

undetectable by eye; these fractions were then concentrated using a 10 kDa cut-off (pUL21-

H6 and the mutants thereof, H6-pUL21C, H6-miniCERTL, PP1(7-300)-H6) or 30 kDa cut-off (H6-

PP1γ-pUL21ΔR) centrifugal concentrator (Millipore) to <5 mL. 

Table 2-2 Buffers for large-scale protein purification using Ni-NTA resin  

 H6-pUL21 and point 
mutants thereof 

pUL21ΔR-H6 and H6-
miniCERTL 

H6-PP1γ-pUL21ΔR and 
PP1(7-300)-H6 

His-Lysis 
buffer 

20 mM Tris pH 8.5 

500 mM NaCl  

20 mM Imidazole pH 

8.5 

0.05% Tween-20 

0.5 mM MgCl2  

1.4 mM β-

mercaptoethanol (β-

ME) 

2.5 U/mL DNase I 

200 μL EDTA-free 

protease inhibitors 

20 mM Tris pH 7.5 

500 mM NaCl  

20 mM Imidazole pH 

7.5 

0.05% Tween-20 

0.5 mM MgCl2  

1.4 mM β-ME  

2.5 U/mL DNase I 

200 μL EDTA-free 

protease inhibitors 

20 mM Tris pH 7.5 

500 mM NaCl  

20 mM Imidazole pH 

7.5 

0.05% Tween-20 

1 mM MnCl2 

0.5 mM MgCl2  

1.4 mM β-Me  

2.5 U/mL DNase I 

200 μL EDTA-free 

protease inhibitors 

His-Wash 
buffer 

20 mM Tris pH 8.5 

500 mM NaCl  

20 mM Imidazole pH 

8.5 

20 mM Tris pH 7.5 

500 mM NaCl  

20 mM Imidazole pH 

7.5 

20 mM Tris pH 7.5 

500 mM NaCl  

20 mM Imidazole pH 

7.5 

1 mM MnCl2 

His-Elution 
buffer 

20 mM Tris pH 8.5 

500 mM NaCl  

250 mM Imidazole pH 

8.5 

20 mM Tris pH 7.5 

500 mM NaCl  

250 mM Imidazole pH 

7.5 

20 mM Tris pH 7.5 

500 mM NaCl  

250 mM Imidazole pH 

7.5 

1 mM MnCl2 

SEC buffer 
20 mM Tris pH 8.5 

500 mM NaCl 

1 mM DTT 

20 mM Tris pH 7.5 

500 mM NaCl 

1 mM DTT 

20 mM Tris pH 7.5 

500 mM NaCl  

1 mM MnCl2 

 

2.2.4.2 GSH-affinity chromatography 

For each E. coli cleared lysate expressing a GST-tagged protein, 3 mL of Glutathione 

Sepharose® 4B (GE Healthcare) was used. The following step were the same as those for Ni-

NTA (see section 2.2.4.1), with the buffers adapted accordingly (Table 2-3). Eluted fractions 
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that contained protein were concentrated using a 30 kDa cut-off centrifugal concentrator 

(Milipore).   

To cleave off the tag, purified GST-PP1γ was incubated overnight at 4°C with tobacco etch 

virus (TEV) protease in cleavage buffer (150 NaCl, 50 mM Tris pH 7.5 and 1 mM MnCl2). The 

next day, the liberated GST tag and uncleaved GST-pUL21 were captured by incubation with 

2 mL of Glutathione Sepharose® 4B (GE Healthcare), while the flow-through together with the 

5 mL wash performed with cleavage buffer were collected and concentrated using using a 10 

kDa cut-off centrifugal concentrator (Milipore).   

Table 2-3 Buffers for large-scale protein purification using Glutathione Sepharose® 

 GST-pUL21 GST-PP1γ  

GST-Lysis buffer 

20 mM Tris pH 8.5 

300 mM NaCl  

0.05% Tween-20 

0.5 mM MgCl2  

1.4 mM β-MercaptoEtOH 

2.5 U/mL DNase I 

200 μL EDTA-free protease 

inhibitors 

50 mM Tris pH 7.5 

500 mM NaCl  

0.05% Tween-20 

0.5 mM MgCl2  

1 mM MnCl2 

1.4 mM β-MercaptoEtOH 

2.5 U/mL DNase I 

200 μL EDTA-free protease 

inhibitors 

GST-Wash buffer 
20 mM Tris pH 8.5 

500 mM NaCl  

1 mM DTT 

20 mM Tris pH 7.5 

500 mM NaCl  

1 mM MnCl2 

GST-Elution buffer 

20 mM Tris pH 8.5 

500 mM NaCl  

1 mM DTT  

25 mM reduced glutathione 

20 mM Tris pH 7.5 

500 mM NaCl  

1 mM MnCl2 

25 mM reduced glutathione 

SEC buffer 
20 mM Tris pH 8.5 

500 mM NaCl 

1 mM DTT 

50 mM Tris pH 7.5 

100 mM NaCl 

1 mM DTT 

 

2.2.5 Purification of CERTP, CERTS132A, CERTLP and CERTLS132A from mammalian cells  

2.2.5.1 StrepTactin®-affinity chromatography 

Washed cells pellets of Freestyle™ 293-F cells were resuspended in 20 mL of ice-cold lysis 

buffer (100 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM EDTA) with phosphatase inhibitors (see 

section 2.2.7, only when purifying StrepII-CERTL
P or StrepII-CERTP) and 200 μL of EDTA-free 
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protease inhibitors. Once fully resuspended by vortexing, the cells were lysed by passing six 

times through a 23G needle using a 20 mL plastic syringe. The resulting lysate was clarified by 

centrifugation at 40,000×g for 30 min at 4°C. The supernatant was transferred to a fresh tube, 

sonicated on ice using a Soniprep 150 probe sonicator (MSE) at 50% amplitude for 30 s, and 

then passed through a 0.45 μm syringe filter (Sartorius). The sample was applied using 

Superloop™ (Cytiva) at 1 mL/min flow rate to a 1 mL StrepTrap™ HP (Cytiva) column 

equilibrated with 0.2 μm filtered wash buffer (100 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM 

EDTA and 1 mM DTT). The column was washed with 10 column volumes of wash buffer, and 

the captured protein was eluted with elution buffer (100 mM Tris pH 8.0, 150 mM NaCl, 0.5 

mM EDTA, 1 mM DTT and 2.5 mM desthiobiotin). Eluted fractions were analysed by SDS-PAGE 

(see section 2.2.8) and those containing the protein of interest were pooled and concentrated 

using a 30 kDa cut-off centrifugal concentrator (Milipore). For the protein destined for 

dephosphorylation with λ-phosphatase (New England Biolabs), the pooled and concentrated 

fractions were supplemented with MnCl2 to a final concentration of 1 mM, and 2,000 U of λ-

phosphatase was added. The reaction was allowed to proceed for 1 hr at 30°C. 

2.2.6 Size-exclusion chromatography (SEC) 

Eluted sample was clarified at >20,000×g in a microcentrifuge for 5 min to pellet any 

precipitated protein. The supernatant was then injected onto HiLoad 16/600 Superdex® S75 

pg (Cytiva; pUL21-H6 and mutants thereof, pUL21ΔR-H6, H6-pUL21C, H6-miniCERTL, PP1(7-

300)-H6), HiLoad 16/600 Superdex® S200 pg (Cytiva; H6-PP1γ-pUL21ΔR, GST-PP1γ, pUL21-

GST) or Superose® 6 10/300 GL (Cytiva; StrepII-CERTL, StrepII-CERT and mutants thereof) 

columns connected to an FPLC ÄKTA purifier (Cytiva) that had been pre-equilibrated with 1.5 

column volumes of the appropriate 0.2 μm filtered SEC buffer. 1 mL fractions (0.4 mL for 

Superose® 6 10/300 GL) were collected following isocratic elution and 20 μL samples of those 

representing the peak(s) were transferred to 0.2 mL tubes, mixed 4:1 with 5× SDS-PAGE 

loading buffer (Appendix 1), boiled for 5 min at 95°C and assessed by SDS-PAGE (see section 

2.2.8). The fractions corresponding to the protein of interest were concentrated using 

centrifugal concentrators as above before being aliquoted (≤200 µL per aliquot), snap frozen 

and stored at -70°C. 
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For analytical SEC, Superdex® S75 10/300 GL or Superdex® S200 10/300 GL columns (Cytiva) 

were used, as indicated. The columns and samples were prepared as above, with collection 

of 0.4 mL fractions.  

2.2.7 Preparation of phosphatase inhibitor powder 

Powder stock of phosphatase inhibitor mix sufficient for 2 L of buffers was prepared by 

combining the following reagents in a 50 mL falcon tube: 8.9 g of tetrasodium pyrophosphate 

(Na4P2O7·10H2O), 8.4 g of sodium fluoride (NaF) and 10.7 g of β-glycerophosphate 

(CH2OHCH[OPO3Na2]CH2OH·5H2O). The powder was stored at RT and when indicated, 14 mg 

of the powder was added 1 mL of the appropriate lysis buffer (e.g., 140 mg of the powder 

would be added to 10 mL of lysis buffer), vortex until the powder was dissolved, and stored 

at 4°C for up to one month. The final concentration of the inhibitors in the lysis buffer is 10 

mM tetrasodium pyrophosphate, 100 mM NaF and 17.5 mM β-glycerophosphate. 

2.2.8 Analysis of protein samples by SDS-PAGE and PhosTag™-PAGE 

For enhanced separation of phosphorylated proteins, the gels contained 100 μM MnCl2 and 

50 μM PhosTag reagent (Wako) where indicated. For PhosTag™ gels, equal volumes of 

samples were loaded, while the ‘empty’ wells were also loaded with the exact same buffer as 

the purified protein or cell lysates were in, mixed 4:1 with 5× SDS-PAGE loading buffer 

(Appendix 1) to ensure no changes in osmolarity across the gel.  

For all gels, protein bands were resolved by electrophoresis (100 V) in 1× Tris/glycine/SDS 

buffer (Bio-Rad). PreScission Plus Protein dual colour standards (Bio-Rad) were used for all 

gels (no standard was used in PhosTag gels). Protein bands were visualised using InstantBlue™ 

Coomassie Stain (Expedion), unless the gel was to be used for an immunoblot. 

2.2.9 Electrophoretic transfer of proteins for immunoblotting 

Resolved proteins were transferred from polyacrylamide gels to 0.45 μm Protran® 

nitrocellulose membranes (PerkinElmer) in transfer buffer (Appendix 1) using submerged tank 

transfer (Bio-Rad). Protein transfer was carried out at 100 V for 1 hr in ice-cold transfer buffer. 

Membranes were stained with Ponceau stain (Appendix 1) for 1 min, followed by rinsing with 

ultrapure water, to determine if all proteins transferred evenly. The membranes were 

destained by washing with TBS-T buffer (Appendix 1).  
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2.2.10 Immunoblotting 

Nitrocellulose membranes with proteins were inserted into a 50 mL falcon tube each and 

were blocked with 5% milk TBS-T buffer (5% w/v Marvel™ skim milk powder in TBS-T) for 1 hr 

at RT on a rolling bed. Primary antibodies were added to fresh 5% milk in TBS-T buffer using 

the dilutions shown in Table 2-4. Blocked membranes were incubated with primary antibodies 

at RT overnight at 4°C on a rolling bed. Next, three washes were performed using >30 mL of 

TBS-T buffer for 5 min each. Membranes were then incubated for 45 min at RT with the 

appropriate secondary antibodies, listed in Table 2-5, diluted in 5% milk in TBS-T buffer. This 

was followed by subsequent three five-minute washes in TBS-T buffer. The membranes were 

dried for >15 min at 37°C and the antibody fluorescence was visualised using an Odyssey CLx 

infrared imager and Image StudioTM Lite software (LI-COR Bioscences).  

Table 2-4 Primary antibodies used for immunoblotting 

Antigen 
Clone/Product 
code Species Dilution Source 

CERT Ab72536 
Rabbit 

(polyclonal) 
1:10,000 Abcam 

pUL21 
7-1F10-D12 

(CC9) 
Mouse 1:50 In house (235) 

pUL21 NA 
Rabbit 

(polyclonal) 
1:5,000 From J. Wills 

GAPDH GTX28245 Mouse (IgG1) 1:10,000 GeneTex 

Myc 05-724 Mouse (IgG1) 1:4,000 Millipore 

PP1α  sc-271762 Mouse (IgG1) 1:1,000 Santa Cruz 

PP1β  sc-373782 Mouse (IgG1) 1:1,000 Santa Cruz 

PP1γ  sc-6108 Goat (polyclonal) 1:1,000 Santa Cruz 

pUL31 (HSV-2) Clone B Rat (polyclonal) 1:200 
From B. Banfield 
(236) 

pUL34 (HSV-2) NA 
Chicken 

(polyclonal) 
1:500 

From B. Banfield 
(236) 

pUS3 (HSV-2) NA Rat (polyclonal) 1:1000 
From B. Banfield 
(237) 

DHCR24 sc-398938 Mouse (IgG2b) 1:500 Santa Cruz 

PP2A-C sc-80665 Mouse (IgG2b) 1:500 Santa Cruz 

pUL16 NA 
Rabbit 

(polyclonal) 
1:2,000 From J. Wills (238) 

VP5 DM165 Mouse 1:50 From F. Rixon (239) 
Phospho-PKA 

substrate 
9624 Rabbit (IgG) 1:1,000 Cell Signalling 

Phospho-Akt 

substrate 
9611 

Rabbit 

(polyclonal) 
1:1,000 Cell Signalling 
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Strep GTX628900 Mouse (IgG2a) 1:1,000 GeneTex 

Lamin A/C sc-7292 Mouse (IgG2b) 1:1,000 Santa Cruz 

Calnexin sc-23954 Mouse (IgG1k) 1:1,000 Santa Cruz 

 

Table 2-5 Secondary antibodies for immunoblots 

Host/target IgG Clone/Cat.# Dilution Source 

IRDye® 800CW Goat-anti-Rabbit 925-32221 1:10,000 LI-COR Bioscences 

IRDye® 800CW Goat-anti-Mouse 925-32210 1:10,000 LI-COR Bioscences 

IRDye® 800CW Donkey-anti-Goat 926-32214 1:10,000 LI-COR Bioscences 

IRDye® 800CW Donkey-anti-Chicken 926-32218 1:10,000 LI-COR Bioscences 

IRDye® 680RD Goat-anti-Rat 926-68029 1:10,000 LI-COR Bioscences 

IRDye® 680RD Goat-anti-Mouse 926-68020 1:10,000 LI-COR Bioscences 

 

2.2.11 GST pull-down experiments 

GST pulldown experiments were carried out in 96-well flat-bottomed plates (Greiner) using 

magnetic glutathione beads (Thermo Scientific) to capture the GST-tagged (bait) protein. 

2.2.11.1 Purified GST-bait protein with purified prey protein 

Bait protein (pUL21-GST or GST-PP1γ) was diluted to 1 μM in pull-down buffer (20 mM Tris 

pH 8.5, 300 mM NaCl, 0.1% NP-40, 1 mM DTT, and 1 mM EDTA). For each experiment, 200 μL 

of bait mixture was incubated for 30 min at 4°C with 5 μL of glutathione magnetic beads 

(Pierce) that had been pre-equilibrated in pull-down buffer. After the capture, beads were 

washed three times with pull-down buffer and incubated again at RT for 1 hr with 5 μM of 

purified prey protein diluted in pull-down buffer, final volume of 200 μL. After washing the 

beads three times with pull-down buffer, bound protein was eluted using pull-down buffer 

supplemented with 50 mM reduced glutathione. The samples were mixed 4:1 with 5× SDS-

PAGE loading buffer (Appendix 1), boiled for 5 min at 95°C and analysed by SDS-PAGE (see 

section 2.2.8). 

2.2.11.2 Purified GST-bait with wheat-germ expressed prey 

Bait protein (pUL21-GST) was diluted to 2.5 μM in pull-down buffer (20 mM Tris pH 8.5, 200 

mM NaCl, 0.1% NP-40, 1 mM DTT, 1 mM EDTA). For each experiment, 200 μL of bait protein 
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was incubated with 5 μL of the beads at 4°C for 30 min. The beads were washed three times 

with pull-down buffer then incubated at 4°C for 1 hr with the truncations of myc-CERTL (prey 

proteins), expressed by TNT SP6 High Yield Wheat Germ in vitro transcription/translation 

system (Promega) (see section 2.2.3). After four washes with pull-down buffer the captured 

protein was eluted using pull-down buffer supplemented with 50 mM reduced glutathione, 

mixed 4:1 with 5× SDS-PAGE loading buffer (Appendix 1), boiled for 5 min at 95°C and 

analysed by SDS-PAGE (see section 2.2.8) and immunoblotting (see section 2.2.10). 

2.2.12 Protein quantification by bicinchoninic acid (BCA) assay 

The protein concentrations of whole cell lysates were determined by BCA assay using 

reagents supplied with the PierceTM BCA Protein Assay Kit (ThermoFisher), following the 

manufacturer’s microplate protocol. Protein standards were prepared by 2-fold serial dilution 

of bovine serum albumin (BSA) from 2 mg/mL to 62.5 μg/mL. Absorbance at 562 nm was 

determined using a SpectraMax i3 plate reader and SoftMax Pro software (Molecular 

Devices).  

2.2.13 Equilibrium binding assay (EBA) 

400μL of resuspended Glutathione Sepharose® 4B (GE Healthcare) was equilibrated with 

wash buffer (20 mM Tris pH 8.5, 200 mM NaCl, 0.1% NP-40, 1 mM DTT, and 1 mM EDTA) in a 

final volume of 800 μL. In a microcentrifuge tube, 160 μL of equilibrated resuspended resin 

was mixed with the volume of pUL21-GST (bait protein) stock corresponding to 136 μg of 

pUL21-GST (so once captured and resuspended again in 160 μL of wash buffer the 

concentration of pUL21-GST will be 10 μM), and left on a rotating wheel for 30 min at RT. 

Meanwhile, the remaining resin was redistributed into eight wells of a v-bottom 96-well plate 

(Greiner) by adding 80 μL of the equilibrated slurry to each well, leaving the first well empty 

(9 wells in total). The resin with captured bait protein was washed three times with wash 

buffer and resuspended in wash buffer to a total volume of 160 μL, which was then 

transferred to the first well in the plate. In the next step, a serial dilution was performed by a 

subsequent transfer of 80 μL of the content of wells, starting from the first, and omitting the 

final well (input control). Purified CERT/CERTL (prey proteins) were diluted in wash buffer to 

5× working concentration (250 nM), and 20 μL of the solution was distributed to each well, 

whereupon the plate was incubated for 1 hr on a plate shaker (850 rpm). After incubation, 

the whole content of each well was directly transferred to a micro-spin column (Thermo 
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Scientific) inserted to a 1.5 ml microcentrifuge tube and centrifuged for 1 minute at 5,000×g 

to capture the GSH beads with bound bait and prey proteins. The flowthroughs with 

uncaptured prey protein were mixed 4:1 with 5× SDS-PAGE loading buffer (Appendix 1), 

boiled for 5 min at 95°C and analysed by SDS-PAGE (see section 2.2.8) and immunoblotting 

(see section 2.2.10). 

2.2.14 Protein–lipid overlay assays (‘PIP strips’) 

After incubating in blocking buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20, 3% v/v 

FCS) at RT for 1 hr, PIP-Strips™ (Echelon Biosciences) were incubated with purified proteins (5 

μg/mL) in 3 mL of blocking buffer at RT for 2 hrs on a rocking platform. Following four washes 

with 3 mL of wash buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween-20), the strips were 

incubated with the appropriate primary antibodies in 3 mL of blocking buffer at RT for 1 hr on 

a rocking platform. The subsequent steps for primary antibody staining, washing, secondary 

antibody staining, further washing and detection were the same as in the standard 

immunoblotting protocol (see section 2.2.10). 

2.2.15 In vitro dephosphorylation assay  

For pUL21-H6, pUL21ΔPP1-H6 and pUL21ΔR-H6 dephosphorylation assays were performed upon 

0.5 μM of purified StrepII-CERTP or eIF2αP (240) (pUL21-H6 only) using a 2-fold serial dilution 

of GST-PP1γ (100–3.1 nM for StrepII-CERTP, 200–6.2 nM for eIF2αP) without further 

supplementation or in the presence of pUL21-H6 or mutants thereof at 2 μM.  

For pUL21ΔCERT-H6 dephosphorylation assays were performed upon 0.5 μM of purified StrepII-

CERTP using a fixed concentration of GST-PP1γ (25 nM) in the presence of pUL21-H6 or 

pUL21ΔCERT-H6 at the concentrations resulting from a 2-fold dilution (4000–62.5 nM). 

All reactions (final volume of 50 μL) proceeded in assay buffer (150 mM NaCl, 20 mM Tris pH 

8.5, 0.1% NP-40,1 mM MnCl2) for 30 min at 30°C before being stopped by the addition of 12 

μL of 5× SDS-PAGE loading buffer and boiling at 95°C for 5 min. Samples were analysed by 

SDS-PAGE using 7% (w/v) acrylamide gels supplemented with 25 μM PhosTag reagent and 50 

μM MnCl2 and the protein was visualized using InstantBlue™ Coomassie stain (Expedeon). To 

measure the ratio of CERTO to total CERT, Coomassie-stained gels were scanned using an 

Odyssey CLx Imaging System (LI-COR). The signal detected in the 700 nm channel for the 
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CERTO band alone and for all CERT bands (CERTO + CERTP) was quantitated using Image Studio 

Lite software (LI-COR) with local background subtraction 

2.3 Biophysics  

2.3.1 Small-angle X-ray scattering (SAXS) 

SAXS experiments were performed in batch mode (pUL21-H6, H6-pUL21C, H6-miniCERTL) or 

immediately following SEC (H6-pUL21C:H6-miniCERTL and pUL21-H6:H6-miniCERTL) at EMBL-

P12 bioSAXS beam line (PETRAIII, DESY, Hamburg, Germany) (241,242). For SAXS in batch 

mode, scattering data (I(s) versus s, where s = 4πsinθ/λ nm-1, 2θ is the scattering angle, and λ 

is the X-ray wavelength, 0.124 nm) were collected from the indicated batch samples and a 

corresponding solvent blank (20 mM Tris pH 8.5, 500 mM NaCl, 3% (v/v) glycerol, 1 mM DTT). 

The scattering profiles for pUL21-H6 were measured at 1.11 and 1.66 mg/mL, for H6-miniCERTL 

were measured at 1.73, 2.59, 3.46 and 6.91 mg/mL, and for H6-pUL21C were measured at 

0.76 mg/mL (30 μL sample at 20°C, 1 mm pathlength, in continuous-flow mode, using an 

automated sample changer). The sample and buffer measurements were recorded as 100 ms 

data frames on a Pilatus 6M area detector for total exposure times of 2.1 and 2.6 s, 

respectively. In case of SEC-SAXS samples, the scattering data were recorded using a Pilatus 

6M detector (Dectris) with 1 s sample exposure times for a total of 3600 data frames spanning 

the entire course of the SEC separation. Purified H6-pUL21C:H6-miniCERTL (4.3 mg/mL) or 

pUL21-H6:H6-miniCERTL (5.3 mg/mL) was injected at 0.5 mL/min onto a Superose® S200 

Increase 5/150 GL column (Cytiva) equilibrated in 20 mM Tris pH 8.5, 500 mM NaCl, 3% 

glycerol, 1mM DTT. SAXS data for the H6-pUL21C:H6-miniCERTL complex were recorded from 

a single peak (frames 1245–1296 s) similar to pUL21-H6:H6-miniCERTL (frames 1081–1126 s), 

and solvent blanks were collected from pre-elution frames (pUL21C:H6-miniCERTL: frames 

247–411, pUL21-H6:H6-miniCERTL: frames 1–111). Primary data reduction was carried out 

using CHROMIXS (243) and 2D-to-1D radial averaging was performed using the SASFLOW 

pipeline (244). The processing and analysis of the SAXS output, including all Correlation Map 

(CorMap) calculations (244), were performed using the ATSAS 3.0.2 software package (245). 

For H6-miniCERTL, the resulting SAXS curves were extrapolated to infinite dilution in PRIMUS 

(246). The final SAXS dataset for pUL21-H6 was obtained by averaging the data sets obtained 

for both dilutions in PRIMUS (246). The extrapolated forward scattering intensity at zero 

angle, I(0), and the radius of gyration, Rg, were calculated from the Guinier approximation 

(lnI(s) vs s2, for sRg < 1.15). The maximum particle dimension, Dmax, was estimated based on 
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the probable distribution of real-space distances p(r) which was calculated using GNOM (247). 

A concentration-independent estimate of molecular weight was determined using a Bayesian 

consensus method (248). All structural parameters are reported in Appendix 6. 

The structural model of the ensemble of pUL21 was obtained using the program EOM (249) 

with the experimental data processed as described above, over a range of  

0.08 < s < 2.16 nm-1. A pool of 10,000 random conformers representing pUL21N (PDB ID 4u4h) 

and pUL21C (PDB ID 5ed7) domains (93,94) joined by a disordered 80 amino acids linker and 

with a C-terminal sequence GQSVGSKH6, corresponding to the residues of pUL21C not 

observed in the structure together with the purification tag, were generated by the software. 

Ensembles of conformers from the pool with Rg and Dmax distributions that best represent the 

experimental SAXS profile (lowest χ2) were selected by a genetic algorithm employed in the 

analysis. Images of the representative protein models from the refined EOM pool were made 

using an open-source build of PyMOL version 2.5.2 (Schrödinger). 

Ab initio modelling was performed using GASBOR (H6-pUL21C, H6-miniCERTL,  

H6-pUL21C:H6-miniCERTL, and pUL21-H6:H6-miniCERTL) (250). Figures show the models that 

best fit their corresponding SAXS profiles (lowest χ2). 

Pseudo-atomic modelling was were performed using CORAL (251). For H6-miniCERTL, crystal 

structures of the PH (PDB ID 4HHV (252)) and START (PDB ID 2E3M (253)) domains were used, 

the latter including a predicted secondary structure of the intron 11 (residues 371-396), 

present only in CERTL, that was modelled by I-TASSER (254). The disordered 23 amino acid 

linker and the purification tag (MAH6) were generated by the software. The model with the 

best fit was superimposed onto the PH:START crystal structure (PDB ID 5JJD (255)) by aligning 

the START domains using an open-source build of PyMOL version 2.5.2 (Schrödinger). For  

H6-pUL21C, the N-terminal (MAH6QD) and C-terminal (HGQSV) elements missing from the 

crystal structure (PDB ID 5ED7 (94)) were generated by CORAL (251). For H6-pUL21C:H6-

miniCERTL, the heterodimer was modelled using the SAXS curve of the complex; CORAL (251) 

was employed for modelling of the complex using the crystal structures of pUL21C and of the 

globular CERT domains of unspecified relative orientation as input, while the elements 

missing from the crystal structures were generated by the software. For H6-miniCERTL:pUL21-

H6, pUL21N (PDB ID 4U4H (93)) plus the 80 amino acid linker were modelled using CORAL in 

combination with the selected conformations of the H6-pUL21C:H6-miniCERTL generated 
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earlier that were included as a complex with fixed relative domain orientations. To facilitate 

the modelling, the H6-tags of pUL21-H6 and H6-miniCERTL were omitted. All the models were 

assessed for fit to the corresponding SAXS profiles (χ2 and CorMap) using CRYSOL. 

2.3.2 Differential Scanning Fluorimetry (DSF)  

Differential scanning fluorimetry experiments were carried out using Viia7 real-time PCR 

system (Applied Biosystems) and Protein Thermal Shift dye (Applied Biosystems). The assay 

buffer (20 mM Tris pH 8.5, 500 mM NaCl, 1 mM DTT) was mixed with dye stock solution and 

protein solution (pUL21-H6, pUL21ΔPP1-H6 or pUL21ΔCERT-H6) in an 8:1:1 ratio giving 1 ng protein 

and 1× dye in a final volume of 20 μL. Measurements were performed in triplicate. Samples 

were heated from 25°C to 95°C at 1 degree per 20 s and fluorescence was monitored at each 

increment. The melting temperature (Tm) is the inflection point of the sigmoidal melting 

curve, determined by non-linear curve fitting to the Boltzmann sigmoidal model using DSF 

analysis scripts (written by Dr Stephen Graham) and Prism 7 (GraphPad Software). 

2.3.3 Multi-angle light scattering (MALS) 

Multi-angle light scattering (MALS) data was collected immediately following SEC (SEC-MALS) 

by inline measurement of static light scattering (DAWN 8+; Wyatt Technology), differential 

refractive index (Optilab T-rEX; Wyatt Technology), and UV absorbance (1260 UV; Agilent 

Technologies). Samples (100 μL) were injected onto a Superose® 6 Increase 10/300 GL column 

(Cytiva) equilibrated with 20 mM Tris pH 8.5, 500 mM NaCl, 0.5 mM tris(2-

carboxyethyl)phosphine (TCEP) at 0.4 mL/min. The protein samples were injected at the 

concentration of 2 mg/mL. Molecular masses were calculated using ASTRA 6 (Wyatt 

Technology). 

2.3.4 Isothermal titration calorimetry (ITC) 

Isothermal titration calorimetry (ITC) experiments were performed at 25°C, with 

measurements of the synthetic TROPPO motif peptide plus GST-PP1γ being also conducted at 

10°C, using an automated MicroCal PEAQ-ITC (Malvern Panalytical). Proteins were exchanged 

into ITC buffer (TROPPO peptide plus GST-PP1γ: 50 mM HEPES pH 7.5, 200 mM NaCl and 0.25 

mM TCEP; all other proteins: 20 mM Tris pH 8.5, 500 mm NaCl, 0.5 mm TCEP) either by SEC 

(StrepII-CERTL and StrepII-CERTL
S132A only) or extensive dialysis prior to experiments. Peptides 

were prepared by reconsistution of dried peptide directly into the relevant buffer. Prior to 
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analysis, protein samples were centrifuged at >20,000×g for 5 min to remove any precipitated 

protein and transferred to a fresh tube, the final concentration of protein was determined by 

measuring the absorbance at 280 nm, and samples were degassed to prevent formation of 

bubbles during the ITC experiment. Titrants (StrepII-CERTL
P at 192–328 μM, StrepII-

CERTL
(S132A) at 196–334 μM, H6-miniCERTL at 195–376 μM, or TROPPO peptide at 1 mM) were 

titrated into titrates (pUL21-H6 at 20–33 μM, pUL21ΔCERT-H6 at 19.4–31.8 μM, H6-pUL21C at 

30–32.5 μM, or GST-PP1γ at 120 μM) as either 19×2 μL or 13×3 μL injections. Data were 

analysed in the MicroCal PEAQ-ITC analysis software (Malvern Panalytical) and fitted using a 

one-site binding model. For all experiments presented in this thesis I also performed titrant 

into buffer, buffer into cell sample and buffer into buffer control experiments, and in all cases 

the heat generated in these control experiments was negligible, confirming high quality buffer 

matching as is required for accurate ITC measurements. 

2.4 X-ray crystallography  

2.4.1 Sparse-matrix screening 

For all crystallisation trials, commercial sparse-matrix crystallisation screens were pre-

dispensed in 96-well MRC sitting drop plates (SwissSci) (Table 2-6). For initial screening, 200 

nL of reservoir solution was mixed with 200 nL of protein sample and equilibrated against a 

95 μL reservoir at 20°C, using the sitting drop vapour diffusion technique. Drops were 

dispensed by a TTP Labtech Mosquito nanolitre dispensing robot. The results chapter text 

(see sections 5.2.1 and 5.2.3) specifies the sparse-matrix screens and protein concentrations 

that were used for each sample. All plates were stored at 20°C and imaged using a ROCK 

IMAGER 1000 imaging robot (Formulatrix).  

Table 2-6 Commercial sparse-matrix screens  

Screen Name Commercial Screen 
Name(s) Manufacturer 

CIMR 4 
Cryo I 

Cryo II 
Emerald Biosystems 

CIMR 5 
PEG/Ion Screen 

PEG/Ion Screen 2 
Hampton Research 

CIMR 6 Index Screen Hampton Research 

CIMR 7 PACT Premier™ Screen Molecular Dimensions  

CIMR 8 JCSG-plus™  Molecular Dimensions  

CIMR 9 
(NH4)2SO4 Grid Screen 

PEG 6000 Grid Screen 
Hampton Research 
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PEG/LiCl Grid Screen 

MPD Grid Screen 

CIMR 10 
MemStart™  

MemSys™  
Molecular Dimensions 

CIMR 11 Morpheus®  Molecular Dimensions 

CIMR 12 
Stura Screen 

Macrosol™ Screen 
Molecular Dimensions 

CIMR 13 ProPlex™ Screen Molecular Dimensions 

CIMR 14 
MemFac Hampton Research 

MemPlus Molecular Dimensions 

 

2.5 Mammalian cell culture and virus infection 

2.5.1 Mammalian cell lines 

Mycoplasma-free human spontaneously immortalised human keratinocyte (HaCaT) cells 

(256), HaCaT cells stably expressing pUL21 (HaCaT21) (235), African green monkey kidney 

(Vero) cells (ATCC #CRL-1586) and human embryonic kidney HEK293T cells (ATCC #CRL-3216) 

were maintained in Dulbecco’s Modified Eagle Medium with high glucose (Sigma), 

supplemented with 10% (v/v) heat-inactivated foetal calf serum (FCS) and 2 mM L-glutamine 

(“complete DMEM") in a humidified 5% CO2 atmosphere at 37°C. Freestyle™ 293-F cells and 

the inducible stable cell lines expressing StrepII-CERTL or StrepII-CERTL
S132A were maintained 

in the Freestyle™ 293F growth medium (Gibco) supplemented with 2 mM L-glutamine (2 mM, 

Gibco) on a shaking platform (125 rpm) in a humidified 8% CO2 atmosphere at 37°C. The 

Freestyle™ 293-F cells were split regularly, using only plastic pipettes, to ensure that their 

confluency remained between 0.2–2×106 cells/mL. 

2.5.1.1 Generation of doxycycline-inducible stably transfected Freestyle™ 293-F cells 

Doxycycline-inducible stably transfected Freestyle™ 293F cells expressing StrepII-CERTL and 

StrepII-CERTL
S132A were generated using a piggyBac transposon-based system (257). A 30 mL 

suspension culture of Freestyle™ 293F cells at 1×106 cells/mL were transfected with a 5:1:1 

mass ratio of PB-TSW-CERTL
(S132A):PB-RN:PBase (35 μg total DNA) using Freestyle MAX 

transfection reagent (Invitrogen) as per the manufacturer’s instructions. The cells were 

incubated with the transfection mix for two days then pelleted by low-speed centrifugation 

and transferred to fresh medium supplemented with Geneticin (Gibco) at the final 

concentration of 500 μg/mL. The drug selection was continued for two weeks with the media 

being replaced with a fresh stock every three days. 
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2.5.2 Immunoprecipitation of GFP-tagged bait protein from transfected cells 

Monolayers of HEK293T cells (5×106 cells seeded on the previous day) grown in 9 cm dishes 

were transfected with TransIT-LT1 (Mirus) using 7.7 μg of pEGFP-N1 (for GFP alone) or the 

indicated constructs cloned into this vector, following the manufacturer’s instructions. Cells 

were harvested either at 24 hrs post infection or, where indicated, following additional 16-

hour infection with ΔpUL21 HSV-1 as described in 2.5.4. Cells were scraped into the medium, 

pelleted (220 g, 5 min, 4°C), washed once with cold PBS and lysed at 4°C in 1 mL lysis buffer 

(10 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, 1% EDTA-free protease inhibitor 

cocktail) for 45 min before clarification (21,000×g, 10 min, 4°C). After immunoprecipitation 

with GFP-Trap™ beads (ChromoTek), performed in accordance with the manufacturer’s 

protocol using two washes (20 mM Tris pH 7.5, 200 mM NaCl, 0.1% v/v NP-40, 1 mM DTT amd 

1 mM EDTA) of the beads after incubation with the cell lysate. For immunoblot analysis, 

samples were eluted by incubation at 95°C for 5 min in 45 μL 2× SDS-PAGE loading buffer 

(Appendix 1) before separation of input and bound samples by SDS-PAGE (see section 2.2.8) 

and immunoblotting (see section 2.2.10). 

2.5.3 Generation of mutant HSV-1 stocks  

All HSV-1 strain KOS viruses were reconstituted from a bacterial artificial chromosome (BAC) 

(233). ΔpUL21 HSV-1 BAC and HSV-1 BACs carrying mutations in the TRPOPPO motif of pUL21 

(pUL21F242A, pUL21V243D and pUL21FV242AA) were constructed using the HSV-1 strain KOS BAC 

by Viv Connor as described in (235). The HSV-1 BAC carrying the CERT non-binding mutation 

(pUL21V382E) was generated using the two-step Red recombination method (258) with the 

following primers (the bold text indicates the nucleotide changes to the original sequence):  

- Forward: 5ʹ-CGGCTCGTAGGCCGGTACACACAGCGCCACGGCCTGTACGAACCTC 

GGCCCGACGACCCAGTAGGATGACGACGATAAGTAGGG-3ʹ 

- Reverse: 5ʹ-CGTTGATGGCATCGGCCAAGACTGGGTCGTCGGGCCGAGGTTCGTA 

CAGGCCGTGGCGCTGTCAACCAATTAACCAATTCTGATTAG-3ʹ  

To generate the P0 stocks, Vero cells were transfected with the appropriate recombinant BAC 

DNA together with pGS403, encoding Cre recombinase to excise the BAC cassette, using 

TransIt-LT1 (Mirus) according to the manufacturer’s instructions. After 3 days the cells were 

scraped into the media, sonicated at 50% power for 30 s in a cup-horn sonicator (Branson), 
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and titrated on Vero cell monolayers (see section 2.5.7). The subsequent stocks were 

generated by infecting either Vero and HaCaT21 cells (HSV-1 with mutations in the TROPPO 

motif), or HaCaT21 cells only (pUL21V382E HSV-1 BAC) at MOI = 0.01 for 3 days, after which the 

cells were scraped and isolated by centrifugation at 1,000×g for 5 min. Pellets were 

resuspended in 1 mL of complete DMEM supplemented with 100 U/mL penicillin, 100 μg/mL 

streptomycin and freeze/thawed thrice at -70°C before being aliquoted, titrated on Vero cell 

monolayers, and stored at -70°C until required. The presence of the desired mutation in the 

reconstituted virus genomes was confirmed by sequencing the pUL21 gene following PCR 

amplification of the pUL21 coding region (see section 2.1.1). 

2.5.4 Virus infection of cell monolayers for biochemical assays 

Monolayers of indicated cells were infected by overlaying with the appropriate viruses, 

diluted in complete DMEM to the specified MOI. The time of addition was designated 0 hpi. 

Cell were incubated with the inoculum for one-hour adsorption at 37°C in a humidified 5% 

CO2 atmosphere, where the tissue culture plate housing the monolayers was rocked every 15 

min. Next, complete DMEM supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin 

was added to dilute the original infection medium five-fold. Infected cells were incubated at 

37°C in a humidified 5% CO2 atmosphere and harvested at the specified times for subsequent 

analyses. 

2.5.5 Preparation of cell lysates for SDS-PAGE analysis 

For analysis of protein expression and phosphorylation, infected cells and monolayers of 

HaCaT or Vero cells were prepared as described above. Cells were washed two times with ice-

cold wash buffer (50 mM Tris pH 8.5, 150 mM NaCl) and scraped into 100 μL of ice-cold lysis 

buffer (50mM Tris pH 8.5, 150mM NaCl, 1% (v/v) Triton-X100, 1% (v/v) EDTA-free protease 

inhibitor cocktail (Sigma), 10 mM tetrasodium pyrophosphate, 100 mM NaF and 17.5 mM β-

glycerophosphate [for phosphatase inhibitors, see section 2.2.7]). After 30 min incubation on 

ice, the lysates were sonicated (two 15 s pulses at 50% power) in a cup-horn sonicator 

(Branson) followed by centrifugation at 20,000×g for 10 min. For all cell lysates, protein 

concentrations were determined using a BCA assay (Peirce), protein lysates were normalized 

using the lysate buffer, and samples were mixed 4:1 with 5× SDS-PAGE loading buffer 

(Appendix 1)). The samples were boiled for 5 min at 95°C and analysed by SDS-PAGE (see 

section 2.2.8) and immunoblotting (see section 2.2.10). 
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2.5.6 Single-step growth assays 

HaCaT, HaCaT21 or Vero were seeded onto 24-well plates using 1×105 cells per well. On the 

following day, the cells were infected with the indicated viruses diluted in 200 μL complete 

DMEM per well to an MOI = 5 or 10. The time of virus addition was designated 0 hpi. After 

adsorption for 1 hr at 37°C in a humidified 5% CO2 atmosphere, rocking the plates every 15 

min, extracellular viral particles were neutralized with an acid wash (40 mM citric acid, 135 

mM NaCl, 10 mM KCl, pH 3.0) for 1 min and cells were washed three times with PBS before 

being overlaid with 500 μL of complete DMEM per well. At designated times post-infection, 

cells were harvested by freezing the plate at -70°C. When all plates were frozen, samples were 

freeze/thawed one more time before scraping and transferring to 1.5 mL tubes and storing 

at -70°C until titration. Titrations were performed on monolayers of Vero cells (see section 

2.5.7).  

2.5.7 Virus titration 

Vero cells were seeded into 6-well plates at 4.5×105 cells/well. On the following day, the 

samples with infectivity were diluted by 10-fold serial dilution using DMEM and 500 μL of the 

appropriate dilutions were used to inoculate Vero cells. The cells were incubated for 1 hr at 

37°C in a humidified 5% CO2 atmosphere with rocking every 15 min, followed by overlaying 

with DMEM containing 0.3% low viscosity carboxymethyl cellulose, 0.3% high viscosity 

carboxymethyl cellulose, 2% (v/v) FCS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL 

streptomycin and incubation in the same conditions. Three days later, cells were fixed in 3.7% 

(v/v) formal saline for 20 min, washed with water and stained with 0.1% toluidine blue for 

>30 min, after which the plates were inverted and dried at 37°C. When dry, the plaques were 

manually counted using the dilutions with 20–200 discernible plaques. 

2.5.8 Plaque assays 

Confluent monolayers of Vero or HaCaT cells in 6-well tissue culture plates seeded on the 

previous day at 4.5×105 and 8×105 cells/well, respectively, were infected with 100 PFU of the 

indicated virus diluted in DMEM to a final volume of 500 μL. Following the adsorption for 1 hr 

at 37°C in a humidified 5% CO2 atmosphere and rocking the plate every 15 min, the cells were 

overlaid with plaque assay media (DMEM supplemented with 0.3% high viscosity 

carboxymethyl cellulose, 0.3% low viscosity carboxymethyl cellulose, 2% (v/v) FCS, 2 mM L-

glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin) and incubated for further 48 h. 



 49 

Next, cells were fixed with 3.7% (v/v) formal saline for 20 min, washed three times with PBS 

and incubated for 1 hr with mouse anti-gD (LP2) (259), diluted 1:50 in blocking buffer (PBS 

supplemented with 1% (w/v) BSA and 0.1% TWEEN-20). Cells were washed thrice in PBS and 

incubated for 30 min with HRP-conjugated rabbit anti-mouse antibody (DaKo, P0161) diluted 

1:5000 in blocking buffer, followed by two subsequent PBS washes and one wash with 

ultrapure water. Plaques were visualized using the TrueBlue peroxidase substrate (Seracare) 

in accordance with the manufacturer’s instructions. When the signal was apparent, the plates 

were washed with ultrapure water, inverted and dried at 37°C. White acrylamide discs were 

added to each well, to enhance contrast, and the plaques were scanned at 1200 dpi using an 

Epson flatbed scanner. Plaque areas were measured in Fiji (260,261) using the Adjust 

Threshold function with fixed range across the plates, followed by the Analyse Particles tool 

with the same parameters for all scanned images. The areas formed by overlapping plaques 

or plaques formed at the well edge were manually removed before the measurement. 

2.5.9 Virus release assay 

Monolayers of HaCaT or Vero cells were infected as described in section 2.5.6. At 12 hpi, the 

medium was harvested in 1.5 mL microcentrifuge tubes, pelleted for 5 min at 1000×g to 

remove any detached cells, and 300 μL of the supernatant was carefully transferred to fresh 

1.5 mL microcentrifuge tubes that were stored at -70°C until titration. At the same time, the 

cells were overlaid with 500 μL of fresh DMEM and the plates were immediately frozen 

at -70°C. Titrations were performed on monolayers of Vero cells as described in section 2.5.7.  

2.6 Sphingolipid metabolism analysis and click chemistry 

2.6.1  Metabolic labelling 

For metabolic labelling, HaCaT and HaCaT21 cells were seeded at 6×105 cells per well to reach 

subconfluency (60-80%) on the next day. When indicated, cells were infected with the 

appropriate virus (see section 2.5.4) for 14 hrs, treated with 1 μM of N-(3-Hydroxy-1-

hydroxymethyl-3-phenylpropyl)dodecanamide (HPA-12, Tokyo Chemical Industry) dissolved 

in 0.1% dimethyl sulfoxide (DMSO, Merck) , or 0.1% DMSO alone, in complete DMEM for 30 

min (and HPA-12 or DMSO were kept throughout the next incubation steps at the same 

concentrations). Cells were washed twice with warm PBS and metabolically labelled by 

incubation in 500 μL pre-warmed DMEM with 1% Nutridoma (Merck) supplemented with 5 

μM ω-alkyne form of sphingosine (d18:1) (click-Sph, Cayman Chemical) for 5 minutes (pulse). 
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After pulse, cells were washed twice with warm PBS and either analysed immediately or 

overlaid with 1 mL of pre-warmed DMEM with 1% Nutridoma and incubated at 37°C for the 

indicated chase times. At the indicated times, the plate with cells was transferred onto ice, 

the wells were gently washed twice with 1 mL of ice-cold PBS, cells were scraped into 300 μL 

of ice-cold PBS and subjected to lipid extraction (see below). 

2.6.2 Lipid extraction for thin layer chromatography 

Samples were transferred into 1.5 mL microcentrifuge tubes that contained 600 μL of 

methanol and vortexed. All subsequent steps were performed at RT in the fume hood. To 

each tube 150 μL of chloroform was added, followed by vigorous vortexing.  

The precipitated protein was pelleted by centrifugation (20,000×g, 1 min, RT) and the entire 

supernatant was transferred to a 2 ml microcentrifuge tube with 300 μL of chloroform. 600 

μL of 0.1% acetic acid in ultrapure water was subsequently added to each tube to induce 

formation of two phases. Following extensive vortexing, the phases were separated by 

centrifugation (20,000×g, 1 min, RT) and the lower phase was transferred to a new 1.5 mL 

microcentrifuge tube. This lipid-containing solvent phase was dried down in a UniVapo 

centrifugal vacuum concentrator (UniEquip) at 30°C for 20 min. Note that plastic pipette tips 

and microcentrifuge tubes were suitable for all the above steps, this protocol does not require 

the use of borosilicate glass containers or pipettes.  

If the precipitated protein sample was required for SDS-PAGE analysis, the pellet was 

solubilized in 5 μL 10% SDS and incubated overnight at RT before being diluted with 75 μL 

lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100), boiled for 10 minutes and 

sonicated at 75% power for 60 s in a cup-horn sonicator (Branson). The samples were 

centrifuged at 20,000×g for 3 min at RT, the supernatant was transferred to a fresh 

microcentrifuge tube and mixed 4:1 with 5× SDS-PAGE loading buffer before being subjected 

for SDS-PAGE analysis (see section 2.2.8) and immunoblotting (see section 2.2.10).  

2.6.3 Click reaction and thin layer chromatography of labelled lipids 

To prepare the chromatography chamber, one sheet of a filter paper (8 in. × 10 in., Whatman) 

was placed flat on the back of the TLC developing tank (Merck) and 95 mL of the appropriate 

solvent system (65:25:4:1 chloroform:methanol:water:acetic acid) was added to the tank and 

a glass pipette was used to wet the entire filter paper, allowing this paper to stick to the back 



 51 

of the tank. The tank was sealed with a glass lid and allowed to saturate with the solvent vapor 

for at least 2 hrs before commencing separation. 

To each tube was added 12 μL of pre-mixed click reaction mix (per one reaction: 1 μL of TBTA 

solution [2.5 mM], 10 μL of tetrakis[acetonitrile]copper[I] tetrafluoroborate [10 mM] and 1 

μL of 3-azido-7-hydroxycoumarin solution [1 mM], all prepared in solvents as shown in Table 

1-7). The reaction was immediately transferred to a UniVapo centrifugal vacuum concentrator 

(UniEquip) and the solvents were evaporated for 10 min at 45°C.  

To facilitate the subsequent spotting of samples onto 20×10 cm HPTLC Silica gel 60 plates 

(Merck), 5 mm lines in 5 mm intervals were gently marked using a pencil and a clean metal 

ruler 1 cm from one of the long edges (now designated as the bottom edge) to allow the 

spotting of 18 samples. Additionally, another line was gently marked at one of the short 

edges, 6 cm from the bottom edge, to facilitate monitoring the chromatographic separation. 

Pelleted lipids were stored at -20°C for up to 24 hours or immediately dissolved in 20 μL (100 

μL for lipid standards) of 65:25:4:1 chloroform:methanol:water:acetic acid, of which 8 μL was 

spotted on the TLC plate along the marked lines using a 10 μl microdispenser with borosilicate 

glass bores (Drummond). To facilitate rapid drying of the spots, the samples were applied 

under a stream of nitrogen gas, allowing spotting multiple layers of each sample.  

When ready, the plate with spotted lipids was swiftly inserted (bottom down) into the 

saturated tank using long metal tweezers. The glass lid was placed on top, and the plate was 

developed until the solvent front reached the 6 cm mark (approx. 10 min). The plate was 

gently removed using the long tweezers and air-dried in a fume hood. The TLC tank was 

appropriately emptied, dried and a fresh filter paper was placed inside followed by 100 mL of 

1:1 hexane:ethylacetate. The filter paper was saturated with solvent using a glass pipette 

before the tank was sealed and allowed to saturate with solvent vapour for >30 min. When 

ready, the dry plate was developed in the new solvent system until the solvent line reached 

the top of the plate (approx. 15 min). The plate was removed and air-dried in the fume hood 

for >15 min. Fluorescently labelled lipids were visualized using a G:BOX Chemi XX9 (Syngene) 

with UV illumination. Fluorescent bands were quantified using the Image Studio Lite software 

(LI-COR Biosciences) with local background subtraction. 

Table 2-7 Reagents used for click-chemistry assays. 
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Name Product code Solvent Stock [mM] Supplier 
16:0 propargyl sphingomyelin 

(d18:1-16:0) 
860711P Ethanol 1.376 Merck 

16:0(Alkyne)-18:1 

phosphatidylcholine 
900413P Ethanol 1.324 Merck 

pacFA galactosylceramide 900406P Ethanol 1.412 Merck 

C6 ceramide (d18:1/6:0) CAY24519 Ethanol 2.54 
Cambridge 

Bioscience 

Sphingosine (d18:1) Alkyne CAY24518 Ethanol 3.38 
Cambridge 

Bioscience 

Tris((1-benzyl-4-

triazolyl)methyl)amine (TBTA) 
678937 DMSO 50.0 Merck 

Tetrakis(acetonitrile) 

copper(I) tetrafluoroborate 
677892 Acetonitrile 200.0 Merck 

3-Azido-7-hydroxycoumarin  CLK-FA047 Methanol  1.0 mM 
Jena 

Bioscience 

Note: For long-term storage ( > 1 month), all organic solutions were kept in glass vials at -20°C after 

purging with nitrogen and sealing with Parafilm. 

2.6.4 Subcellular fractionation for lipid extraction 

Metabolically labelled cells (see section 2.6.1) were washed once with ice-cold PBS, followed 

by scraping into 1 mL of fresh ice-cold PBS. The cells were pelleted by centrifugation at 500×g 

for 5 min at 4°C, the supernatant was discarded and the pellet was resuspended in 600 μL of 

cold hypotonic buffer (20 mM Tris pH 7.5, 10 mM NaCl, 1 mM EDTA). After 5 min incubation 

on ice, the cell suspension was passed ten times through a 27g needle using a plastic 1 mL 

syringe. After another 5 min incubation on ice, the released nuclei with associated ER were 

pelleted by centrifugation at 720×g for 5 min at 4°C. The top 300 μL of the supernatant 

(cytoplasmic fraction) was transferred to a fresh tube and subjected immediately for lipid 

extraction (see section 2.6.2), and the remaining supernatant was discarded. To remove the 

residual ER membranes, the pellets were resuspended with cold 0.3% NP-40 in PBS and 

incubated for 5 min on ice. The nuclei were pelleted by centrifugation at 720×g for 5 min at 

4°C, washed once with 600 μL of cold PBS and pelleted again. The isolated nuclei were 

resuspended in 300 μL of cold PBS and subjected immediately to lipid extraction (see section 

1.6.2).   

2.7 Immunocytochemistry  

Cells grown on #1.5 coverslips were infected at an MOI = 1 as described above. At the 

indicated time post infection, cells were washed with PBS and incubated with either cold 

(-20°C) methanol for 5 min at -20°C, or with ice cold 4% (v/v) electron microscopy-grade 
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paraformaldehyde (Polysciences) in PBS for 15 min at RT. Coverslips were washed twice with 

PBS, permeabilized by 15-minute incubation with 0.2% Triton-X in PBS at RT (only cover slips 

fixed with paraformaldehyde), followed by incubation with blocking buffer (1% (w/v) BSA in 

PBS) for 30 min at RT. Primary antibodies mouse anti-pUL21 (7-1F10-D12 (CC9) (235) or L1E4 

C10, dilution 1:5) and rabbit anti-pUL34 (262) (dilution 1:4,000) were diluted in blocking 

buffer and incubated with coverslips for 1 hr. Coverslips were washed ten times in PBS before 

incubation for 45 min with the secondary antibodies Alexa Fluor 488 conjugated goat anti-

chicken (Invitrogen, A11039) and/or Alexa Fluor 647 conjugated goat anti-mouse (Invitrogen, 

A21236) diluted 1:1,000 in blocking buffer. Coverslips were washed ten times in PBS and ten 

times in ultrapure water before mounting on slides using Mowiol 4-88 (Merck) containing 200 

nM 4ʹ,6-diamidino-2-phenylindole (DAPI). Images were acquired using a Zeiss LSM780 

confocal laser scanning microscopy system mounted on an AxioObserver.Z1 inverted 

microscope using a 64× Plan Apochromat objective (NA 1.4) or Olympus IX81 fluorescence 

microscope. 

2.8 Screening for protein interaction partners 

2.8.1 Stable isotope labelling of amino acids in cell culture (SILAC) 

Stable isotope labelling of amino acids in cell culture (SILAC) labelling of HEK293T or HaCaT 

cell lines was performed with the help of the wonderful Susanna Colaco. Cells were grown in 

SILAC medium (high glucose DMEM lacking arginine and lysine, Life Technologies) 

supplemented with 10% dialyzed FCS (7 kDa cut-off), 2.8 mg/mL L-proline (Sigma) and 2 mM 

L-glutamine. Unlabelled arginine and lysine were added to the ‘light’, Arg6 (13C6) and Lys4 (2H4) 

to the ‘medium’, and Arg10 (13C6, 15N4) and Lys8 (13C6, 15N2) to the ‘heavy’ SILAC medium. Cells 

were maintained in the appropriately supplemented SILAC medium for a minimum of five 

passages before use. For each cell line, three cell populations were generated: ‘Light’ cultured 

with unlabelled amino acids in the medium, ‘Medium’ maintained with arginine R6 (13C6) and 

deuterated lysine K4 (D4) medium, and ‘Heavy’ conditioned in the presence of arginine R10 

(13C6, 15N4) and lysine K8 (13C6, 15N2) in the medium.  

2.8.2 SILAC-Immunoprecipitation of GFP-tagged bait protein or substrate trap chimera 

The interactomics screen was conducted in biological triplicate. 5×106 SILAC-labelled HEK293T 

cells (see section 2.8.1) were seeded onto 9 cm dishes. On the following day, the cells were 

transfected with 7.7 μg of the indicated construct or pEGFP-N1 using TransIT-LT1 (Mirus) in 
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the appropriate SILAC medium, as per the manufacturer’s instructions. At 24 hrs post 

transfection, the cells were harvested by scraping into the medium and washed three times 

with cold PBS. The immunoprecipitation was performed using GFP-Trap resin and low protein-

binding microcentrifuge tubes (Costar) as described in section 2.5.2, with the lysis buffer 

containing phosphatase inhibitors (see section 2.2.7) for the substrate trap samples (see 

section 7.2). Instead of elution by boiling in SDS-PAGE loading buffer, the washed beads from 

a single experiment (light, medium and heavy cells) were pooled and processed using iST kit 

(PreOmics) following the manufacturer’s instructions. Liquid chromatography plus mass 

spectrometry (LC-MS/MS) analysis of the resultant samples was performed by the Cambridge 

Institute for Medical Research (CIMR) Proteomics Facility. 

2.8.3 SILAC data processing using MaxQuant  

MaxQuant (v. 2.0.3.0) was used to process all SILAC mass spectrometry data, searching 

against the Uniprot Human proteome (downloaded from Uniprot on 8th of November 2019) 

and the HSV-1 strain KOS genome (a custom file containing the HSV-1 KOS strain was provided 

by Dr Colin Crump). Trypsin/P digestion, standard modifications (oxidation, N-terminal 

acetylation) were set as group-specific parameters in MaxQuant and SILAC quantification was 

performed using light (Arg0, Lys0), medium (Arg6, Lys4) and heavy (Arg10, Lys8) labels. Re-

quantification, razor protein false discovery rate, and second peptide options were enabled. 

Minimum peptide length was set to 7, minimum peptides was set to 1, and the maximum 

false discovery rate was set to 0.1. The normalised SILAC ratios generated by MaxQuant were 

analysed in Perseus (v. 1.6.15.0). Common contaminant as specified in the MaxQuant 

contaminants file (e.g. keratin) were removed, as were proteins only identified by site or 

against the reverse database. The SILAC ratios were grouped by biological repeat and only 

protein ratios quantitated at least twice were considered for further analysis. A two-sided, 

one-sample t-test against a log2 ratio of 0 (no change in abundance) was performed with a 

threshold p-value of 0.05 to estimate the confidence of quantified ratios.  

2.9 Phosphoproteomics 

2.9.1 Experimental procedures 

SILAC-labelled HaCaT cells (see section 2.8.1) were seeded onto 14 cm dishes using 8×106 cells 

per dish in the appropriate SILAC medium. The next day, cells were infected at MOI = 10 using 

virus resuspended in 10 mL of the appropriate SILAC medium and incubated for 1 hr at 37°C 
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with gentle rocking in hand every 15 min. Next, the inoculum was removed and cells were 

washed three times with PBS, after which they were overlaid with 20 mL of the appropriate 

SILAC medium and cultured for 15 more hours. The cells were gently scraped into the 

medium, pelleted at 1,000×g for 5 minutes at 4°C, the supernatant was discarded, and the 

pelleted cells were resuspended in cold PBS. After repeat centrifugation, the supernatant was 

discarded and the pellet was resuspended in 300 μL of cold lysis buffer (6M guanidine, 50mM 

HEPES 8.5, 10 mM tetrasodium pyrophosphate, 100 mM NaF, 17.5 mM β-glycerophosphate). 

The lysate was transferred into a 1.5 mL low protein-binding microcentrifuge tube (Costar, 

used throughout the protocol), vortexed extensively and sonicated in an ice-bath using a cup 

horn sonicator (Branson) with four 30 s pulses at 75% power and two 30 s pulses at 100% 

power, with vortexing between the pulses. The lysate was centrifuged at 13,000×g for 10 min 

at 4°C and the supernatant was transferred to a fresh tube. Next, DTT was added to a final 

concentration of 5 mM, followed by vortexing and incubation at RT for after 20 min. 

Iodoacetamide was added to a final concentration of 14 mM before the solution was vortexed 

and incubated for 20 min at RT in the dark. Additional DTT was added to reach a final 

concentration of 10 mM (i.e. a further 5 mM DTT was added), followed by vortexing and a 20-

minute incubation at RT. To dilute guanidine to a final concentration of 1.5 M, 900 μL of 200 

mM HEPES 8.5 was added. Subsequently, mass spectrometry grade LysC (Promega) was 

added to the sample to a final concentration of 2.5 µg/ml, vortexed, and incubated at RT for 

3 hrs, after which the sample was transferred to a 15 mL falcon tube and guanidine was 

further diluted to a final concentration of 0.5 M by adding 2.1 mL of 200 mM HEPES 8.5. For 

the final digestion, mass spectrometry grade trypsin (Promega) was added to its final 

concentration of 1.66 μg/mL, the sample was vortexed and incubated overnight at 37°C on a 

shaking platform (220 rpm). The sample was then acidified by adding 50% formic acid to a 

final concentration of 1% (70 μL) and followed by vortexing, the sample was split between 

two 2 mL microcentrifuge tubes and centrifuged for 10 min at 21,000×g at RT. The 

supernatant was transferred to fresh 15 mL falcon tube and the sample was either snap frozen 

and stored at -70°C or used immediately for buffer exchange using a Sep-Pak C18 cartridge 

with 500 μg of sorbent (Waters) attached to a vacuum manifold. First, the sorbent was 

activated by running 2 mL of 100% acetonitrile (AcN) through the cartridge, followed by 1 mL 

of elution mix (70% AcN, 1% formic acid, in ultrapure water). The cartridge was then washed 

three times using 1 mL of 1% formic acid in ultrapure water. Next, the protein was applied 
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onto the cartridge using a very low pressure, allowing efficient binding of peptides and was 

followed by three washes with 1 mL of 1% formic acid each. Finally, the captured peptides 

were eluted to a fresh 2 mL microcentrifuge tube by two 350 μL injections of elution mix. The 

eluted peptides were dried using a SpeedVac (ThermoFisher) at 45°C until completely dry. 

The peptide pellet was resuspended in 80 μL of binding/wash buffer from the High-Select™ 

Fe-NTA Phosphopeptide Enrichment Kit (Thermo). The peptide concentration for each sample 

was determined using the BCA assay (see section 2.2.12). Equal amounts of peptides for each 

sample from one experiment (i.e., with incorporated light, medium or heavy labels) were 

mixed together, 3 μL of such mix was taken for an MS run to determine correction factors for 

protein abundances, and the rest was subjected to the phosphopeptide enrichment, 

following the manufacturer’s protocol. The eluted phosphopeptides were dried as previously 

and the pellet was resuspended in 20 μL of MS buffer (86 μL of ultrapure water, 4 μL AcN, 10 

μL of 50% formic acid). The final phosphopeptides solution was split between two vials and 

they were subjected to LC-MS/MS analysis by the CIMR Proteomics Facility using two 

fragmentation protocols: collision-induced dissociation (CID) and higher-energy C-trap 

dissociation (HCD). 

2.9.2 Phosphoproteomics data processing using MaxQuant 

Raw data for biological triplicates files were processed using MaxQuant (v. 2.0.3.0) with the 

PTM setting enabled (= TRUE) in the experimental design, the SILAC requantify (REQ) feature 

was activated, otherwise the default settings were kept. CID and HCD runs were treated as 

fractions. SILAC quantification was performed using light (Arg0, Lys0), medium (Arg6, Lys4) 

and heavy (Arg10, Lys8) labels. Carbamidomethyl (C) was set as fixed modifications. Oxidation 

(M), Acetyl (Protein N-term) and Phospho (ST) were set as variable modifications. Reference 

FASTA files for human proteins was downloaded from Uniprot on 8th of November 2019 and 

a custom file containing the HSV-1 KOS strain was provided by Dr Colin Crump. 

The normalised SILAC ratios generated by MaxQuant were analysed in Perseus (v. 1.6.15.0). 

Common contaminant as specified in the MaxQuant contaminants file (e.g. keratin) were 

discarded, as were proteins identified against the reverse database or by site. Only the 

phosphorylation sites identified with localization probability greater than 0.75 were kept. The 

appropriate SILAC ratios were grouped as one biological repeat and only proteins detected in 

at least two repeats were used for further analysis. A two-sided, one-sample t-test against a 
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log2 ratio of 0 (no change in abundance) was performed with a threshold p-value of 0.05 to 

calculate the significance of quantitated differences in phosphopeptides abundance. Proteins 

with a greater than four-fold change that was statistically significant were considered genuine 

hits.  

2.10 DSSO crosslinking of purified proteins 

Purified proteins used for crosslinking with disuccinimidyl sulfoxide (DSSO, 50 mM stock in 

DMSO, Thermofisher) were first buffer exchanged into crosslinking buffer (50 mM bicine pH 

8.5, 500 mM NaCl) by SEC (see section 2.2.6). The crosslinking reaction took place in the total 

volume of 150 μL with i) H6-miniCERTL at 15 μM, pUL21-H6 at 30 μM and 1 mM DSSO, ii) H6-

miniCERTL at 15 μM and 0.5 mM DSSO, or iii) pUL21-H6 at 15 μM and 0.5 mM DSSO. The 

reaction was allowed to proceed for 1 hr at RT, then it was quenched by adding Tris pH 8.5 to 

a final concentration of 20 mM. The crosslinked complex was subjected to SEC using a 

Superdex® S200 10/300 GL column equilibrated in crosslinking buffer (see section 2.2.6) and 

the eluted fractions, together with the crosslinked single proteins, were analysed by SDS-

PAGE (see section 2.2.8). The Coomassie-stained gels were handed to Dr Robin Antrobus in 

the CIMR Proteomics Facility, who performed in-gel digestion of the identified band 

corresponding to the H6-miniCERTL:UL21-H6 complex, followed by mass spectrometry 

analysis. The raw data processing and analysis of crosslinked peptides were performed by Jack 

Houghton from the CIMR Proteomics Facility. 

2.11 Primer and plasmids tables 

Table 2-8 Expression plasmids 

Name Description Antibiotic 
selection 

Sequencing 
primers 

pOPTH N-terminal non-cleavable MAH6-tag Amp 
T7 fwd 

T7 terminator 

pOPTnH C-terminal non-cleavable KH6-tag Amp 
T7 fwd 

T7 terminator 

pOPTn3G C-terminal 3C-cleavable GST tag Amp 
T7 fwd 

GST rev 

pF3A Myc WG 

(BYDV) 

Wheat-germ SP6 cell-free vector 

with N-terminal myc-tag 
Amp 

SP6 

T7 terminator 

pEGFP-C1 
N-terminal GFP-tag for mammalian 

expression 
Kan 

EGFP-C 

SV40term-rev 

pEGFP-N1 
C-terminal GFP-tag for mammalian 

expression 
Kan 

CMV fwd 

EGFP-N1 rev 
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pcDNA3.1-SW 

N-terminal StrepII-tag and 

woodchuck hepatitis virus post-

transcriptional regulatory element 

(WPRE) in 3’ UTR for mammalian 

expression 

Amp 

CMV fwd 

WPRE-R 

PB-TSW 

Entry vector for PiggyBac system, 

with N-terminal StrepII-tag and 

WPRE in 3’ UTR 

Amp 

PB-T fwd 

WPRE-R 

 

Table 2-9 Expression constructs 

Construct name Description (tags and residue ranges) 
Expression in wheat germ lysate: 
pF3A-myc-hCERTL_FL myc.hCERTL(1–624 = full-length) 

pF3A-myc-hCERT_PH myc.hCERT(1–123) 

pF3A-myc-hCERTL_MR myc.hCERTL(124–364) 

pF3A-myc-

hCERTL_STARTL 
myc.hCERTL(365–624) 

Expression in E.coli:  

pOPTn3G-pUL21 pUL21.3C.GST 

pOPTnH-synUL21 pUL21(codon optimised).H6 

pOPTnH-

synUL21(FV242AA) 
pUL21(codon optimised; FV242AA).H6 

pOPTnH-

synUL21(V382E) 
pUL21(codon optimised; V382E).H6 

pOPTnH-synUL21ΔR pUL21(codon optimised; lacking 257–276).H6 

pOPTH-pUL21C H6.pUL21(275–535) 

pOPTH-miniCERTL H6.miniCERTL 

pOPTnH-PP1(7-300) PP1(7-300).H6 

UK622 GST.TEV.mPP1γ 

pOPTH-PP1γ-synUL21ΔR H6.PP1γ.linker.synUL21ΔR 

Mammalian expression vectors: 
pEGFP-N1-pUL21 pUL21(1–535 = full-length).GFP 

pEGFP-N1-pUL21NL pUL21(1–281).GFP 

pEGFP-N1-pUL21N pUL21(1–216).GFP 

pEGFP-C1-pUL21NL GFP.pUL21(1–281) 

pEGFP-C1-pUL21LC GFP.pUL21(216–535) 

pEGFP-C1-pUL21C GFP.pUL21(281–535) 

pEGFP-N1-pUL21N pUL21(281–535).GFP 

pEGFP-N1-

pUL21(FV242AA) 
pUL21(FV242AA).GFP 

pEGFP-N1-

pUL21(F242E) 
pUL21(F242E).GFP 

pEGFP-N1-

pUL21(V243D) 
pUL21(V243D).GFP 

pEGFP-N1-synUL21 pUL21(codon optimised; 1–535 = full-length).GFP 
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pEGFP-N1-

synUL21(P365D) 
pUL21(codon optimised; P365D).GFP 

pEGFP-N1-

synUL21(V368E) 
pUL21(codon optimised; V368E).GFP 

pEGFP-N1-

synUL21(R373E) 
pUL21(codon optimised; Q376R).GFP 

pEGFP-N1-

synUL21(V382E) 
pUL21(codon optimised; V382E).GFP 

pEGFP-N1-synUL21ΔL pUL21(codon optimised; lacking 216–268).GFP 

pEGFP-N1-synUL21ΔR pUL21(codon optimised; lacking 257–276).GFP 

pEGFP-N1-synUL21ΔLR pUL21(codon optimised; lacking 216–268 and 257–276).GFP 

pEGFP-N1-synORF38 pORF38(codon optimised, full-length).GFP 

pEGFP-N1-

synORF38(FV255AA) 
pORF38(codon optimised; FV255AA).GFP 

pEGFP-N1-PP1γ-

synUL21 
GFP.PP1γ.linker.pUL21(codon optimised) 

pEGFP-N1-PP1γ(D64A)-

synUL21 
GFP.PP1γ(D64A).linker.pUL21(codon optimised) 

pCDNA-SW-CERTL StrepII.CERTL (full-length) 

pCDNA-SW-CERT StrepII.CERT (full-length) 

pCDNA-SW-

CERT(S132A) 
StrepII.CERT(S132A) (full-length) 

PiggyBac constructs:  

PB-TSW-CERTL StrepII.CERTL 

PB-TSW-CERTL(S132A) StrepII.CERTL(S132A) 

 

Table 2-10 Primers used for restriction cloning 

Name Sequence (5’ to 3’) 
UL21-pOPT-1-f GGAAGTCATATGGAGCTTAGCTACGCCACC 

UL21-pOPT-535-r GGAAGTGGATCCTCACACAGACTGTCCGTGTTG 

UL21-1-GFP-N-fwd GGAAAAGCTTGCCGCCACCATGGAGCTTAGCTACGCCACC 

UL21-535-GFP-N-rev GGAAGGATCCGACACAGACTGTCCGTGTTG 

CERT_mini_OPTH_F AGCAGCGTGGGCACCCACA 

CERT_mini_OPTH_R GCCATAGCCGCTCTCGGTC 

CERT-pcDNA3-SW-fwd GGAAGGATCCAGCGACAACCAGAGCTGGAAC 

CERT-pcDNA3-SW-Rev GGAAAAGCTTTCAGAACAGGATGGGCTTGC 

hCERT syn pF3A fwd GGAAGGCGATCGCAGCGACAACCAGAGCTGGAAC 

hCERT syn pF3A rev GGAAGTTTAAACTCATGTCAGAACAGGATGGGCTTGC 

synUL21_EcoRI_Fwd GGAAGAATTCATGGAACTGAGCTACGCCAC 

synUL21_BamHI_Rev GGAAGGATCCTCACACGCTCTGTCCGTGCTGA 

ORF38_VZV_OPT_Fwd GGAACATATGATGGAATTTCCCTACCACAG 

ORF38_VZV_pOPT_Rev GGAAGGATCCTCTCTGGGTTTTCTTGCCGTC 

PP1_7_NdeI_Fwd GGAACATATGCTCAACATCGACAGCAT 

PP1_300_BamH1_Rev GGAAGGATCCCTCTGCAGGCTTTAAAATCTG 

OPT(n)H_CERT_F GGAAGTCATATGAGCGACAACCAGAGCTG 
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OPTH_CERT_R GGAAGTGGATCCTCAGAACAGGATGGGCTTGCC 

 

Table 2-11 Primers used for inverse PCR 

Name Sequence (5’ to 3’) 
synUL21_Met_inverse_Rev CATGGTGGCGGCAAGCTTGA 

synUL21_279_inverse_Fwd CCTGGACCTACACTGCGCG 

hCERT_365_to_end_F CACAGATTCGTGCAGAAGCCC 

ipcr-pF3A-myc-s-r GCGATCGCCATTCAAGTCCTCTTC 

hCERT_123_to_end_F TCTGAGTCCAGCCTTAGAAGG 

synUL21_L_Fwd ACCGTGTCCGAGTTCGTG 

synUL21_L_Rev GCCGGTGATGACCACATC 

synUL21_R_Fwd TCTGCTCCACCTGGACCTA 

synUL21_R_Rev GACACCAGCAGGGCCCAC 

PP1+linker_Fwd GGCGGCGGTTCAGGCGGTGGTGGATCTGCTGCT

GCTGGGGCCTCTAAACGGGTCTTG 

PP1+linker_Rev ACCACTTCCTCCGCCACCAGATCCGCCTCCGCCGC

TCAGGAGCTCTTTCTTTGCTTGCTTT 

131_PH_CERT_R GCCGTGCCTTCTAAGGCTGGA 

351_START_CERT_F ACATCTCTGCCTAGCGGAGA 

20_end_CERT_F TCTGGCCCTCCTGTGGAAAG 

20_end_CERT_OPTH_R ATGGTGATGGTGATGATGAGC 

short_CERT_F GTGGAAGAGATGGTGCAGAAC 

short_CERT_R CTTCTGCACGAATCTGTG 

 

Table 2-12 Primers used for Gibson assembly 

Name Sequence (5’ to 3’) 
EGFP_vector_fwd ACAGAGCGTGTGAGGATCCACCGGATCTAG 

EGFP_vector_rev CGATATCCGCTAAGCTTGAGCTCGAGATC 

PP1+linker_gibson_fwd CTCAAGCTTAGCGGATATCGACAAACTCAAC 

PP1+linker_gibson_rev AGCTCAGTTCAGCAGCAGCAGATCCACC 

UL21_fwd TGCTGCTGCTGAACTGAGCTACGCCACC 

UL21_rev TGGATCCTCACACGCTCTGTCCGTGCTG 

pOPTH_gibson_Fwd ACAGAGCGTGTGAGGATCCAGATCTAAG 

pOPTH_gibson_Rev CGATATCCGCATGGTGATGGTGATGATG 

PP1_gibson2_Fwd CCATCACCATGCGGATATCGACAAACTCAAC 

PP1_gibson2_Rev AGCTCAGTTCAGCAGCAGCAGATCCACC 

UL21R_gibson_Fwd TGCTGCTGCTGAACTGAGCTACGCCACC 

UL21R_gibson_Rev TGGATCCTCACACGCTCTGTCCGTGCTG 
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Table 2-13 Primers used for site-directed mutagenesis (QuikChange)  

Name Sequence (5’ to 3’) 
pF3A-Myc-hCERT-364mut-F CTTTAGCAGCGTGGGCACCTAAAGATTCGTGCAGAAGCCC 

pF3A-Myc-hCERT-364mut-R GGGCTTCTGCACGAATCTTTAGGTGCCCACGCTGCTAAAG 

UL21_FV242AA_R GTCAATGTGTTTGACTTGTGCTGCCTCGCTGACGGTGGCCCG 

UL21_FV242AA_F CGGGCCACCGTCAGCGAGGCAGCACAAGTCAAACACATTGAC 

UL21_F242E_F CCACCGTCAGCGAGGAGGTGCAAGTCAAACAC 

UL21_F242E_R GTGTTTGACTTGCACCTCCTCGCTGACGGTGG 

UL21_V243D_F CCGTCAGCGAGTTCGACCAAGTCAAACACATTG 

UL21_V243D_R CAATGTGTTTGACTTGGTCGAACTCGCTGACGG 

synUL21_FV242AA_Fwd GGCTACCGTGTCCGAGGCCGCGCAAGTGAAGCAC 

synUL21_FV242AA_Rev GTGCTTCACTTGCGCGGCCTCGGACACGGTAGCC 

UL21syn_V382E_F GCACGGACTGTACGAACCCAGACCTGATG  

UL21syn_V382E_R CATCAGGTCTGGGTTCGTACAGTCCGTGC  

UL21syn_P365D_F GGCTGAGCCCCTTTGATGCTCTTGTTCGAC 

UL21syn_P365D_R GTCGAACAAGAGCATCAAAGGGGCTCAGCC 

UL21syn_V368E_F CTTTCCTGCTCTTGAGCGACTCGTGGGAAG 

UL21syn_V368E_R CTTCCCACGAGTCGCTCAAGAGCAGGAAAG 

UL21syn_R373E_F CTTGTTCGACTCGTGGGAGAATACACCCAGCGGCACG 

UL21syn_R373E_R CGTGCCGCTGGGTGTATTCTCCCACGAGTCGAACAAG 

UL21syn_Q376R_F GTGGGAAGATACACCAGACGGCACGGACTGTAC 

UL21syn_Q376R_R GTACAGTCCGTGCCGTCTGGTGTATCTTCCCAC 

gp40_V256D_F CCTGAGCAACTTCGACCAGATCCGGACAATC 

gp40_FV255AA_R GGATTGTCCGGATCTGCGCTGCGTTGCTCAGGGTGATGTG 

PP1_D64A_Fwd CAAGATATGTGGTGCCATCCACGGGCAG 

PP1_D64A_Rev CTGCCCGTGGATGGCACCACATATCTTG 

CERT_S132A_F CTTAGAAGGCACGGCGCAATGGTGTCTCTGGTG 

CERT_S132A_R CACCAGAGACACCATTGCGCCGTGCCTTCTAAG 

 

Table 2-14 Sequencing primers 

Name Sequence (5’ to 3’) 
T7 fwd TAATACGACTCACTATAGGG  

T7 terminator TATTGCTCAGCGGTGGCAGCAGC 

CMV fwd CAACGGGACTTTCCAAAATG 

PB-T fwd CCATAGAAGACACCGGGACC 

WPRE-R CATAGCGTAAAAGGAGCAACA 

GST rev GAAGTCGAGTGGGTTGCACAAG 

SP6 ATTTAGGTGACACTATA 

EGFP-N1 rev GCACGCCGTAGGTCAGGGTGGTCACGAGGG 

EGFP-C fwd CAAGGTGAACTTCAAGATCC 

SV40term-rev GATGAGTTTGGACAAACCAC 

VZV-UL21(synthetic)_seq GTGTCTCGGAGAGCCGCCGAT 

hCERT syn seq1 CTATGGCTCTGAGTCCAGC 

hCERT syn seq2 GAAGAAGTCCCACTTTGGCG 
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synUL21_seq_Fwd CAGCCACTTCGTGTACAC 

UL21-seq-int-f CGTTTCCTCGCACTTTG 

UL21-seq-int-r CTTCGTACATAGTTGGCG 

PP1_seq_Fwd CGATAAAGATGTCTTAGGCTG 
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3 Results I. Biophysical characterization of the PP1:pUL21:CERT interaction 

3.1 Validation of the interactomics screening via immunoblotting 

PP1 has three predominant isoforms present in human cells (α, β and γ) but their high 

sequence identity (>85%) (Figure 3.1A) precludes a confident discrimination between them 

based on fragmented peptides using mass spectrometry. To validate the interactomics results 

and to test whether all major PP1 variants bind to pUL21, HEK293T cells cultured in standard 

medium were transfected with either pUL21-GFP or GFP, mirroring the first steps of the initial 

screening (see section 1.4.1). Following co-IP, the eluted fractions were subjected to 

immunoblotting using isoform-specific anti-PP1 antibodies (Figure 3.1B). Signals 

corresponding to the three isoforms indicated that the highly conserved globular core was 

sufficient for binding to pUL21. A strong signal for CERT was present exclusively in the pUL21-

expressed sample, consistent with the mass spectrometry results. CERT is known to exist as 

two major isoforms (see section 1.9.1) but no isoform-specific antibodies were commercially 

available, hence the analogous question regarding the CERT isoforms bound by pUL21 could 

not be addressed by immunoblotting. The two bands detected by the anti-CERT antibody are 

likely to represent the major phosphovariants of CERT (263).  

 

Figure 3.1 Validation of the interactomics screening using immunoblotting.  

(A) Alignment of the amino acids sequences from the three predominant human isoforms 

of PP1. A multiple sequence alignment was generated using Clustal Omega (v. 1.2.4.) (264). 

(B) Non-labelled HEK293T cells were transiently transfected with the indicated constructs, 

harvested after 24 hours, lysed and the lysate was incubated with GFP affinity resin. 

Captured proteins were subjected to SDS-PAGE and immunoblotting using the antibodies 

shown. GAPDH is used as a loading control and Ponceau S (Pon S) staining of the 
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immunoblot membrane before blocking shows efficient protein transfer plus efficient 

capture of GFP and pUL21-GFP. Image adapted from [Benedyk et al., 2021]. 

3.2 Bacterial expression and purification of PP1(7–300)-H6 or GST-PP1γ with subsequent tag 
cleavage 

Having confirmed pUL21 to bind the three major isoforms of the PP1 catalytic subunit, we 

attempted purification of N-terminally glutathione S-transferase (GST)-tagged PP1γ as this 

protein was known to be readily purified following bacterial expression in E. coli (expression 

plasmid was a kind gift from Professor David Ron, CIMR, Cambridge). Of note, it was a mouse 

homologue of PP1γ with extra glutamic acid and leucine residues appended to the otherwise 

100% identical protein to the human PP1γ, and an extra cleavage site (ENLYFQG) for TEV 

protease between the GST-tag and PP1γ. The protein expression in E. coli, subsequent 

purification using GSH affinity capture and size-exclusion chromatography (SEC) were all done 

in the presence of manganese ions that improve PP1 stability by occupying the metal binding 

pocket (265). We were able to obtain pure GST-PP1γ from bacterial expression (Figure 3.2A) 

and the protein was very soluble allowing linear concentration to 10 mg/mL. However, upon 

cleavage of the tag (Figure 3.2B), the stability of the full-length protein drastically decreased 

causing extensive precipitation at concentrations higher than 1 mg/mL, making this untagged 

protein an unreliable tool for any subsequent in vitro assays.  

 

Figure 3.2 Purification of GST-PP1γ following E. coli expression. 

(A) SEC chromatogram of GST-PP1γ from a S200 16/600 column equilibrated in 150 NaCl, 

50 mM Tris pH 7.5 and 1 mM MnCl2 shows a predominant peak corresponding to the 

bacterially expressed and GSH-captured protein. High protein purity was confirmed by SDS-

PAGE analysis (inset, theoretical mass of 64.1 kDa) using fractions collected from under the 

main peak (highlighted in red). The lower molecular weight bands are presumed to be 

degradation products and free GST (theoretical mass of 27.2 kDa). (B) SEC chromatogram 

of PP1γ from a S75 10/300 column equilibrated in 150 NaCl, 50 mM Tris pH 7.5 and 1 mM 

MnCl2 following cleavage of the GST tag using TEV-protease. The liberated tag together with 
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uncleaved input protein were captured on GSH beads, leaving a high purity untagged PP1γ 

(theoretical mass of 37.2 kDa). Inset shows the subsequent steps of the protocol. Fractions 

of (A) and (B) that were pooled and concentrated are boxed. 

1 – Uncleaved purified protein 

2 – Post-cleavage sample 

3 – Cleaved sample after GST-capture 

4 – SEC fractions   

Based on the published crystal structure and previous literature (265,266), we designed a 

construct encoding C-terminally hexahistidine(H6)-tagged truncated version of PP1γ, PP1(7–

300)-H6, where the numbers denote the first and last residue of the full-length protein 

included in it. The truncated protein was successfully purified following a previously used 

protocol, where the GSH affinity resin was replaced with Ni-NTA agarose routinely used to 

capture H6-tagged proteins. Although we expected the lack of the unstructured elements to 

significantly improve the stability and solubility of PP1, the protein was still prone to 

precipitation at concentrations above 2-3 mg/mL and upon brief storage at RT. Additionally, 

the SDS-PAGE analysis revealed a significant abundance of a co-purifying protein species with 

a lower molecular mass (Figure 3.3), presumed to be a degradation product. In conclusion, 

GST-PP1 was chosen as the best tool for enzymatic assay, whereas PP1(7–300)-H6 was a 

potentially good candidate for structural studies of the pUL21:PP1 complex. 

 

Figure 3.3 Purification of PP1(7–300)-H6 following bacterial expression. 

The protein was expressed in E. coli, captured using Ni-NTA resin and further purified using 

SEC with a S75 16/600 column equilibrated in 500 NaCl, 20 mM Tris pH 7.5 and 1 mM MnCl2. 

Inset shows SDS-PAGE analysis of the fraction under the main peak (highlighted in red) and 

reveals high purity of the eluted protein (theoretical mass of 35 kDa) with the lower band 

likely representing a degradation product or a co-purifying contaminant.  
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3.3 Bacterial expression and purification of pUL21-GST and pUL21-H6 

We purified full-length C-terminally GST- and H6-tagged pUL21 (pUL21-GST and pUL21-H6) 

using recombinant expression in E. coli. From bacterial culture, we were able to obtain pure 

proteins with no signs of degradation or proteolytic cleavage (Figure 3.4A and B). 

Interestingly, for both pUL21-GST and pUL21-H6 there was no evidence of co-purifying nucleic 

acids (260:280 nm absorbance ratio of both pure proteins was ~0.58), which is in contrast to 

the previous study of the C-terminal domain of pUL21 where significant nucleic acid binding 

was observed (267). pUL21-H6 had a tendency to precipitate at concentrations exceeding 3 

mg/mL, which we ascribed to the absence of a GST tag that could enhance solubility. In order 

to overcome this limitation, we found that raising the salt concentration to 500 mM and 

increasing the pH to 8.5 (shifting away from its theoretical pI = 7.69) stabilized the purified 

protein and enabled its further concentration up to 7–8 mg/mL. SEC with inline multi-angle 

light scattering (SEC-MALS) showed pUL21-H6 to be predominantly monodisperse and 

monomeric in solution (Figure 3.4C). 

 

Figure 3.4 Purification of pUL21-GST and pUL21-H6. 

SEC chromatogram of (A) pUL21-GST (theoretical mass of 84.8 kDa) and (B) pUL21-H6 

(theoretical mass of 58.2 kDa) from a S200 16/600 column in 200 mM NaCl, 20 mM Tris pH 

7.5 and 1 mM DTT following bacterial expression and affinity-capture in the appropriate 

buffer conditions show the proteins eluting as predominant single peaks. Insets show SDS-

PAGE analysis of fractions collected from under the main peaks (highlighted in red), which 

confirmed the high purity of the isolated proteins. (C) SEC-MALS of purified pUL21-H6. 

Weight-averaged molar mass (purple line) is presented across the SEC elution peak 

(normalised differential refractive index, thin lines) with the expected molar mass for 

monomeric pUL21-H6 shown as a dashed line. 
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3.3.1 Structural characterization of purified pUL21 in solution using small-angle X-ray 

scattering (SAXS) 

Although crystal structures of the two terminal domains have been published, no 

experimental data existed to confirm the disordered character of the linker only presumed to 

be highly disordered based on its susceptibility to proteolytic cleavage when purified (267). 

In addition, no empirical evidence was available to determine whether the two globular 

domains form a stable complex or function as independent units. We therefore aimed to 

answer two important questions: is the linker as flexible as predicted and do the two domains 

interact with each other to acquire a stable tertiary structure? Prediction of the highly 

disordered elements of pUL21 did not bode well for successful protein crystallization while its 

relatively small size deterred us from pursuing cryo-EM strategies to get insight into its full-

length conformation. Instead, we used an alternative technique for protein structure 

determination – small angle X-ray scattering (SAXS), which is perfectly suited for studying 

dynamic systems like pUL21 (268). Although SAXS provides only low-resolution details of 

macromolecular shape, it provides useful information about the conformational 

heterogeneity and offers good-quality models when crystal structures of their well-ordered 

domains are available. Purified pUL21-H6 was subjected to SAXS experiment using batch 

measurements of the protein scattering profiles across the concentration range 1.11–4.43 

mg/mL. The scattering data of the protein measured at 1.11 and 1.66 mg/mL showed no signs 

of aggregation and were sufficiently similar to be averaged into a single dataset (Figure 3.5A), 

as evaluated by the data comparison tool in PRIMUS (246). The assessment of the sample 

quality by the Guinier plot indicated a system free of aggregates and interparticle 

interference, as characterized by the linearity of scattering values at the longest distances 

(lowest s) (Figure 3.5C). Preliminary analysis clearly showed that the protein does not acquire 

a single compact conformation as indicated by the frequency of real-space interatomic 

distances within the protein (p(r) profile) being highly asymmetric with an extended tail of 

longer distance frequencies covering a wide range 10–18 nm (Figure 3.5B). The slow and 

steady decay of the p(r) profile, with no discernible peak present at longer distance 

frequencies, reflects the lack of fixed distance between the N- and C-terminal domains of 

pUL21. Furthermore, when analysing a dimensionless Kratky plot (Figure 3.5D), we did not 

observe the distinct bell-shaped peak at sRg = √3 which is typical of globular proteins (269), 

strongly suggesting that pUL21-H6 is indeed a flexible and/or elongated particle.  
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Figure 3.5 SAXS analysis of pUL21-H6. 

A) SAXS profile (purple) from pUL21-H6 represents averaged dataset measured at two 

concentrations (1.11 and 1.66 mg/mL) in batch mode. The reciprocal-space fit of the p(r) 

profile to the SAXS data is shown as a yellow line. χ2, fit quality; p, Correlation Map 

(CorMap) probability of systematic deviations between the model fit and the scattering 

data (p > 0.05 indicates no systematic deviation, suggesting an appropriate fit) (244). (B) 

The real-space distance distribution function, p(r), computed from the profile. Rg, radius of 

gyration (provides a measure of the overall size of the molecule); Dmax, maximum particle 

dimension. (C) The Guinier plot is linear (yellow line), as expected for an aggregate-free 

system. (D) Dimensionless Kratky plot of the SAXS data. The expected maximum of the plot 

for a compact protein is shown as grey dotted lines (sRg = √3, (sRg)2I(s)/I(0) = 3e-1). (E) Fit to 

the SAXS profile of a refined pUL21-H6 ensemble generated by EOM. The ensemble 

comprises conformational states of the pUL21 N- and C-terminal domains joined by a 

flexible linker. (F, G) Comparison of the frequency distributions of Rg (F) and Dmax (G) from 

an initially random pool of structures (grey) and the refined EOM ensemble (blue and violet, 

respectively) confirms that, in solution, pUL21 does not acquire a single conformation. (H) 

Selected models from the pUL21-H6 represent the structural heterogeneity of pUL21 that 

encompasses compact, intermediate and extended conformations (volume fraction, Rg and 

Dmax, are shown). Crystal structures of the globular pUL21 domains are presented as violet 
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cartoon, the linker and the purification tag were modelled by EOM and are depicted as 

yellow spheres. [Adapted from Benedyk et al., 2021] 

The solution conformation of pUL21 was further analysed using the ensemble optimisation 

method (EOM) (270). The EOM first assembled a pool of 10,000 static models, each 

representing a random conformation of pUL21 terminal domains with the flexible elements, 

such as the purifying tag, appended to their crystal structures joined by a disordered 80 amino 

acid linker. Then, ensembles of random conformers were generated, and the genetic 

algorithm was used to select the ensemble whose theoretical scattering profile best fits the 

experimental data (lowest χ2). The population of such ensemble can be then described by 

representative models (Figure 3.5H) and distribution of the radii of gyration (Rg, Figure 3.5F) 

or the maximum dimensions (Dmax, Figure 3.5G), both of which provide a measure of the 

compactness of the macromolecule. The best pUL21-H6 ensemble is characterized by a wide 

distribution of Rg that spans compact (Rg = 2.5–3.7 nm, 34% volume fraction), intermediate 

(Rg = 3.7–5.0 nm, 50% volume fraction) and elongated (Rg > 5 nm, 17% volume fraction) 

conformations (Figure 3.5H). This dynamic model is consistent with conformational 

heterogeneity of the pUL21 linker region and can be best illustrated as the N- and C-terminal 

domains moving toward and away from each other in solution like two ends of an accordion.  

3.4 Mammalian expression and purification of CERTs 

3.4.1 Transient expression of StrepII-CERT in Freestyle 293-F cells 

Since the phosphorylation state of CERT is important for its activity (271), we aimed to purify 

its different phosphovariants which could not be done using bacterial cells as their protein 

kinases do not recognize the phosphorylatable motifs of mammalian proteins (272). Instead, 

mammalian expression system of Freestyle 293-F cells was chosen with the assumption that 

the majority of the overexpressed protein should be inactivated, hence phosphorylated (263). 

Mammalian expression constructs with StrepII-tag (WSHPQFEK) were selected based on the 

small size of the tag, its relative resistance to proteolysis and to ensure high yield purification 

with a well-establish commercial reagents, such as the StrepTrap™ HP minicolumns. The 

suspension cells were transiently transfected using polyethylenimine (PEI), harvested 3 days 

later and mechanically lysed in the presence of phosphatase inhibitors. Cell debris was 

pelleted using high-speed centrifugation and the cleared lysate was applied to the 

commercial column prepacked with StrepTactin Sepharose® using the ÄKTA for affinity 

capture. After elution in the presence of desthiobiotin (allowing the column to be cleaned-in-
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place and reused), the proteins StrepII-CERT and StrepII-CERTL were already highly pure and 

only required a buffer-exchange after which, for each, we were able to obtain as much as 10 

mg of pure protein per 300 mL of culture (Figure 3.6A and B). The question remained: Is the 

purified CERT hyperphosphorylated? In standard SDS-PAGE gel, the highly negative charge of 

sodium dodecyl sulfate masks the intrinsic charges of the proteins which can be therefore 

separated based solely on their masses. However, upon addition of a chelating agent 

(trademarked as PhosTag™) and manganese ions to the gel mix before pouring the gel, 

phosphoproteins form transient complexes with the immobilized cations via their phosphate 

groups during the electrophoretic separation, causing retardation of their movement. This 

effect is proportional to the level of phosphorylation, significantly improving the separation 

of different protein phosphovariants (Figure 3.6C). 

 

Figure 3.6 Purification of StrepII-CERTP, StrepII-CERTLP and StrepII-CERTS132A from 
transfected Freestyle 293-F cells. 

Following overexpression in Freestyle 293-F cells, (A) StrepII-CERT and (B) StrepII-CERTL 

were isolated by affinity chromatography using a Strep-Trap resin and then further purified 

by SEC using a Superose 6 10/300 column equilibrated in 150 mM NaCl, 20 mM Tris pH 7.5 

and 1 mM DTT. High yields of pure proteins were obtained as indicated by single peaks on 

the chromatograms. Top insets show the subsequent SDS-PAGE analyses of the fractions 

collected from under the main peaks (highlighted in red), confirming the high purity of 
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StrepII-CERT (theoretical mass of 69.1 kDa) and StrepII-CERTL (theoretical mass of 71.9 kDa), 

with lower molecular weight bands presumed to be degradation products. (C) Schematic 

representation of the changes in the electrophoretic mobility of protein phosphovariants 

using SDS-PAGE gels supplemented with PhosTag™ reagent. Although the mass differences 

of such variants are negligible, the presence of phosphate groups causes significant 

retardation of movement that is proportional to the level of phosphorylation. (D) 

PhosTag™-PAGE analysis of StrepII-CERT following incubation with lambda-phosphatase (λ 

phos) in the presence of Mn2+. The Coomassie-stained gel shows a fast-migrating band of 

phosphatase-treated CERT (CERTO) in contrast to the significantly lower electrophoretic 

mobility of the untreated sample, confirming that CERT purified from Freestyle 293-F cells 

is hyperphosphorylated (CERTP). [Adapted from Benedyk et al., 2021] (E) Purification of 

StrepII-CERTS132A with the mutation abolishing phosphorylation of the SRM motif. The 

protein was expressed and purified as in (A) and (B). 

An aliquot of the purified StrepII-CERT was treated with λ-phosphatase, to remove all 

phosphate groups, and the treated or untreated StrepII-CERT were subjected to SDS-PAGE 

using acrylamide supplemented with PhosTag™. There was a drastic shift in the 

electrophoretic mobility of the phosphatase-treated versus untreated protein (Figure 3.6D). 

This is consistent with the majority of the purified StrepII-CERT being a slow-migrating 

hyperphosphorylated form (CERTP) that becomes dephosphorylated (CERTO), and thus fast-

migrating, upon λ-phosphatase treatment. In addition, to avoid the requirement for an in vitro 

dephosphorylation step to obtain CERTO, we introduced the S132A mutation to the full-length 

construct which allowed us to directly purify a CERT phosphovariant with unphosphorylated 

SRM (271) (Figure 3.6E). 

3.5 Pull-down experiments using all purified protein components  

In order to act as a phosphatase adaptor, pUL21 must bring the substrate (phosphorylated 

CERT) into the vicinity of the enzyme (the catalytic domain of PP1) to form a transient 

tripartite complex. To test whether pUL21 alone is sufficient to bind PP1 and CERT in the 

absence of other cellular factors, a pull-down assay was performed using purified protein 

components in isolated buffered conditions (Figure 3.7). Purified pUL21-GST was captured 

onto high-affinity GSH-conjugated magnetic beads and used as bait to capture the following 

prey proteins: StrepII-CERTP, StrepII-CERTO, StrepII-CERTL
P or PP1(7–300)-H6. GST alone was 

included as a control to test the efficiency of the washes and confirm that prey was not being 

captured via binding to the GST-tag or the GSH resin. All prey proteins were captured by 

pUL21-GST but not by GST alone, confirming that pUL21 interacts directly with PP1 and CERT 

without a requirement for other biochemical components. 
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Figure 3.7 SDS-PAGE analysis following pull-down assay using all purified protein 
components. 

Recombinant pUL21-GST or GST alone were immobilised on GSH resin and incubated with 

prey proteins PP1(7–300)-H6, StrepII-CERTP, StrepII-CERTO or StrepII-CERTL
P. After washing, 

the bound complexes were eluted and visualized by SDS-PAGE (Coomassie).  

3.6 Binding of pUL21 to phosphovariants of CERT 

3.6.1 Equilibrium binding assay (EBA) 

When testing for direct interactions it was noted that CERTO appeared to be captured more 

efficiently by pUL21-GST than was CERTP (Figure 3.7). This was unexpected: If pUL21 is acting 

as a PP1 adaptor it would seem logical for pUL21 to bind the substrate for dephosphorylation 

(CERTP) more efficiently than the product (CERTO). We thus sought to further characterise the 

binding of pUL21 to different CERT phosphovariants using quantitative protein binding assays 

that could assess the efficacy of capture via protein complex formation, and the first assay 

used was an equilibrium binding assay (EBA) (Figure 3.8).   
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Figure 3.8 Experimental workflow of the equilibrium binding assay. 

1: GST-tagged bait proteins are captured onto GSH beads during a short incubation. 2: 
Unbound bait proteins are washed away, and buffer conditions are equilibrated. 3: 
Captured bait proteins are serially diluted with GSH beads that lack bait, thereby reducing 

the bait concentration while ensuring the quantity of beads across the dilutions remains 

the same. 4: Equal quantities of prey protein are added to each sample and the mixes are 

incubated, allowing formation of bait:prey complexes. 5: The extent of prey binding in each 

reaction will depend upon the KD of the interaction. 6: Beads with captured bait:prey 

complexes are removed by filtration. 7: Remaining filtrates consist only of the unbound 

fractions of prey proteins, which can be analysed by SDS-PAGE followed by a chosen 

detection method (e.g., immunoblot or Coomassie staining).  

The two biggest advantages of this assay are the very simple optimization, and the use of 

much lower quantities of the proteins compared to isothermal titration calorimetry (ITC). In 

addition to allowing an estimation of KD, experiments conducted in parallel offer a direct 

comparison of the active binding capacity to a common partner between two different 

proteins (or variants of the same protein). EBA experiments were thus attempted using 

pUL21-GST as a bait and CERT that was phosphorylated (CERTP), in vitro dephosphorylated 

(CERTO) or constitutively SRM-dephosphorylated (CERTS132A) as preys. As for the pull-down 

experiments, it was observed that CERTP is sequestered from the solution by pUL21-GST less 

efficiently than CERTO and CERTS132A (Figure 3.9), confirming the effect to be dependent on 

phosphorylation of the SRM. It was however possible that the apparent depletion of the preys 
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could reflect an avidity effect, due to differential oligomerization of CERTP versus CERTO 

promoting its association, rather than changes in affinity for the immobilized pUL21-GST. To 

resolve this question, more specialized biophysical analyses were required. 

 

Figure 3.9 Equilibrium binding assay using immobilized recombinant pUL21-GST. 

Low concentration (50 nM) of purified StrepII-CERTP, StrepII-CERTO or constitutively 

hypophorylated StrepII-CERTS132A were incubated with indicated concentrations of pUL21-

GST captured onto GSH beads. The unbound fractions were then subjected to SDS-PAGE 

analysis followed by immunoblotting using an anti-CERT antibody.  

3.6.2 Generation of inducible Freestyle 293-F stable cell lines expressing StrepII-CERTL and 

StrepII-CERTLS132A 

While transient expression of StrepII-CERTL had yielded sufficiently purified protein for the 

above experiments, the yields of protein achieved following transient transfection were 

highly variable and we were unable to determine the source of this variability despite 

extensive testing of induction cell density, DNA purity, use of fresh PEI or length of expression 

(2–4 days). Therefore, inducible Freestyle 293-F cell lines stably expressing StrepII-CERTL and 

StrepII-CERTL
S132A were established using a piggyBac transposon-based system (257). To 

narrow the panel of reagents, we decided to focus on CERTL as both isoforms have been 

shown to possess ceramide transfer activity (273) and we did not want to exclude the intron 

11 without confirming its complete redundancy in binding to pUL21. Using this system, we 

were able to consistently obtain high yields of both StrepII-CERTL
P and StrepII-CERTL

S132A via 

simple doxycycline induction (Figure 3.10A–C), using the same purification strategy as that 

described in section 3.4.1. 
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Figure 3.10 Purification of StrepII-CERTL and StrepII-CERTLS132A from stable Freestyle 293-
F cells. 

Following doxycycline induction of stable Freestyle 293-F cells, (A) StrepII-CERTL and (B) 

StrepII-CERTL
S132A were isolated by affinity chromatography using a StrepTrap™ 1ml 

column, then further purified by SEC (shown) using a Superose 6 10/300 column 

equilibrated in 150 mM NaCl, 20 mM Tris pH 7.5 and 1 mM DTT. High yields of pure protein 

were obtained as indicated by a single peak on the chromatogram. Top insets show the 

subsequent SDS-PAGE analyses of the fractions collected from under the main peaks 

(highlighted in red) which confirmed the high purity of the proteins of interest. (C) The 

majority of the purified WT protein is hyperphosphorylated whereas the S132A substitution 

successfully prevented the phosphorylation of the SRM in the mutant protein, as confirmed 

by PhosTag™-PAGE analysis.  

3.6.3 Assessment of CERTL oligomerization using MALS 

Since CERT has been shown to trimerize (202,274), we aimed to established whether that 

propensity to form homooligomers is affected by the phosphorylation of the SRM using 

purified CERTL phosphovariants. Multiangle light scattering (MALS) allows accurate 

assessment of the protein molar mass by measurement of its light scattering as the proteins 

elute from a SEC column. The phosphovariants of CERTL were diluted to 2 mg/mL and injected 

onto an S200 increase SEC column in 500 mM NaCl, 20 mM Tris pH 8.5, 0.5 mM TCEP. As the 

proteins were eluting, their light scattering signal was measured by multiple detectors, which 

was further processed using the dedicated software to obtain the estimated molar masses. 

Moreover, the high sensitivity of this technique allows estimation of the heterogeneity of the 

protein mixture as even partial spontaneous dissociation of the multimer will result in a lower 

estimated average mass value compared to the predicted molar mass. Our data confirmed 

the earlier reports of CERT existing mainly as trimers (predicted molar mass of 215.7 kDa), 

although some dissociation was apparent and was more pronounced for CERTL
P (estimated 

molar mass of 185.6 kDa) than the CERTL
S132A (estimated molar mass of 200.3 kDa) (Figure 
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3.11). However, it remains to be fully determined whether CERTL exists in a dimer:tetramer 

dynamic equilibrium instead. 

 

Figure 3.11 Assessment of the propensity of purified StrepII-CERTL and StrepII CERTLS132A 
to oligomerize using MALS. 

StrepII-CERTL and StrepII-CERTL
S132A were diluted to 2 mg/mL and injected onto an S200 

increase SEC column in 500 mM NaCl, 20 mM Tris pH 8.5, 0.5 mM TCEP, with inline 

measurement of multi-angle light scattering. Molar masses (thick lines) and differential 

refractive index (thin lines) are shown for StrepII-CERTL (black dotted line) and StrepII-

CERTL
S132A (grey continuous line). Pink dotted line shows expected molar mass (labelled) for 

these proteins as dimers, trimers and tetramers. 

The observation that the measured mass of CERTL
P in solution is lower than for CERTL

S132A was 

consistent with phosphorylation of the SRM causing inhibition of CERT oligomerisation. We 

also observed a preceding minor peak for both variants representing particles of estimated 

mass around 280 kDa, consistent with a small subpopulation of CERTL tetramers (predicted 

molar mass of 285.6 kDa). 

3.6.4 Isothermal titration calorimetry (ITC) 

To test whether the apparent differences in binding are indeed due to an avidity effect, we 

employed a gold standard technique to measure protein binding affinity – ITC. The 

thermodynamic parameters of complex formation can be directly measured by heat 

generated as more ligand (CERTL) is gradually added to a fixed concentration of the sample 

protein (pUL21) in adiabatic system. As the molecules are not captured on surfaces, for a 1:1 

interaction where one of the interacting proteins is monomeric the oligomeric state of the 

second partner will not impact the affinity of the measured interaction (i.e., there is no avidity 
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affect). The purified pUL21-H6 was extensively dialysed into the same buffer that was 

simultaneously used for SEC of StrepII-CERTL
P and StrepII-CERTL

S132A after capture (500 mM 

NaCl, 20 mM Tris pH 8.5, 0.5 mM TCEP). This high-salt buffer was used to ensure maximal 

solubility of pUL21, whereas the buffer exchange by SEC was preferentially used for CERTL to 

avoid the use of dialysis cassettes where a large loss of CERTL had been observed. The 

experiment was carried out using an automated ITC instrument (PEAQ-ITC Automated; 

Malvern Panalytical) and either StrepII-CERTL
P or StrepII-CERTL

S132A was titrated into a cell 

containing pUL21-H6. We measured very similar affinities of pUL21 for both titrants but 

different stoichiometries (N), indicating that not all binding sites of the phosphorylated 

variant were accessible to pUL21 (Figure 3.12A and B).  

 

Figure 3.12 ITC analysis of binding to either CERTLP or CERTLS132A by pUL21. 

pUL21-H6 was dialyzed at 4°C against the same batch of the buffer that was used for 

purification of StrepII-CERTL
P and StrepII-CERTL

S132A (20 mM Tris pH 8.5 containing 500 mM 

NaCl and 0.5 mM TCEP). pUL21-H6 (20–33 μM) was place in the sample cell due to its low 

solubility and either StrepII-CERTL
P (192–328 μM) or StrepII-CERTL

S132A (196–334 μM) was 

loaded in the syringe. (A) Representative ITC titration curves show binding of purified 

pUL21-H6 to StrepII-CERTL
P (left) and StrepII-CERTL

S132A (right). DP, differential power. 

Normalized binding curves show integrated changes in enthalpy (ΔH) as a function of molar 

ratio. (B) Comparison of the averaged dissociation constant (KD), enthalpic change (ΔH), 

change in free energy (ΔG) entropic change (TΔS) and stoichiometry (N) from the ITC 

analyses. The data represent two (StrepII-CERTL
S132A) or three (StrepII-CERTL

P) independent 

experiments (mean ± SEM). 
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Taken together, these results suggest that CERTL
P is likely to preferably acquire a quaternary 

conformation different to CERTL
O, in which not all binding sites are available to pUL21, causing 

a decrease in the active binding capacity by steric hindrance. This effect may be further 

strengthened by differential propensity of CERTL
P to form higher oligomers, therefore 

immobilized pUL21 demonstrates a seemingly stronger binding of CERTL
O because of the 

latter forming larger and/or more stable oligomers than its phosphorylated counterpart, a 

phenomenon known as the avidity effect. These conclusions are further reinforced by 

equilibrium binding assay (EBA) where the observed differences can be explained by the same 

mechanisms. Since the MR that promotes oligomerisation is identical in CERT and CERTL, we 

expect the same observation to hold true for the shorter splice variant.  

3.7 Minimal regions of pUL21 to bind PP1 and CERT 

Having showed pUL21 to directly interact with both PP1 and CERT, we aimed to characterise 

the binding interfaces in order to identify point mutations of pUL21 that could be used for 

functional studies. As shown in Figure 1.2, pUL21 comprises two distinct domains joined by a 

flexible linker. To identify which elements were required for binding PP1 and CERT, we 

designed six pUL21 truncations, GFP-tagged at different ends in case the tag would occlude 

the potential binding epitope near the construct termini (Figure 3.13B).  
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Figure 3.13 Identification of the pUL21 elements required for binding to PP1 and CERT 
using co-IP assay. 

(A) HEK293T cells were transfected with GFP-tagged full-length pUL21 or truncations 

thereof. Cells were lysed 24 h post-transfection and incubated with anti-GFP resin to 

capture protein complexes before being subjected to SDS-PAGE and immunoblotting using 

the antibodies shown. Pon S, Ponceau S staining of the immunoblot membrane before 

blocking to show even transfer and efficient capture of the bait constructs. (B) Schematic 

representation of pUL21 truncations used for immunoprecipitation experiments. The 

results from (A) demonstrating the ability to co-precipitate CERT and PP1α are shown as 

green ticks (binding) or red crosses (no binding). [Adapted from Benedyk et al., 2021] 

The constructs were then expressed in uninfected HEK293T cells, captured using GFP affinity 

resin and their ability to bind PP1 and CERT were examined using immunoblotting of the 

protein samples eluted off the resin (Figure 3.13A). The analysis identified the C-terminal 

domain of pUL21 to be sufficient for CERT binding. However, that was true only when GFP-

tag was attached to the C terminus of the domain, implying that an N-terminal tag on pUL21C 

occludes the CERT binding site. For PP1, both the N-terminal domain and the linker were 

required for binding, indicating an extended binding interface. Furthermore, the binding was 

abolished in GFP-pUL21NL because of either the tag physically blocking the binding epitope, 

as above, or the linker acquiring the correct conformation only when globular domains are 

attached to both its ends.  

3.8 Identification and validation of PP1 non-binding mutant of pUL21 

3.8.1 Search for the canonical PP1-binding motif in pUL21N or the linker 

Since the vast majority of the identified PP1 adaptor proteins contain a canonical ‘RVxF’ 

binding motif (see section 1.6.2.1), we sought to identify this motif in the pUL21 regions that 

mediate binding to the phosphatase. We did not identify any plausible candidates. pUL21N 
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does contain a stretch of amino acids, 12RDVVF16, that meets a less stringent definition of the 

RVxF motif ([RK]x0–1[VI]{P}[FW], where x0–1 is any residue, or no residue at all, and {P} is any 

residue except proline) (124), but this sequence is in a structured region of the domain with 

the key hydrophobic residues buried in the core of the protein (Figure 3.14). As such, these 

residues could not bind PP1 without significant structural rearrangement. This suggested that 

pUL21 recruits PP1 via a novel mechanism. 

 

Figure 3.14 The canonical ‘RVxF’ consensus sequence in the N-terminal domain of 
pUL21. 

The N-terminal domain of pUL21 is shown in cartoon representation with a semi-

transparent molecular surface. Residues that conform to the low-stringency consensus for 

the RVxF motif (124) are shown as orange sticks. [Adapted from Benedyk et al., 2021] 

3.8.2 Conservational analysis of the linker region 

pUL21 has sequence homologs across all α-herpesviruses, implying conservation of function 

encoded in the preserved sequence elements. The linker region shares by far the least 

sequence identity across pUL21 homologues (Figure 3.15A). There is, however, a short stretch 

of amino acids that are absolutely conserved across a representative set of α-herpesviruses, 

highlighting the potentially critical role of this motif for pUL21 function. This region has the 

consensus sequence ϕSxFVQ[V/I][K/R]xI (where ϕ is a hydrophobic residue and x is any 

residue) (Figure 3.15B) and since both CERT and pUL16 bind the C-terminal domain of pUL21 

(59), we hypothesized that this motif may be essential for binding to PP1.  
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Figure 3.15 Conservation of pUL21 protein sequence across Alphaherpesvirinae. 

The following sequences were aligned using ClustalOmega and conservation calculated 

using Jalview (Abbreviation and Uniprot ID are presented in parentheses): herpes simplex 

1 (HSV-1, P10205), herpes simplex 2 (HSV-2, G9I242), cercopithecine herpesvirus 2 (CHV-2, 

Q5Y0T2), saimiriine herpesvirus 1 (SHV-1, E2IUE9), bovine alphaherpesvirus 1 (BHV-1, 

Q65563), equine herpesvirus 1 (EHV-1, P28972), pseudorabies virus (PRV, Q04532), anatid 

herpesvirus 1 (AHV-1, A4GRJ2), varicella-zoster virus (VZV, Q6QCT9), turkey herpesvirus 

(MHV-1, Q9DPR5). Sequence alignment of the residues 217–280 of HSV-1 pUL21 

corresponding to the linker region with the conserved amino acid residues highlighted in 

purple. [Adapted from Benedyk et al., 2021] 

 

3.8.3 Co-IP analysis using mutant variants of pUL21 with amino acid substitution in the 

conserved region of the linker  

To test the role of the conserved residues in the pUL21 linker region, a panel of non-

synonymous mutations was introduced to the pUL21-GFP expression construct using site-

directed mutagenesis, and the resulting mutant proteins expressed in HEK293T cells were 

used for a co-IP experiment. All tested mutants lacked the ability to bind PP1 while they 

retained the ability to co-precipitate CERT (Figure 3.16A). To further confirm the specificity of 

the introduced changes, we tested the ability of one of the pUL21 mutants (pUL21FV242AA) to 

bind its HSV-1 partner protein pUL16 (59). Co-IP was performed following transfection of cells 

with GFP-tagged pUL21 (WT or FV242AA mutant) and subsequent superinfection with HSV-1 

lacking pUL21 expression (ΔpUL21 HSV-1) (Figure 3.16B). Pleasingly, pUL21FV242AA-GFP 
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retained the ability to co-precipitate pUL16 to a similar extent as WT pUL21, despite having 

lost the ability to bind PP1. 

 

Figure 3.16 co-IP experiments reveal that the conserved linker region is required to bind 
PP1. 

(A) HEK293T cells were transfected to transiently express GFP, WT pUL21-GFP or pUL21-

GFP with the indicated amino acid substitutions in the conserved motif. At 24 hours post-

transfection the cells were lysed, subjected to co-IP using a GFP affinity resin, and all 

captured proteins were subjected to SDS-PAGE and immunoblotting using the appropriate 

antibodies. Ponceau S (Pon S) staining of the nitrocellulose membrane before blocking is 

shown, confirming efficient capture of GFP-tagged proteins. (B) HEK293T cells transfected 

with plasmids encoding WT or mutant pUL21-GFP, or GFP alone, were incubated for 24 

hours and infected with ΔpUL21 HSV-1 (MOI = 5). Cells were lysed 16 hours post-infection 

and subjected to immunoprecipitation, SDS-PAGE and immunoblotting as in (A). VP5, 

infection control. [Adapted from Benedyk et al., 2021] 

 

3.8.4 Purification of pUL21FV242AA-H6 and assessment of its stability   

We were able to purify pUL21FV242AA-H6 following the same protocol as for the WT protein and 

we obtained a pure protein expressed in bacterial culture (Figure 3.17A). To ensure that the 

mutated protein is stable and folds correctly, we used the purified WT protein and mutant for 

differential scanning fluorimetry (a.k.a. Thermofluor™). This technique allows accurate 

quantitation of heat-induced protein unfolding, which is monitored via a fluorescent dye 

becoming active as the hydrophobic parts of the protein are being exposed. No drastic 
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differences in the temperature-dependent protein denaturation were observed (Figure 

3.17B), indicating that the FV242AA mutation is not deleterious to protein folding or stability. 

 

Figure 3.17 Purification and differential scanning fluorimetry of WT and FV242AA 
pUL21-H6. 

(A) pUL21FV242AA-H6 was expressed in E. coli, captured using Ni-NTA resin and further 

purified with SEC using a S75 16/600 column equilibrated in 500 mM NaCl, 20 mM Tris pH 

8.5 and 1 mM DTT. Inset shows SDS-PAGE analysis of the fraction collected from under the 

main peak (highlighted in red) confirming high purity of the eluted protein. (B) 

Representative curves generated by differential scanning fluorimetry for pUL21-H6 WT 

(purple) and pUL21FV242AA-H6 (blue) are shown. Melting temperatures (TM) is mean ± 

standard deviation (n = 3 technical replicates). Inset shows Coomassie-stained SDS-PAGE of 

the purified protein samples. [Adapted from Benedyk et al., 2021] 

3.9 Discussion  

3.9.1 pUL21 directly binds all isoforms and variants of PP1 and CERT  

In this chapter, using purified protein components, we showed that pUL21 forms protein 

complexes with both CERT and PP1 via direct interactions. All three most abundant PP1 

isoforms (α, β and γ) co-precipitated with transiently expressed pUL21, indicating that the 

binding of pUL21 to PP1 requires only its conserved core spanning the residues 7 to 300. For 

CERT, we observed that purified pUL21 pulled down both CERT and CERTL but the apparent 

stoichiometry of binding was affected by CERT conformation and propensity to form stable 

oligomers which, in turn, were modulated by its phosphorylation status. It has been reported 

that the phosphorylation of the SRM may affect the relative orientation of the terminal 

domains (255). Since CERT forms trimers, it is possible that the three molecules may orientate 

towards each other such that not all pUL21-binding sites are always available, thus limiting 

recruitment of pUL21 (and hence PP1) via steric hinderance. It remains to be determined 
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whether these observations may translate into a functional control of pUL21-mediated 

recruitment of PP1.  

3.9.2 Binding of PP1 requires the N-terminal domain of pUL21 and the conserved motif 

located in the linker region, whereas the pUL21 C-terminal domain is sufficient to 

bind CERT 

We showed that pUL21 does not acquire a single conformation in solution due to its highly 

flexible linker region. In such model, the two terminal well-ordered domains can be 

considered as independent functional elements, thus we aimed to verify the contribution of 

each to binding of PP1 and CERT. Using co-IP assays, we showed that the C-terminal domain 

of pUL21 is sufficient for CERT binding, but only when this domain is C-terminally tagged with 

GFP. This observation strongly suggests that the CERT-binding interface is near the start of 

this domain and is thus obscured when this C-terminal domain is preceded by a GFP-tag. Co-

IP experiments also identified that both the linker region and N-terminal domain of pUL21 are 

required for PP1 binding. The sequence alignment analysis revealed a short stretch of amino 

acids buried in the linker to be absolutely conserved across all selected members of the 

subfamily Alphaherpesvirinae. Because such strong preservation of a short motif suggested a 

functional role, we designed single amino acid substitutions in this region and performed co-

IP experiments, which demonstrated that the conserved motif is essential for binding PP1 but 

not CERT or pUL16. This is interesting because pUL21 lacks the canonical ‘RVxF’ small linear 

motif (SLiM) that is used by other cellular and viral PP1-binding proteins, suggesting that 

pUL21 binds PP1 via a novel binding surface. We therefore postulate this Twenty-one 

Recruitment Of Protein Phosphatase One (TROPPO) motif to be a novel PP1 SLiM with 

consensus sequence ϕSxFVQ[VI][KR]xI (where ϕ is a hydrophobic residue and x is any amino 

acid). This finding may be translatable into clinical applications because a novel binding site 

on PP1 should allow designing HSV-1 therapeutics that block this interaction but do not 

interfere with other PP1 functions, thus having low toxicity (126,127). However, it will require 

detailed structural characterization to reveal the exact surface of PP1 involved in the binding 

to the TROPPO motif. 

3.10 Summary  

In summary, pUL21 binds directly to CERT and PP1 via distinct surfaces. Binding to PP1 

requires a conserved SLiM in the intrinsically-unstructured pUL21 linker region, the ‘TROPPO’ 
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motif, and we identified specific amino acid substitutions in this motif that disrupt PP1 

binding. These mutated forms of pUL21 represent excellent tools to further study the role of 

pUL21 as a PP1 adaptor and elucidating its significance during HSV-1 infection.  
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4 Results II. HSV-1 pUL21 modifies the phosphoproteomic landscape of 

infected cells. 

4.1 pUL21-mediated dephosphorylation of CERT 

4.1.1 Phosphorylation profile of CERT in cultured cells stably expressing pUL21 and upon 

infection 

The hypothesis of pUL21-directed dephosphorylation of CERT was directly tested using HaCaT 

cells and the PhosTag™ reagent. HaCaT cells are spontaneously immortalized skin 

keratinocytes (256), which are often used as a model for HSV-1 primary infection of the 

stratified epithelium that is composed predominantly of keratinocytes. A monoclonal cell line 

stably expressing HSV-1 pUL21, named HaCaT21 (clone G7), was successfully established by 

Dr Kaveesha Wijesinghe, a postdoc in our group, and used where indicated for all subsequent 

experiments. Either parental or pUL21-expressing cells were lysed in the presence of 

phosphatase inhibitors and the resulting protein samples were subjected to PhosTag™-PAGE 

analysis followed by immunoblotting (Figure 4.1A). Separation of endogenous CERT 

phosphovariants revealed changes in the CERT phosphorylation profile of cells constitutively 

expressing pUL21, where the lower band corresponding to CERTO was more prominent. In 

contrast, the majority of endogenous CERT in parental HaCaT cells was hyperphosphorylated.  

 

Figure 4.1 Phosphorylation level of endogenous CERT in cultured HaCaT cells stably 
expressing pUL21 and HaCaT cells infected with WT HSV-1 or ΔpUL21 HSV-1. 

 (A) HaCaT cells (parental or stably expressing pUL21, HaCaT21) were lysed in the presence 

of phosphatase inhibitors and used for SDS-PAGE and immunoblotting analyses. To 

enhance the separation of the hyper- (CERTP) or hypo-phosphorylated (CERTO) variants of 

CERT, the SDS-PAGE gel was supplemented with PhosTag™ reagent (top strip). The 

antibodies used are listed. (B) HaCaT cells were infected at MOI = 5 with WT HSV-1 or 

ΔpUL21 HSV-1 and lysed at 16 hpi. The protein samples were then subjected to SDS-PAGE 
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plus immunoblotting as in (A). The HSV-1 major capsid protein VP5 is used as a marker of 

infection. [Adapted from Benedyk et al., 2021] 

Next, we confirmed the same effect in the context of infection, where CERT phosphorylation 

was assessed in parental cells after 16 hours of inoculation with either WT HSV-1 or ΔpUL21 

HSV-1 at high MOI and the samples being processed as above. Pleasingly, the anticipated 

effect was present in the WT-infected cells but was significantly diminished in the cells 

infected with ΔpUL21 virus (Figure 4.1B). These experiments supported our hypothesis of 

pUL21 role as viral phosphatase adaptor as it was confirmed to be both necessary and 

sufficient for CERT dephosphorylation. 

4.1.2 In vitro analysis using phosphatase assay 

Using the purified protein components, we addressed the question whether the tripartite 

PP1:pUL21:CERT complex is enzymatically active in vitro. As a phosphatase adaptor, pUL21 

should increase the rate of CERT dephosphorylation in the presence of PP1 significantly above 

the basal rate of nonspecific PP1 activity. In the phosphatase assay, where a fixed 

concentration of purified CERTP (0.5 μM) was incubated with different concentrations of GST-

PP1γ (two-fold serial dilution) in the presence or absence of pUL21, acceleration of 

dephosphorylation of CERT was observed in the pUL21-positive samples (Figure 4.2A and B).  

 

Figure 4.2 In vitro dephosphorylation assay to probe the effect of pUL21 WT and 
pUL21FV242AA on PP1-dependent CERT dephosphorylation. 

 (A) 0.5 μM CERT was incubated with decreasing concentrations of GST-PP1γ (two-fold 

serial dilution from 100–3.1 nM) in the absence or presence of 2 μM pUL21-H6 (WT or 

FV242AA) for 30 min at 30°C. Proteins and CERT phosphovariants were separated using 

SDS-PAGE gels supplemented with PhosTag™ reagent, and the gels were stained with 

Coomassie. Images are representative of three independent experiments. (B) Quantitation 

of pUL21-enhanced dephosphorylation of CERT, as determined by densitometry. Ratio of 

CERTO to total CERT (CERTO + CERTP) for three independent experiments is shown (mean ± 

SEM). (C) The same analysis as in (A) was performed for another known PP1 substrate, 
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eIF2α, to test the substrate specificity of the pUL21-mediated activation of PP1. 0.5 μM 

phosphorylated eIF2α (eIF2αP) was incubated with varying concentrations of GST-PP1γ 

(two-fold serial dilution from 200–6.3 nM) in the absence or presence of 2 μM pUL21-H6 as 

in (A). [Adapted from Benedyk et al., 2021] 

Next, we confirmed the deleterious effect of the PP1 non-binding mutation on the ability of 

pUL21 to dephosphorylate CERT in vitro using purified pUL21FV242AA-H6 which did not 

accelerate CERT dephosphorylation to the same extent as WT pUL21. (Figure 4.2A and B). To 

ensure the effect cannot be ascribed to an allosteric activation of PP1, but it is substrate-

specific, the experiment was repeated with CERT being replaced with another known cellular 

substrate of PP1 – eIF2α (Figure 4.2C), generously provided by Professor David Ron (CIMR, 

Cambridge). Compellingly, no difference in the rate of eIF2α dephosphorylation was observed 

in the presence of pUL21, confirming a substrate-specific recruitment of PP1 by this novel 

viral adaptor.  

4.2 Generation and characterization of HSV-1 strains carrying PP1 non-binding mutations 

4.2.1 Rapid and spontaneous adaptation of the point mutants propagated in Vero cells 

With the compelling evidence supporting the pUL21-mediated dephosphorylation of CERT in 

infected cells and in vitro, we decided to introduce the PP1 non-binding substitutions into the 

pUL21 coding sequence of the HSV-1 genome. Genetic manipulations of HSV-1 genomes can 

be conveniently performed using bacterial artificial chromosomes (BACs), which allow storage 

and amplification of the viral DNA in E. coli and the use of well-established cloning techniques 

for even extensive genetic modifications (275). Once prepared, HSV-1 BACs are delivered to 

Vero cells via transfection and the viral genes are expressed, similar to the natural infection, 

resulting in reconstitution of the first generation of recombinant virus (P0). Mature virions 

are then harvested and used for subsequent passages in Vero cells (P1–P3) leading to a high-

titre virus stock (P4). The three mutant strains – pUL21F242E HSV-1, pUL21V243D HSV-1 and 

pUL21FV242AA HSV-1 – were generated by Viv Connor, a technician in Dr Colin Crump’s group. 

Intriguingly, as the subsequent generations were titrated, we observed rapid increase of the 

plaque sizes from initially tiny ones at P0 to WT-like by generation P3 (Figure 4.3). Before 

continuing with the characterization of the new virus strains, we sought to identify the genetic 

basis of these apparent adaptation in the cell-to-cell spread across the passages to pre-

emptively eliminate any confounding factors in our downstream analyses.  
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Figure 4.3 Observation of apparent plaque size restoration in HSV-1 point mutants 
passaged in Vero cells. 

Generation P0 corresponds to the primary virus stock harvested from Vero cells by scraping 

into the medium after 3 days of transfection with the appropriate BAC for virus 

reconstitution. For large-scale stock preparation (generations P1–P3), T150 flasks of sub-

confluent Vero cells were infected at MOI = 0.01 and harvested after 100% of the cells 

presented cytopathogenic effects. The dead cells and debris were pelleted using low-speed 

centrifugation and resuspended in 1 mL of full DMEM, before being freeze-thawed three 

times. The crude viral stocks were titrated following 10-fold serial dilutions and monolayers 

of Vero cells were overlaid with the resulting viral suspensions for 1 hr. After the infection, 

cells were overlaid with medium containing 0.6% carboxymethyl cellulose and were 

incubated for three days before fixing and negative staining with toluidine blue. Shown are 

representative images of the titration wells (analysis performed on virus stocks prepared 

by Viv Connor) where single plaques were visible.  

4.2.1.1 Sanger sequencing of the adapted HSV-1 P3 stocks 

First, the presence of the amino acid substitutions in the P3 generations was confirmed to 

exclude the possible scenario of their reversions to the WT sequence. The pUL21 regions of 

each mutant were amplified from the detergent-treated virus stock as template using PCR by 

Dr Yue Han who then sent the resulting DNA fragments for Sanger sequencing. There was no 

strong evidence for reversion in any of the established strains and the three substitution 

amino acids were present, as intended (Figure 4.4).  



 90 

 

Figure 4.4 Sanger sequencing of pUL21 region in the adapted HSV-1 mutants. 

Regions encoding pUL21 were amplified by PCR from P3 stocks of the virus mutants and 

sequenced. The analysis showed that the introduced point mutations have not reverted to 

the WT sequence. [Adapted from Benedyk et al., 2021] 

4.2.1.2 Endogenous CERT phosphorylation profiles of cells infected with the HSV-1 P3 stocks 

The HSV-1 strains encoding pUL21 variants with compromised ability to bind PP1 were tested 

for their ability to desphosphorylate CERT, to see if this had been restored by the adaptation 

that restored the efficient dissemination in cultured cells. Vero cells were infected at MOI = 5 

for 16 hours, then lysed in the presence of phosphatase inhibitors and subjected to 

immunoblotting following PhosTag™-PAGE separation (Figure 4.5). Surprisingly, the results 

clearly showed that none of the P3 virus mutants promoted CERT dephosphorylation, similar 

to ΔpUL21 HSV-1. The data confirmed that the ability of pUL21 to recruit PP1 remained 

impaired, despite the adapted viruses giving rise to large plaques. 
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Figure 4.5 Phosphorylation profile of endogenous CERT in cultured cells infected with 
the adapted HSV-1 mutants. 

Vero cells were infected with the panel of viruses at MOI = 5. After 16 hours, the cells were 

lysed and subjected to SDS-PAGE (supplemented with PhosTag™ reagent where indicated) 

and immunoblot analysis with the antibodies listed. [Adapted from Benedyk et al., 2021]  

These observations led to four conclusions:  

1) Viruses with mutations in the TROPPO motif were unable to promote CERT 

dephosphorylation, phenocopying ΔpUL21 HSV-1. 

2) The changes in cell-to-cell spread between the early (P0) and late (P3) mutant stocks were 

independent of CERT dephosphorylation (although an adaptation through restoration of the 

downstream effect of CERT dephosphorylation could not be excluded at this stage). 

3) There are likely to be other substrates of pUL21-mediated dephosphorylation that are 

essential for cell-to-cell spread. 

4) The virus can quickly adapt to the disruption of these hypothetical pUL21-mediated 

dephosphorylation events by compensatory mutations elsewhere in its genome. 

4.2.1.3 Next-generation sequencing (NGS) of the HSV-1 P3 stocks 

To identify what genetic changes mediated these rapid adaptations in virus dissemination, 

the entire viral genomes were analysed by next-generation sequencing (NGS). Viral DNA of 

adapted P3 mutant stocks, together with WT HSV-1 P3 and ΔpUL21 HSV-1 P3, were isolate 

and sent for NGS (MicrobesNG, Birmingham, UK) using an Illumina platform. DNA isolation 

and sample preparation were performed by Dr Yue Han, a postdoc in our group, while the 

subsequent bioinformatics analysis and data visualization was done by Dr Stephen Graham in 

collaboration with Dr Katherine Brown and Professor Andrew Firth. The acquired data was 

characterized by an overall good read-depth, with the high-quality coverage of approximately 
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90% of HSV-1 coding sequences for all but one of the analysed samples, the pUL21F242E mutant 

with approximately 70% coverage (Figure 4.6A–C). Subsequent analysis of the sequencing 

data revealed a striking adaptation-specific preponderance of missense mutations in the 

pUS3 open reading frame (Figure 4.6D) that encodes the serine/threonine kinase pUS3. The 

pUS3 variants most prevalent in the pUL21 point mutant viruses (with corresponding amino 

acid substitutions and frequency) were 135,698 G>T (D207Y; 34.9% in pUL21V243D), 135,702 

G>A (S208N; 16.2% in pUL21V243D, 10.6% in pUL21F242E and 59.2% in pUL21FV242AA), 136,127 

G>A (A350T; 67.1% in pUL21F242E) and 136,496 C>T (L473F; 29.7% in pUL21V243D).  
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Figure 4.6 Analysis of the prevalence of genomic sequence alterations in P3 stocks of 
pUL21 point mutants and ΔpUL21 when compared to similarly passaged WT HSV-1 using 
next-generation sequencing. 

The indicated viruses were passaged in Vero cells until reaching third generation (P3). The 

genomic DNA was isolated from each stock by Dr Yue Han and sent to MicrobesNG 

(Birmingham, UK) for next-generation sequencing. (A) Number of mapped reads for each 

sample are plotted in correspondence to their genomic localization, repeat regions that 

were excluded from the analysis being highlighted in grey. (B) Parts of the HSV-1 protein 

coding regions with sufficient read depth (≥ 10 high quality reads) were used for the 

sequence analysis. Black ticks denote nucleotide positions and their position (either top or 

bottom) indicate whether high quality sequencing signal was available. Alternating 

background colouring (yellow and blue) indicates HSV-1 genes while green denotes 

overlapping reading frames. (C) Percentage of the HSV-1 genome (black) and coding regions 

(aqua) sequenced with ≥ 10 high quality reads for each sample. (D) Schematic 

representation of the HSV-1 genome. The alternating background colouring (blue and 

yellow) corresponds to HSV-1 genes with green denoting overlapping reading frames and 

only selected genes labelled. Repeat regions excluded from the mapping of sequences 

(Mask) are depicted in grey. UL and US denote the unique long and unique short segments, 

respectively, RL/RLʹ are the inverted repeats bounding UL and RS/RSʹ are the inverted repeats 

bounding US. Non-synonymous variants (red) are shown across the HSV-1 coding 

sequences. Dotted grey line indicates 20% prevalence and selected high-prevalence 

variants are labelled. Mutations in pUL21 that were introduced by two-step Red 

recombination are not shown. [Adapted from Benedyk et al., 2021] 
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Mapping of these non-synonymous substitutions onto the structural model of pUS3 

generated using trRosetta (Figure 4.7), indicated that all the mutations were in the vicinity of 

the functional elements of pUS3 that are critical for its protein kinase function (Table 4-1, see 

section 1.6.1). Furthermore, these nucleotide substitutions would result in changes of amino 

acids to ones of drastically different physical properties, all likely to disrupt local folding of 

the viral kinase and thereby altering its activity and/or stability.  

Table 4-1 The most prevalent secondary mutations identified in the adapted P3 mutants and 

their potential impact on the kinase activity of pUS3 based on protein structure analysis. 

Substitution Potential effect on pUS3 
D207Y, S208N Interference with the ATP binding pocket 

A350T 
Disruption of the kinase activity by amino acid changes in the highly conserved 
AlaProGlu (APE) motif 

L473F 
Potential destabilization of the APE motif by changes of the local amino acid 
interactions 

 

Figure 4.7 In silico model of the core kinase domain of pUS3. 

The model spanning pUS3 residues 189–481 is shown in cartoon representation with the 

glycine-rich loop (yellow) and catalytically critical activation segment (grey) highlighted. 

Prevalent amino acid substitutions that spontaneously arose in adapted mutant viruses are 

shown as sticks (carbon atoms pink). The positions of the ATP (sticks, carbon atoms cyan) 

and catalytic metal ions (magenta spheres) were inferred from superposition of the pUS3 

model onto the structure of Mn2+ and ATP-bound protein kinase A (276). [Adapted from 

Benedyk et al., 2021] 

Although ΔpUL21 HSV-1 P3 forms small plaques and does not present convincing signs of their 

size restoration, the genome sequence also contained some variants in the US3 gene but at 

lower frequency than in the pUL21 point mutant viruses. The most prevalent was 136,523 

T>C (31.2% frequency), which would abolish the stop codon in pUS3 resulting in additional 70 
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amino acids added to the protein. A number of low frequency missense mutations were also 

observed in US8A (and the US8/US8A overlap region) in the ΔpUL21 P3 genome sequence. 

Due to the poor read depth of this region in the pUL21F242E and pUL21V243D viruses, we were 

unable to exclude the presence of similar changes, but these mutations were not observed in 

the pUL21FV242AA P3 genome. The missense mutation 12,006 C>G (L122F, 33.3%) identified in 

pUL21F242E is observed at this position in other alphaherpesviruses hence unlikely to severely 

alter the protein folding or function. Similarly, the missense mutations detected in pUL37 

(82,715 T>A/G/C), pUL36 (77,646 A>C/T/G; 77,649 T>G/C) and pUL42 (93,123 T>A/G/C) are 

unlikely to be a response to disruption of pUL21 activity as these variants are also observed 

in the WT virus (Figure 4.6D). 

4.2.2 Analysis of cell-to-cell spread across the HSV-1 Vero-derived stocks 

To carefully study the effect of the abolished binding of pUL21 to PP1 on cell-to-cell spread, 

we selected a wider panel of HSV-1 strains, including ΔpUS3 HSV-1, that were tested across 

three different cell lines: Vero, HaCaT and HaCaT21. Monolayers of cells were infected with 

100 plaque-forming units (PFUs) of indicated virus stocks and after an hour of adsorption, the 

standard medium was replaced with medium containing 0.6% carboxylmethyl cellulose to 

prevent secondary infections via secreted mature virions. After 48 hours, the cells were fixed, 

immunostained with anti-gD antibody and used for chromogenic detection followed by 

imaging and unbiased analysis of the plaque sizes using Fiji (260,261). Firstly, we observed a 

large defect in the intercellular spread of ΔpUS3 HSV-1 when infecting HaCaT but not Vero 

cells (Figure 4.8A). It has been shown previously that the requirement for pUS3 varies 

significantly across different cell lines (35), which can be rationalized by the role of pUS3 in 

evading antiviral responses (277,278) that are more robust in HaCaT than Vero cells (279,280). 

In terms of the point mutants, plaque sizes of all three variants were confirmed to achieve 

WT-levels in Vero cells by generation P3. In HaCaT cells, the adapted mutants also presented 

obvious signs of growth advantage, although the phenotypes varied across these genetically 

heterogenous populations (Figure 4.8B), as expected from a cellular environment where pUS3 

activity is indispensable. It would require generation of individual strains with point 

mutations, identified by the NGS analysis, in both pUL21 and pUS3 genes to investigate 

further these cell-dependent variations but this was judged to be beyond the scope of this 

work. Trans-complementation of pUL21 cells overall helped achieve efficient cell-to-cell 

spread of pUL21 mutants (Figure 4.8A). However, some persistent defects were observed in 
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individual plaques, likely due to the arouse disruptions of the pUS3 (particularly HSV-1 

pUL21F242E P3). We chose to continue our work with only one of the variants, pUL21FV242AA 

(henceforth annotated as pUL21ΔPP1). Based on the above results we propagated its P0 stock 

for two rounds in HaCaT21 (obtaining subsequent stocks H1 and H2), the rationale being that 

pUL21 trans-complementation and the selective pressure to maintain the pUS3 function 

(critical in HaCaT but not Vero cells) would synergise to delay the compensatory adaptation 

in the US3 gene. 

 

Figure 4.8 Cell-to-cell spread assay using subsequent Vero-passaged generations of 
recombinant HSV-1 strains carrying mutations in the TROPPO motif. 

(A) Monolayers of Vero, HaCaT or HaCaT21 cells were infected with 100 PFUs of WT, ΔpUS3 

and ΔpUL21 HSV-1 or with pUL21 point mutant viruses, harvested immediately following 

transfection of the recombinant BAC into Vero cells (P0) or following passaging for one (P1) 

or three (P3) generations in Vero cells. After the infection, cells were overlaid with medium 

containing 0.6% carboxymethyl cellulose and were incubated for two days before fixing and 

immunostaining with chromogenic detection. Relative plaque areas (pixels) were measured 

using Fiji. Mean plaque sizes (red bars) were compared to WT using one-way ANOVA with 

Dunnett’s multiple comparisons test (n = 96–113; ns, non-significant; *, P > 0.05; **, P < 
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0.01; ***, P < 0.001). (B) Images used for the quantitation. [Adapted from Benedyk et al., 

2021] 

4.2.3 Assessment of the virus replication capacity using single-step growth curves 

To assess the replication capacity of the mutant variants, we performed the single-step 

growth analysis where synchronized infection precludes the impact of cell-to-cell spread on 

the time-dependent virus yield. Cells were infected at MOI = 5 using the same panel of viruses 

as in section 4.2.2 and after one hour of incubation the remaining extracellular virus was 

inactivated by a brief acid wash followed by PBS washing and then addition of fresh culture 

medium. Samples were harvested by scraping of the infected cells into the medium at the 

designated timepoints across the 24-hour replication cycle, followed by titration on Vero cells. 

The obtained titres informed about the total infectious virus production, and the PFU values 

for each virus are plotted together in the logarithmic scale to evaluate any changes in the 

kinetics of replication or the total capacity to produce the infectious progeny (Figure 4.9A). 

We did not observe any differences in the overall replication of WT HSV-1 propagated in Vero 

cell (P4) versus HaCaT21 cells (H2). The plaques formed when titrating the harvested samples 

of pUL21ΔPP1 H2 and ΔpUL21 H2 viruses were extremely small, confirming that these viruses 

had not developed compensatory mutations when propagated in HaCaT21 cells (Figure 4.9B). 

Interestingly, the growth curves of both pUL21ΔPP1 HSV-1 H2 and ΔpUL21 HSV-1 H2 were 

identical and showed an approximately 10 to 100-fold reduction in replication capacity when 

compared to the WT virus. Furthermore, the similar defect in replication of these two mutant 

strains confirmed that the recruitment of PP1 is a critical function of pUL21. Strikingly, while 

the unadapted pUL21ΔPP1 P3 virus manifested with small plaques and reduced growth, the 

adapted counterpart exhibited WT levels of growth in both Vero and HaCaT cells. This 

restoration of growth was particularly unexpected for HaCaT cells where the replication 

capacity of the pUL21ΔPP1 P3 virus dramatically exceeded that of the ΔpUS3 virus. In 

conclusion, simultaneous defects in the two counteracting activities completely alleviate the 

limited growth that is otherwise placed by either impaired kinase or phosphatase activity 

alone. Surprisingly, there was no reversion of the growth defect of the non-adapted viruses 

when replicating in the complementing HaCaT21 cells, which suggests that the correct timing 

and/or the overall level of expression are critical for the proper function of pUL21 in virus 

replication.  
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Figure 4.9 Single-step (high MOI) growth curve of WT and mutant HSV-1. 

(A) Monolayers of Vero, HaCaT and HaCaT21 cells were infected (MOI = 5) with the 

indicated viruses. The stocks were prepared by amplification of the original reconstituted 

stock for three or four generations in Vero cells (P3 and P4, respectively) or for two 

generations in HaCaT cells stably expressing pUL21 (H2). Samples were harvested at the 

indicated times and titres were determined by plaque assay using Vero cells. Data are 

presented as mean values of technical duplicates from one representative experiment. (B) 

Images of representative plaque assays performed for virus titration to obtain single-step 

growth curves shown in (A). Monolayers of Vero cells were infected with viruses harvested 

for titration, overlaid with medium containing 0.6% carboxymethyl cellulose, and then fixed 

and immunostained with chromogenic detection at two days post-infection. [Adapted from 

Benedyk et al., 2021] 

4.3 pUL21 counteracts the activity of viral kinase pUS3 

4.3.1 Assessment of the pUS3 activity using PKA and Akt substrates-specific 

phosphoantibodies  

Next, we sought to verify the effect of the spontaneous mutations in pUS3 on its kinase 

activity. It has been shown that the substrate specificity of the viral kinase partially overlaps 

with cellular kinases Akt (154) and PKA (155), therefore their substrate-specific phospho-

antibodies can be used as surrogate markers to monitor the pUS3-dependent 

phosphorylation events during HSV-1 infection. HaCaT and Vero cells were infected with the 

indicated panel of viruses at MOI = 5 for 16 hrs, followed by cell lysis in the presence of 

phosphatase inhibitors (except for the WT-infected sample destined for λ-phosphatase 

treatment) and SDS-PAGE with immunoblotting (Figure 4.10 A and B). A drastic increase in 

the number of visible bands representing phosphorylated Akt and PKA substrates in the WT-
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infected cells was observed, confirming a robust modification of the cellular 

phosphoproteome upon infection, as shown previously (281).  

 

Figure 4.10 Assessment of pUS3 activity in cells infected with HSV-1 mutant strains. 

Vero (A) and HaCaT (B) cells were infected at MOI = 5 with WT or mutant HSV-1 that had 

been prepared as described earlier. Lysates were harvested at 16 hpi and subjected to SDS-

PAGE followed by immunoblotting. With the exception of the lysate from WT HSV-1 

infected cells that was treated with lambda phosphatase (λ phos), all lysates were 

harvested in the presence of phosphatase inhibitors. Immunoblots were stained with the 

antibodies shown. Antibodies recognising phosphorylated PKA and Akt substrates (sub) 

demonstrate the activity of pUS3, as the specificity of this viral kinase overlaps with those 

of cellular kinases PKA (155) and Akt (154). For the Akt sub immunoblot two exposures are 

shown, separated by a line, and phosphorylated Akt substrates more prominent in cells 

infected with non-adapted ΔpUL21 and pUL21ΔPP1 H2 HSV-1 strains are marked with 

arrowheads. [Adapted from Benedyk et al., 2021] 
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Both antibodies were confirmed to specifically recognize only phosphorylated peptides as the 

signal was sensitive to treatment of the lysates with λ-phosphatase. Moreover, we showed 

our approach to specifically monitor the activity of pUS3 as the bands largely faded in the cells 

infected with the ΔpUS3 virus. Strikingly, we saw an increased intensity for some bands 

recognized by anti-Akt substrate antibody when cells were infected with pUL21-null and non-

adapted pUL21ΔPP1 H2 viruses, indicating that pUL21 specifically recruits PP1 to promote 

dephosphorylation of some pUS3 substrates. Finally, we observed an intermediate phenotype 

in cells infected with the adapted pUL21ΔPP1 P3 virus, indicating a lowered but not completely 

abolished activity of pUS3. Here, the signal for total abundance of pUS3 was also discernibly 

lower, further strengthening our previous notion of the compensatory mutations having 

effect on the activity and stability of this viral kinase. These results suggest that pUL21 and 

pUS3 have opposing functions and that the activities of each are required and integral for 

balanced regulation of the cellular phosphoproteomic landscape by HSV-1.   

4.3.2 Nuclear egress complex pUL31/pUL34 as a potential target of pUL21-mediated 

dephosphorylation 

4.3.2.1 Assessment of NEC distribution using immunocytochemistry  

One of the best studied roles of pUS3 is regulation of the nuclear egress complex (NEC) 

through phosphorylation of its components – pUL31 (27,282) and pUL34 (283,284). In a 

recent report (285), the authors saw changes in the fluorescent staining of the NEC that 

formed bright puncta in cells infected with the pUL21-null virus, similar but morphologically-

distinct from the changes observed following infection with virus lacking pUS3. To investigate 

whether the abnormal distribution of the NEC could be attributed to the role of pUL21 as 

phosphatase adaptor, Vero cells were infected with the panel of viruses at MOI = 1 then fixed 

and immunostained for pUL34 and pUL21 (Figure 4.12). Immunocytochemistry showed a 

smooth distribution of pUL34 around the nuclear rim in WT HSV-1 infected cells, while pUL21 

was characterized by more diffused staining covering the nuclear rim, the nucleoplasm, at 

cytoplasmic puncta and at the cell surface. Consistent with previous reports, pUL34 of cells 

infected with pUS3-null HSV-1 distributed as small puncta in the nuclei, whereas in cells 

infected with ΔpUL21 virus pUL34 formed large irregular puncta. The distribution of pUL34 in 

cells infected with non-adapted pUL21ΔPP1 H2 HSV-1 phenocopied the ΔpUL21 HSV-1 

infection, with aggregated pUL34 at the nuclei of infected cells. We did not observe any 
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significant changes in the staining of pUL21 in the mutant viruses, consistent with the 

conserved motif being dispensable for recruitment of pUL21 to the nuclear rim, although the 

cytoplasmic puncta with pUL21 were more apparent. Unexpectedly, cells infected with the 

adapted pUL21ΔPP1 P3 mutant exhibited a different distribution of pUL34 that resembled the 

ΔpUS3 phenotype, pointing towards the dominant character of the altered kinase activity 

over the pUL21-mediated dephosphorylation.  

 

Figure 4.11 Immunofluorescence analysis of subcellular distribution of the NEC. 

Vero cells were infected at MOI = 1, fixed 10 hpi and stained with antibodies recognising 

pUL34 (green) and pUL21 (magenta). The merge includes DAPI (blue). Images were 

acquired by Dr Stephen Graham. [Adapted from Benedyk et al., 2021] 
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4.3.2.2 Phosphorylation profiles of pUL31 and pUL34 

It had been shown that the viral nuclear egress is controlled by phosphorylation of the NEC 

(286) and, although pUS3 is known to phosphorylate both pUL31 and pUL34, the mechanism 

behind functional removal of the phosphate groups remained unknown. We already 

demonstrated that pUL21 targets multiple proteins for dephosphorylation (see section 4.3.1). 

Since pUL21 plays a role in the correct localization of the NEC, we hypothesized pUL31 and/or 

pUL34 were targets for pUL21-mediated dephosphorylation. HaCaT and Vero cells were 

infected at MOI = 5, their lysates were prepared at 16 hpi in the presence of phosphatase 

inhibitors and used to determine the phosphorylation profiles of both pUL31 and pUL34 using 

PhosTag™-PAGE followed by immunoblotting with specific antibodies (Figure 4.12A and C). 

Similar to a previous report (287), phosphorylation of pUL31 and pUL34 required the presence 

of pUS3 and in its absence the two proteins present as single fast-migrating bands.  

 

Figure 4.12 Analysis of the phosphorylation profiles of the NEC components in infected 
cells. 

HaCaT (A) and Vero (C) cells were infected at MOI = 5 with WT or mutant HSV-1 as indicated. 

At 16 hpi, cells were lysed and the protein samples were subjected to SDS-PAGE plus 

immunoblotting using the antibodies listed. Where indicated, SDS-PAGE was supplemented 

with PhosTag™ to enhance separation of hyperphosphorylated (pUL31P and pUL34P) and 

hypophosphorylated (pUL31O and pUL34O) forms of the proteins. Non-specific bands are 

indicated with an asterisk (*). Boxed region shows pUL31 bands used for quantification in 

(B). (B) To measure the relative abundance of pUL31 phosphoforms, two-dimensional 

intensity profiles of pUL31 immunoblots following PhosTag™ SDS-PAGE (purple curves) 
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were calculated by averaging horizontal pixel intensities for each lane (arbitrary units) along 

the vertical axis. The intensity profile for cells infected with WT HSV-1 P4 is shown for 

comparison as a pink filled curve. Prominent differences in the pUL31 phosphorylation 

profiles for cells infected with the unadapted viruses are denoted with arrowheads. 

[Adapted from Benedyk et al., 2021] 

Hyperphosphorylation of pUL31 was apparent when cells were infected with ΔpUL21 HSV-1 

or the unadapted pUL21ΔPP1 H2 HSV-1 mutant (Figure 4.12B), while the extent of pUL34 

phosphorylation remained the same between these mutants and WT virus. These 

observations are consistent with pUL21 specifically targeting only pUL31 and not pUL34 for 

PP1-mediated dephosphorylation. Furthermore, the unusual hypophosphorylation of pUL34 

in the cells infected with pUL21ΔPP1 P3 HSV-1 provide direct evidence of the reduced kinase 

activity of pUS3. We also noted an overall lower abundance of viral proteins in HaCaT cells 

infected with ΔpUS3 HSV-1, presumably due to restricted virus infection caused by an absence 

of pUS3-mediated innate immune evasion (discussed in section 4.2.2). In both cell lines, the 

abundance of pUL31 was particularly diminished when infected with ΔpUS3 virus, indicating 

that pUS3 may be required for pUL31 stability. 

4.4 Discussion  

4.4.1 pUL21 functions as a phosphatase adaptor that mediates dephosphorylation of CERT 

Using a variety of molecular tools, we were able to unequivocally show that pUL21 is 

necessary and sufficient for dephosphorylation of CERT by PP1 both in vitro and in cultured 

cells. These results are particularly relevant for the context of infection, where we 

demonstrated that cells infected with WT HSV-1 had an abnormally high abundance of 

hypophosphorylated CERT compared to uninfected cells. This effect was absent when cells 

were infected with either pUL21-null virus or the variants carrying point mutations in the 

TROPPO motif that mediates binding of pUL21 to PP1. The growth and dissemination 

parameters of the adapted virus stock were identical to WT HSV-1, implying that pUL21-

mediated dephosphorylation of CERT during infection is dispensable for HSV-1 replication. 

These data also highlighted the need for identification of a specific CERT non-binding mutant 

of pUL21 in order to confidently study the role of CERT dephosphorylation in sphingolipid 

metabolism. 
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4.4.2 Evolutionary analysis of HSV-1 mutants expressing defective pUL21 reveals the 

antagonistic roles of pUL21 and pUS3 

Our initial observation of the rapidly arising adaptations when propagating the HSV-1 point 

mutants in Vero cells led to identification of prevalent genetic changes in the region encoding 

the viral kinase pUS3. Mapping of the resulting amino acid substitutions onto the in silico 

structural model of the kinase revealed their highly disruptive potential that would interfere 

with the pUS3 role in protein phosphorylation. To generate more genetically stable high-titre 

stocks, we used HaCaT21 cells under the assumption that their requirement for pUS3 in cell 

culture (unlike Vero cells) and pUL21 trans-complementation would significantly delay the 

adaptive process. Further characterization of mutant strains revealed the PP1-binding role of 

pUL21 to be essential for cell-to-cell spread and virus replication, as the unadapted mutants 

had reduced viral titres and formed tiny plaques. These reductions in fitness were fully 

reversed when the compensatory mutations in the pUS3 gene were present.  

Although the trans-complementation of pUL21 alleviated the defect in viral dissemination of 

the non-adapted point mutants, the single-step growth curves demonstrated that the ectopic 

expression of pUL21 does not restore the viral replication to WT levels. This suggests that the 

precise timing or level of pUL21 expression as encoded by the viral genome is critical for WT 

levels of virus replication. One could hypothesize that pUL21 and pUS3 act as molecular clocks 

that orchestrate subsequent steps of viral replication. In contrast to pUS3, which is expressed 

immediately after infection and plateaus at around 6 hpi, pUL21 is a late gene and its 

expression increases linearly as the infection advances, accumulating only at late stages of 

infection (44) (Figure 4.13). pUL21 could act to selectively moderate the pUS3-dependent 

phosphorylation landscape by recruiting PP1 to appropriate substrates as locally required at 

the given stage of infection, hence ensuring a successful and coordinated progression of the 

viral cycle.  
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Figure 4.13 Temporal signatures of the relative protein abundance for pUL21 and pUS3 
during infection of HaCaT cells. 

Based on the mass spectrometry data retrieved from Soh et al., 2017 (44).  

Another counterintuitive observation was the lack of rapid adaptations of the ΔpUL21 HSV-1 

when propagated using Vero cells. This can be rationalized by the multifunctional nature of 

pUL21: beside its phosphatase adaptor role, pUL21 can interact with the pUL16:pUL11 

complex that binds gE and regulates virus spread, and there is also a less-well understood 

interaction of pUL21 with microtubules (57). As such, pUS3 mutations in the ΔpUL21 virus 

should confer less of a growth advantage in the presence of the remaining defects.  

It became clear that pUL21 must target multiple substrates for dephosphorylation, some of 

which should overlap with the proteins phosphorylated by pUS3. This was confirmed using 

commercially available antibodies that recognize phosphorylated substrates of the cellular 

Akt kinase, which conveniently also detect the phosphorylated pUS3 substrates. We showed 

that some of the bands, representing individual pUS3 targets, were characterized by higher 

intensity only in the context of infection with unadapted pUL21ΔPP1 or ΔpUL21 HSV-1. 

Moreover, all those potential targets of pUL21-mediated dephosphorylation manifested as 

low-intensity bands in the samples from cells infected with adapted pUL21ΔPP1 HSV-1 P3, 

suggesting that the phosphorylation status of these proteins play a vital role in HSV-1 

replication and spread.  

4.4.3 pUL21 is required for the phosphorylation-dependent regulation of the NEC activity  

The report from Gao and colleagues about pUL21 playing a role in regulation of the NEC (285) 

formed basis for our hypothesis of pUL21-dependent dephosphorylation of the NEC 

components, pUL31 and pUL34. Indeed, the immunofluorescence analysis revealed identical 

disruptions in the NEC localization in cells infected with either ΔpUL21 or unadapted (H2) 

pUL21ΔPP1 HSV-1 that could be ascribed to the hyperphosphorylation of pUL31 as revealed by 
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the PhosTag™-PAGE analysis of lysates from cells infected with these two viruses. It has been 

shown that pUS3 phosphorylates pUL31 to downregulate the NEC activity thus preventing 

uncontrolled vascularisation of the inner nuclear membrane in the absence of nucleocapsids 

(27). Our data supports a complementary mechanism where pUL21 mediates 

dephosphorylation of pUL31 at the nuclear membrane to activate the NEC and allow efficient 

transport of the mature capsids to the cytoplasm. Observations from cultured cells support 

this hypothesis as cells transfected with pUL31 and pUL34 are characterized by extensive 

budding of the inner nuclear membrane that is completely uncontrolled in the absence of 

regulation by phosphorylation (25). Moreover, the paranuclear vesicles lack the ability to fuse 

with the outer nuclear membrane, accumulating in herniations (25) similar to those observed 

in pUL21-null and pUL21ΔPP1 HSV-1 mutants. These data therefore suggest that the sequential 

steps of de/phosphorylation, coordinated by pUL21 and pUS3, are required for the successful 

completion of the nuclear egress. Since pUL21 can associate with the capsids (52,57,58), it 

may also be responsible for the preferential targeting of DNA-containing capsids to the NEC 

as cells infected with pUL21-null HSV-1 present higher incidence of empty capsids being 

detected in the cytoplasm (42). 

4.5 Summary 

In summary, we show that pUL21 acts as phosphatase adaptor that recruits PP1 to a diverse 

group of viral and cellular proteins. Substrates of pUL21:PP1 and the viral kinase pUS3 

partially overlap, and their identification would be an important next step to understanding 

the full biological activity of pUL21. This chapter also highlights the importance of mapping 

specific protein:protein interactions followed by careful identification of amino acids 

mutations that disrupt them in order to faithfully dissect the mechanisms by which 

multifunctional viral proteins control virus replication and dissemination. 
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5 Results III: Structural study of the pUL21:CERT complex 

5.1 Mapping of the interaction 

5.1.1 Pull down with CERT truncations expressed via in vitro transcription/translation 

using wheat germ lysate  

Similar to pUL21, CERT is predicted to be a highly flexible protein with its middle region likely 

to acquire an extended conformation with disordered stretched of amino acids (288). 

Additionally, CERT forms higher-order oligomers (see section 3.6.3), which may complicate 

structural analysis. In section 3.7, we showed that the C-terminal domain of pUL21 is required 

for binding to endogenous CERT in HEK293T cells. Here, we sought to identify the pUL21-

interacting elements of CERTL in pull-down experiments using truncations representing the 

two globular domains of CERTL and the flexible middle region (Figure 5.1B). For the structural 

studies, we decided to include the 26 amino acid exon present only in CERTL as at the time we 

could not definitely exclude its potential relevance in binding to pUL21. Moreover, both 

isoforms have been shown to possess ceramide transfer activity (13) with some reports 

further suggesting predominant role of CERTL in the nervous system (289,290). The N-

terminally myc-tagged CERTL truncations were expressed in vitro using wheat germ extract 

and subjected to pull-down with purified GST-pUL21. Surprisingly, both terminal domains, but 

not the middle region (MR), were able to bind pUL21 (Figure 5.1A). This indicated the 

existence of at least two pUL21-binding sites in CERTL.  

 

Figure 5.1 In vitro identification of the pUL21-binding regions of CERTL. 

 (A) Minimal pUL21-binding elements of CERTL were determined via pull down experiment. 

Immobilised pure GST-pUL21, or GST alone, were used as bait to capture myc-tagged full-

length CERTL, or truncations thereof, expressed via in vitro transcription/translation system 

from wheat germ extract. Captured proteins were subjected to SDS-PAGE and 
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immunoblotting using anti-myc antibody. Ponceau S (PonS) staining of the immunoblot 

membrane before blocking shows equal loading and efficient capture of the bait proteins 

across the tested conditions. (B) Schematic representation of the truncations of CERTL used 

in this experiment. The results from (A), demonstrating the ability to bind pUL21, are shown 

as green ticks (binding) or red crosses (no binding). 

5.2 Design and purification of H6-miniCERTL from bacterial cells 

Based on the mapping analysis, a recombinant form of CERTL lacking the majority of the MR 

was designed and named miniCERTL (Figure 5.2A). Specifically, 220 amino acids spanning the 

residues 132 and 350 were removed thus eliminating a large part of the flexible region 

including the coiled-coil region responsible for oligomerization and the phosphorylatable 

SRM. It was anticipated that miniCERTL would be well-suited for structural studies as it should 

adopt a compact conformation with the two domains interacting (255). Since miniCERTL was 

designed for structural elucidation, the first 19 amino acids were also removed as they were 

predicted to be disordered, consistent with the previous studies that successfully 

characterized the structure of the PH domain (252,291). The miniCERTL protein with a N-

terminal H6-tag was expressed using bacterial expression system and purified by Ni-NTA 

affinity immobilisation chromatography plus SEC (Figure 5.2B). 

 

Figure 5.2 Purification of H6-miniCERTL as a tool for structural studies. 

 (A) Schematic representation of miniCERTL. The dotted lines indicate regions of the full-

length protein CERTL that were omitted. Numbers denote amino acid positions within the 

protein. (B) H6-miniCERTL was expressed in E. coli, captured using Ni-NTA resin and further 

purified using SEC on a S75 16/600 column in 20 mM Tris pH 7.5, 150 mM salt and 1 mM 

DTT. The SEC chromatogram for H6-miniCERTL (theoretical mass of 44.9 kDa) shows a single 

large peak. Inset shows SDS-PAGE analysis of collected fractions from under the main peak 

(highlighted in red) where only the fractions of high purity (boxed) where pooled and 

concentrated. 
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Using MALS, Dr Stephen Graham and Eve Caroe, a summer student in our group, confirmed 

that proteins were monomeric in solution. Complex had a molar mass of 101.2 kDa (103.6 

kDa expected for a 1:1 complex) showing that they form a heterodimer in solution (Figure 

5.3A). Next, an ITC experiment was performed to characterise the interaction between pUL21 

and miniCERTL and to compare the affinity they interact with to that of pUL21 and the full-

length CERTL. The purified proteins were extensively dialysed into the same buffer and 195–

376 μM of H6-miniCERTL was titrated into the cell with 20–33 μM of pUL21-H6. The analysis 

revealed the affinity of the H6-miniCERTL for pUL21-H6 to be around 1 μM (Figure 5.3B and C), 

similar to that of StrepII-CERTL (Figure 3.12B and Appendix 2). Interestingly, in contrast to the 

full-length counterpart, miniCERTL interaction with pUL21 is exothermic and there is little 

change in entropy.  

 

Figure 5.3 miniCERTL forms a 1:1 complex with pUL21. 

(A) pUL21-H6 and H6-miniCERTL were preincubated with an ~1.2-fold molar excess of the 

latter before being injected onto an S200 increase SEC column in 500 mM NaCl, Tris pH 8.5 

and 0.5 mM TCEP, with inline measurement of multi-angle light scattering. Molar masses 

(thick lines) and differential refractive index (thin lines) are shown for H6-miniCERTL (green), 

pUL21-H6 (purple) and the H6-miniCERTL:pUL21-H6 complex (blue). Grey dotted line shows 

expected molar masses for these proteins in isolation and as a complex. SDS-PAGE analysis 

(bottom) of elution fractions indicated by the black dotted lines from the SEC-MALS 

experiment of H6-miniCERTL:pUL21-H6. Experiments were performed by Eve Caroe and Dr 

Stephen Graham. (B) ITC analysis. pUL21-H6 and H6-miniCERTL were dialyzed at 4 °C against 

20 mM Tris pH 8.5 containing 500 mM NaCl and 0.5 mM TCEP. pUL21-H6 (20–33 μM) was 

chosen to be in the sample cell due to its low solubility and H6-miniCERTL (195–376 μM) 

was loaded in the syringe. Representative ITC titration curve shows an exothermic binding 

reaction between H6-miniCERTL and pUL21-H6. DP, differential power. Inset shows 

normalized binding curve with integrated changes in enthalpy (ΔH) as a function of molar 
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ratio. (C) The table shows the resulting binding parameters calculated based on six 

independent ITC experiment (mean ± SEM). The dissociation constant (KD), enthalpic 

change (ΔH), change in free energy (ΔG) entropic change (TΔS) and stoichiometry (N) are 

shown.  

5.2.1 Crystallisation screens for the H6-miniCERTL:pUL21-H6 and PP1(7–300)-H6:pUL21-H6 

complexes 

Sparse-matrix crystallisation experiments were carried out for the H6-miniCERTL:pUL21-H6 

complex using an Innovadyne Screenmaker to dispense the protein and reservoir drops, and 

plates were incubated at 20°C in a Formulatrix imaging robot. The protein samples were 

prepared by pre-mixing the purified proteins at equimolar concentrations on ice for 15 min 

before injecting onto a SEC column S200 10/300 and concentrating the fractions from under 

the main peak using centrifugal concentrators to 4 mg/mL (screens: CIMR 7, 8, 11; Table 1-6). 

Because this led to a significant loss of protein, an alternative approach was also taken, where 

the SEC step was omitted and after the 15-minute incubation of ice, the complex was 

concentrated to either 9 mg/mL (screens: CIMR 5, 7, 8, 9, 11, 14) or 8.3 mg/mL (screens: CIMR 

3, 4, 5 ,6 ,7 ,8 ,9, 10, 11, 12, 13, 14; Table 1-6). On average, at least 50% of drops were clear 

after 24 hrs, and they were monitored during the following weeks and months, but no 

crystalline material was apparent. Similarly, crystallisation experiments were prepared for 

PP1(7–300)-H6 pre-mixed with pUL21-H6 at equimolar concentrations before being 

concentrated to 10 mg/mL (screens: CIMR 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14; Table 1-6) but no 

hits were identified. In summary, the extensive crystallization screening of pUL21-H6 in 

complex with neither H6-miniCERTL nor PP1(7-300)-H6 yield any hits hence we pursued 

alternative approaches to elucidate their binding interface. Since a PP1 non-binding mutant 

of pUL21 was already to our hands, we focused our effort on the H6-miniCERTL:pUL21-H6 

complex.  

5.2.2 Attempts to identify the pUL21:CERTL binding interface using crosslinking mass 

spectrometry 

Chemical crosslinking is a technique where specific amino acids residues, usually surface-

exposed lysines, can be covalently joined by chemical crosslinkers. The reaction requires the 

compatible residues to be in close vicinity, allowing intermolecular covalent bonds to form 

across binding interfaces of even very transient protein complexes. The recent development 

of the ‘mass spectrometry (MS)’-cleavable crosslinkers, disuccinimidyl sulfoxide (DSSO) and 
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disuccinimidyldibutyric urea (DSBU), greatly simplifies identification of crosslinked peptides 

via MS, therefore informing about the interaction interface (292). In short, crosslinked 

peptides selected in the MS1 undergo further collision-induced dissociation (CID) that leads 

to peptides fragmentation and, most importantly, breakage of the crosslinking molecules at 

the predictable positions, leaving known masses attached to both peptides. The fragmented 

peptides that were originally crosslinked can be identified by their signature peaks with a 

unique mass difference in the CID–MS2 spectrum. One limitation of this technique is the 

requirement for two lysine residues in the binding interface at the appropriate distance from 

each other (10.3 Å for DSSO and 12.5 Å for DSBU based on the spacer length, effectively 

around 30 Å between the α-carbon atoms of the joined lysine molecules).  

We explored this strategy with purified pUL21-H6 and H6-miniCERTL using DSSO as a 

crosslinker. Both proteins were buffer-exchanged into bicine to avoid interference of the 

amino group from Tris, and pre-mixed with a 2× molar excess of pUL21-H6 before adding the 

crosslinking reagent and incubating at RT for 60 min. The reactions were quenched by adding 

Tris and the crosslinked proteins were analysed by SDS-PAGE immediately after quenching or 

following SEC (Figure 5.4A and B). As expected from the MALS analysis, H6-miniCERTL was 

predominantly monomeric as judged by its migration on the gel, although weak bands 

indicating some dimerization (~75 kDa) and further oligomerization (>> 250 kDa) were also 

detectable (Figure 5.4 B). pUL21-H6 migrated as two distinct bands of very similar apparent 

masses, indicating a formation of intramolecular linkers that likely affected the compactness 

of the molecule hence marginally modifying its in-gel mobility. In case of the mixed H6-

miniCERTL and pUL21-H6, we saw multiple bands with crosslinked monomers of the excess 

pUL21-H6 and some remaining H6-miniCERTL. Pleasingly, we observed an appearance of a new 

crosslinked species likely representing the H6-miniCERTL:pUL21-H6 complex that migrated at 

the size of around 140 kDa protein. Since the expected molecular mass of a 1:1 complex is 

104 kDa, it is possible that the presence of additional binding sites facilitated artefactual 

formation of a 2:1 H6-miniCERTL:pUL21-H6 complex (theoretical molecular mass of 148.6 kDa). 

There were also various less-defined high molecular mass species likely formed due to the 

presence of multiple binding events. The gel was then used by our collaborator, Dr Robin 

Antrobus, to excise the complex-corresponding band for in-gel digestion and MS analysis that 

identified several crosslinks (Table 5-1). The raw data processing and analysis were performed 

by Jack Houghton (CIMR). 
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Figure 5.4 Crosslinking mass spectrometry as a tool for studying the miniCERTL:pUL21 
interaction. 

H6-miniCERTL and pUL21-H6, with the 2-fold molar excess of the latter, were mixed and 

incubated at room temperature allowing complex formation before adding DSSO at 100-

fold molar excess. The reaction was allowed to process for 60 minutes at RT before it was 

quench with Tris pH 8.5 to a final Tris concentration of 20 mM. The crosslinked complexes 

were analysed using SDS-PAGE either immediately after the reaction or following SEC using 

S200 10/300 column in 50 mM bicine pH 8.5, 500 mM NaCl, 0.5 mM TCEP from which the 

indicated fractions representing each peak were selected. The bands identified as the H6-

miniCERTL:pUL21-H6 complex (boxed in red) were excised and used for in-gel digestion 

before being analysed by mass spectrometry.   

Table 5-1 Identified lysine residues following DSSO crosslinking and mass spectrometry 

analysis. 

Protein A Sequence A Position A Protein B Sequence B Position B 

pUL21 RAPRPIAGSGAGSGGAGA[K]R 235 miniCERTL FVQ[K]PYSR 370 

pUL21 APRPIAGSGAGSGGAGA[K]R 235 miniCERTL AVA[K]R 599 

pUL21 ATVSEFVQV[K]HIDR 246 miniCERTL AVA[K]R 599 

miniCERTL FTSYVQEKTAG[K]PILF 620 miniCERTL FVQ[K]PYSR 370 

 

Careful analysis of the identified crosslinks did not inform about the relative orientation of 

the globular domains but provided evidence for a potential interaction between the linker of 

pUL21 and the STARTL domain of CERTL (Figure 5.5A). Furthermore, the intramolecular 

crosslink identified in miniCERTL proved to be useful when modelling the missing intron 11 

into the crystal structure of the START domain (PDB ID 2E3N (253)) using I-TASSER (254). The 
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best predicted model was selected based on the vicinity of the residues K370 and K620 (Figure 

5.5B), which are located too far from each other in the crystal structure of the START domain 

to form a crosslink. The residues of STARTL involved in the formation of the intermolecular 

crosslinks (L370 and L599) are located at the opposite ends of the domain (Figure 5.5B). This 

observation may offer evidence for the 2:1 H6-miniCERTL:pUL21-H6 complex, or may result 

from the structurally heterogenous and highly mobile pUL21 linker.  

 

Figure 5.5 Schematic representation of the crosslinking mass spectrometry results. 

(A) The residues of pUL21 (purple) and miniCERTL (green) that were identified as forming 

crosslinks are shown in their approximate positions and joined by black lines. (B) Homology 

model of the STARTL domain generated by I-TASSER shown in green cartoon representation 

with the exon 11 shown in orange. The residue K599 that was identified to form crosslinks 

with the residue K235 of pUL21 is shown in red and labelled. Inset shows the two residues 

that participate in the intramolecular crosslink (highlighted in red) that supports the 

goodness of fit of the predicted structure.  

5.2.3 Purification of H6-pUL21C as an alternative tool for crystallography screening with 

H6-miniCERTL 

As shown in section 3.7, the C-terminal domain of pUL21 is sufficient to bind CERT, making it 

a suitable alternative for the full-length protein to identify the binding interface of the 

pUL21:CERT(L) complex. We designed a recombinant protein consisting only of the globular C-

terminal domain of pUL21 (residues 275 – 535, pUL21C) with a short hexahistidine 

purification tag that should not interfere with the binding to CERT, unlike the bulky GFP used 

for the co-IP experiment described in the section 3.7. H6-pUL21C was readily expressed in E. 

coli and we were able to isolate pure protein from the overnight culture using SEC with S75 

16/600 column following Ni-NTA affinity capture (Figure 5.6). The solubility of the protein was 

poor despite using 500 mM salt in the final buffer (< 3 mg/mL), similar to previous reports 

(94). In the same study, the authors reported bacterial RNA co-purifying with pUL21C, as 

detected by the unusual high A260/A280 ratio of 1.6 (94). Using our purification protocol, we 
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did not observe any co-purifying nucleic acids neither for H6-pUL21C nor the full-length 

protein, both having their spectroscopic A260/A280 ratio of ~0.56. 

 

Figure 5.6 Bacterial expression and purification of H6-pUL21C. 

H6-pUL21C was expressed in E. coli, captured using Ni-NTA resin and further purified using 

SEC on a S75 16/600 column in 20 mM Tris pH 8.5, 500 mM salt and 1 mM DTT. SEC 

chromatogram shows a single large peak, whereas the inset shows SDS-PAGE analysis of 

fractions collected from under the peaks (highlighted in red), which confirmed the high 

purity (theoretical mass of 29.3 kDa) of the H6-pUL21C after the SEC run. The fractions 

pooled and concentrated are boxed. 

To test whether purified H6-pUL21C can form a stable complex with H6-miniCERTL, the two 

proteins were incubated at 1.34-fold molar excess of H6-pUL21C in high salt buffer (500 mM 

NaCl, 20 mM Tris pH 8.5, 1 mM DTT) and subjected to SEC using an S75 10/300 column. The 

eluted fractions representing the peak were collected and subjected to SDS-PAGE analysis 

that showed the two proteins co-eluting despite their different molecular masses (H6-pUL21C: 

29.3 kDa, H6-miniCERTL: 44.9 kDa) (Figure 5.7A), consistent with the formation of a stable 

complex. Next, to measure the affinity of H6-miniCERTL for H6-pUL21C, the purified proteins 

were extensively dialysed into the same buffer and 372–374 μM of H6-miniCERTL was titrated 

into the cell with 30–32.5 μM of H6-pUL21C. The analysis showed the affinity of the H6-

miniCERTL for H6-pUL21C to be around 4.3 μM (Figure 5.7B). This is four-fold lower than for 

full-length pUL21 (Figure 5.3C, Appendix 2), indicating additional binding elements, likely 

within the pUL21 linker, also contributing to the interaction between pUL21 and miniCERTL. 

The interference of the H6-tag with the binding is unlikely as there are unstructured residues 

(that are a part of the linker) at this end of the domain in the native protein. 
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Figure 5.7 Purified pUL21C forms a stable complex with miniCERTL in solution. 

(A) Elution profile of the H6-miniCERTL:H6-pUL21C complex, preformed in the presence of 

1.34x molar excess of H6-pUL21C, following SEC using an S75 10/300 in 20 mM Tris pH 8.5, 

500 mM NaCl and 1 mM DTT. The highlighted elution range of fractions that were collected 

and subjected to SDS-PAGE analysis, revealing co-elution of the two proteins. (B) ITC analysis. 

H6-pUL21C and H6-miniCERTL were dialyzed at 4 °C against 20 mM Tris pH 8.5 containing 500 

mM NaCl and 0.5 mM TCEP. H6-pUL21C (30–32.5 μM) was chosen to be in the sample cell due 

to its low solubility and H6-miniCERTL (372–374 μM) was loaded in the syringe. Representative 

ITC titration curve shows an endothermic binding reaction between H6-miniCERTL and H6-

pUL21C. DP, differential power. Inset shows normalized binding curve with integrated 

changes in enthalpy (ΔH) as a function of molar ratio. (C) The table shows the resulting binding 

parameters calculated based on two independent ITC experiments (mean ± SEM). The 

dissociation constant (KD), enthalpic change (ΔH), change in free energy (ΔG), entropic change 

(TΔS) and stoichiometry (N). 

With strong evidence of the two purified proteins forming a stable complex in solution, 

another crystallography screen was employed using the same semi-automated platform as 

previously (see 5.2.1). H6-pUL21C with H6-miniCERTL were mixed in equimolar concentration 

and incubated for 15 min at RT prior to being concentrated until reaching 4 mg/mL (screens: 

CIMR 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14; Table 1-6). After 24 hrs, the protein remained in solution 

in majority of the tested conditions. The experiment was monitored during the following 

weeks and months, but unfortunately no crystalline material was detected. 
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5.3 Structural characterization of pUL21:miniCERTL complex using SAXS 

Because our previous strategies to structurally characterize the pUL21:CERTL complex were 

unsuccessful, we attempted the same task with SAXS. This technique is most suitable for 

flexible and structurally heterogenous samples, and we have successfully employed it to 

characterize the conformation of pUL21 in solution (see section 3.3.1). Before analysing the 

pUL21:miniCERTL complex, the conformation and overall quality of the purified protein 

components were assessed. All data collection parameters are presented in Appendix 6. 

5.3.1 Structural characterization of miniCERTL using SAXS 

The scattering profile of H6-miniCERTL in solution was acquired on beamline P12 at EMBL 

Hamburg in batch mode at the following concentrations: 1.17, 2.59, 3.46 and 6.91 mg/mL. 

The resulting curves were then extrapolated to zero concentration and used for all 

subsequent analyses (Figure 5.8A). The Gaussian-like appearance of the p(r) profile (Figure 

5.8B) and the corresponding dimensionless Kratky plot with a peak centred close to sRg of √3 

(Figure 5.8D) indicate a compact protein with globular fold, while the linear Guinier plot 

indicates a good quality sample with no signs of aggregation nor interparticle repulsion 

(Figure 5.8C). Dummy residue modelling of the scattering profile using GASBORi resulted in a 

compact molecular shape (Figure 5.8E and G), consistent with the p(r) and dimensionless 

Kratky analysis. Pseudo-atomic modelling of the H6-miniCERTL solution structure was 

performed using CORAL (251), utilising the crystal structure of the PH domain (PDB ID 4HHV 

(252)) and the I-TASSER model of STARTL described in section 5.2.2. The orientation of the 23 

amino acid linker region and the N-terminal purification tag were generated by the software. 

The obtained model had a very good fit to the SAXS experimental data (Figure 5.8F). The 

quasi-atomic model generated from the SAXS experiment was superposed with the crystal 

structure of the PH and START domains in complex (PDB ID 5JJD (255)) to compare the relative 

orientations of the domains (Figure 5.8H). Overall, there was a reasonably good 

correspondence, although the PH domain in the SAXS model is shifted by about 2-3 Å away 

from the STARTL domain when compared to the crystal structure. This apparent difference 

might result from the partial mobility of the two domains in solution, which is otherwise 

absent in the protein crystal lattice, or some limitations imposed by the linker. Nevertheless, 

the results confirmed that H6-miniCERTL is well folded and behaves as expected.  
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Figure 5.8 SAXS analysis of H6-miniCERTL. 

 (A) The zero-intensity extrapolated SAXS scattering profile measured for H6-miniCERTL. The 

reciprocal-space fit of the p(r) profile to the SAXS data is shown as a yellow line. χ2, fit 

quality; p, Correlation Map (CorMap) probability of systematic deviations between the 

model fit and the scattering data (244). (B) The real-space distance distribution function, 

p(r), calculated from the scattering data. Rg, radius of gyration (provides a measure of the 

overall size of the molecule); Dmax, maximum particle dimension. (C) The Guinier plot. The 

linear regression model is depicted as yellow line. R2, the goodness of fit. (D) Dimensionless 

Kratky plot of the SAXS data. Grey dotted lines indicate the expected maximum of the plot 

for a compact protein (269). sRg = √3, (sRg)2I(s)/I(0) = 3e-1. (E) Fit to the SAXS profile of the 

ab initio reconstruction of H6-miniCERTL structure by a chain-like ensemble of dummy 

residues obtained by GASBORi. (F) Fit to SAXS profile of the pseudo-atomic model of 

miniCERTL generated by CORAL. (G) GASBORi dummy-residue model of H6-miniCERTL 

(green spheres). White spheres indicate predicted water molecules of the hydration shell. 

(H) CORAL pseudo-atomic model of H6-miniCERTL (green) superimposed onto the crystal 

structure of the CERT PH:START complex (PDB ID 5JJD (255), cyan) by aligning the START 

domains. Shown in orthogonal orientations. Regions modelled by CORAL are shown as 

spheres.  
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5.3.2 SAXS analysis of pUL21C 

We then analysed pUL21C alone to validate the sufficient quality of the sample and confirm 

that the solution structure of H6-pUL21C (with the missing elements, namely the first eleven 

N-terminal amino acids including the H6-tag [AHHHHHHQDSA] and the five C-terminal 

residues [HGQSV]) can be modelled faithfully using the crystal structure. The scattering profile 

of purified H6-pUL21C was measured in batch mode and the data obtained from a single 

sample at 0.675 mg/mL were analysed further (Figure 5.9A).  

 

Figure 5.9 SAXS analysis of H6-pUL21C. 

(A) The SAXS scattering profile measured for H6-pUL21C. The reciprocal-space fit of the p(r) 

profile to the SAXS data is shown as a yellow line. χ2, fit quality; p, Correlation Map 

(CorMap) probability of systematic deviations between the model fit and the scattering 

data (244). (B) The real-space distance distribution function, p(r) calculated from the 
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scattering data. Rg, radius of gyration; Dmax, maximum particle dimension. (C) The Guinier 

plot. The linear regression model is depicted as yellow line. R2, the goodness of fit. (D) 

Dimensionless Kratky plot of the SAXS data. Grey dotted lines indicate the expected 

maximum of the plot for a compact protein (269). sRg = √3, (sRg)2I(s)/I(0) = 3e-1. (E) Fit to 

the SAXS profile of the ab initio reconstruction of H6-pUL21C shape by a chain-like ensemble 

of dummy residues using GASBORi. (F) GASBORi dummy-residue model of H6-pUL21C 

(violet spheres). White spheres indicate predicted water molecules of the hydration shell. 

(G) Fit to SAXS profile of the five best pseudo-atomic models of H6-pUL21C obtained by 

CORAL (continuous lines coloured in different shades of red). (H) CORAL pseudo-atomic 

model of H6-pUL21C. Regions modelled by CORAL are shown as spheres whose colour is 

the same as the corresponding fit of the model in (G). 

The obtained SAXS profile was typical for a globular protein, with a bell-shaped p(r) function 

and a small tail representing the flexible elements (Figure 5.9B). The linear Guinier region 

(Figure 5.9C) confirmed that the examined protein is monodispersed, and the Gaussian-like 

dimensionless Kratky plot centred at sRg of √3 (Figure 5.9D) described a compact protein. The 

models generated using GASBORi (Figure 5.9E and F) and CORAL (Figure 5.9G and H) were in 

good correspondence with the crystal structure. The purification tag acquires multiple 

extended conformations all projecting away from the globular domain, as shown by the 

superposition of the best five models (Figure 5.9H). 

5.3.3 Structural characterization of pUL21C in complex with miniCERTL using SEC-SAXS 

The observation of H6-pUL21C and H6-miniCERTL co-eluting from SEC indicated the complex 

to be suitable for SEC-SAXS analysis where the scattering signal is measured across the elution 

profile. Selection of the data frames measured close to the peak allows separation of the 

heterodimer and any contaminating monomers. Thus SEC-SAXS, unlike the measurements 

done in batch, yields a more homogeneous sample for analysis, and it is particularly suitable 

for protein complexes. H6-pUL21C and H6-miniCERTL were mixed at 1:1 molar ratio, incubated 

on ice for 15 minutes and concentrated until reaching 4.3 mg/mL, then snap-frozen in liquid 

nitrogen. The samples were shipped on dry ice to EMBL Hamburg (Germany) where they were 

snap thawed, spun down and subjected to SEC-SAXS by our collaborator, Dr Cy Jeffries, using 

a S200 Increase 5/150 column in 20 mM Tris pH 8.5, 500 mM NaCl, 3% (v/v) glycerol, 1 mM 

DT. The resulting scattering data was then truncated to only those frames corresponding to 

the complex with a stable radius of gyration of around 3.3 nm, indicative of a monodisperse 

sample (Figure 5.10A). The data was further processed, including buffer subtraction and radial 

averaging, using CHROMIXS (243) and PRIMUS (246). The generated scattering profile of the 
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complex (Figure 5.10B) yielded a moderately asymmetric p(r) plot (Figure 5.10C), distinct from 

those of H6-miniCERTL and H6-pUL21C alone. Its irregular shape together, with the peak of the 

dimensionless Kratky plot shifted slightly away from sRg = √3 (Figure 5.10E), suggested some 

level of flexibility in the system arising either from partial dissociation of the complex or 

increased flexibility of H6-miniCERTL upon binding to H6-pUL21C. The linear Guinier plot 

indicated an aggregate-free sample (Figure 5.10D). Ab initio shape determination using 

GASBORi indicated a slightly elongated molecule which may be another sign of the complex 

instability (Figure 5.10F and G). We were not able to obtain a well-fitting pseudo-atomic 

model of the complex when the previously generated H6-miniCERTL model was used as a fixed 

input. However, we obtained good quality models when allowing CORAL to change the 

configuration of CERT domains joined by the remaining part of the MR while forming a 

complex with H6-pUL21C (Figure 5.10H). The top three high-confidence models represented 

two plausible configurations where H6-miniCERT binds to either of the short sides of H6-

pUL21C, which would result in a relatively similar molecular shape of the complex due to the 

symmetric shape of pUL21C. All models demonstrated more compact arrangement of the 

domains of miniCERTL when bound to pUL21C than in isolation (Figure 5.10I). However, the 

obtained models must be treated with caution due to the partial dissociation of the complex, 

which results in a heterogenous population of conformations, on top of the low inherent 

resolution of SAXS models, in general. 
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Figure 5.10 SEC-SAXS analysis of the complex of H6-pUL21C with H6-miniCERTL. 

(A) Elution profile of the H6-miniCERTL:H6-pUL21C complex from SEC-SAXS. The pre-mixed 

and concentrated sample was injected onto a S200 Increase 5/150 column equilibrated in 

20 mM Tris pH 8.5, 500 mM NaCl, 3% (v/v) glycerol, 1 mM DTT. Grey dashed line indicates 

the averaged radius of gyration across the frames selected for downstream analyses. Each 

of the selected frames is represented by the estimated Rg value for that frame, depicted as 

a dark blue dot. (B) The averaged SAXS scattering profile measured for H6-pUL21C in 

complex with H6-miniCERTL. The reciprocal-space fit of the p(r) profile to the SAXS data is 
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shown as a yellow line. χ2, fit quality; p, Correlation Map (CorMap) probability of systematic 

deviations between the model fit and the scattering data (244). (C) The real-space distance 

distribution function, p(r), calculated from the scattering data. Rg, radius of gyration; Dmax, 

maximum particle dimension. (D) The Guinier plot. The linear regression model is depicted 

as yellow line. R2, the goodness of fit. (E) Dimensionless Kratky plot of the SAXS data. Grey 

dotted lines indicate the expected maximum of the plot for a compact protein (269). sRg = 

√3, (sRg)2I(s)/I(0) = 3e-1. (F) Fit to the SAXS profile of the ab initio reconstruction of H6-

miniCERTL:H6-pUL21C shape generated by a chain-like ensemble of dummy residues using 

GASBORi. (G) GASBORi dummy-residue model of H6-miniCERTL:H6-pUL21C (light blue 

spheres). White spheres indicate predicted water molecules of the hydration shell. (H) The 

best three pseudo-atomic models of the H6-miniCERTL:H6-pUL21C complex were selected 

based on their fit to the SAXS data (lowest χ2). The pseudo-atomic models of H6-pUL21C 

(violet cartoon) forming a complex with H6-miniCERTL (PH, lime green cartoon; STARTL, 

forest green cartoon) are shown in orthogonal orientations. The termini of pUL21C are 

labelled. Regions absent from the crystal structures that were modelled ab initio by CORAL 

are shown as yellow spheres. Each model is accompanied by the corresponding fit to the 

SAXS data. (I) Comparison of the intermolecular orientation of the miniCERTL domains when 

in isolation (see section 5.3.1) versus forming a complex with pUL21C. The models of 

miniCERTL (limon cartoon) were extracted from each model presented in (H) and 

superimposed onto the model of miniCERTL (forest green, the PH domain is shown in 30% 

transparency) from Figure 5.8 by aligning their STARTL domains.  

5.3.4 SEC-SAXS analysis of pUL21:miniCERTL 

We next aimed to characterise the binding of miniCERTL to full-length pUL21. The SEC-SAXS 

sample was prepared by mixing of pUL21-H6 and H6-miniCERTL at 1:1 molar ratio, incubating 

on ice for 15 minutes and concentrating until reaching 5.3 mg/mL. The samples were snap-

frozen in liquid nitrogen and shipped on dry ice to EMBL Hamburg (Germany) where they 

were snap thawed, spun down and subjected to SEC-SAXS by our collaborator, Dr Cy Jeffries. 

The SAXS measurements were done as the protein was eluting from a S200 Increase 5/150 

column equilibrated in 20 mM Tris pH 8.5, 500 mM NaCl, 3% (v/v) glycerol, 1 mM DTT. The 

scattering profile was generated from the frames with a stable radius of gyration of around 4 

nm (Figure 5.11A). The larger molecular dimensions compared to pUL21C:miniCERTL (Figure 

5.11B) were in agreement with the presence of additional scattering matter in the form of 

the pUL21 N-terminal domain (pUL21N). Earlier co-IP analysis indicated that pUL21N does not 

interact with CERT (see section 3.7) indicating the pUL21 domain to be presumably mobile 

with respect to the pUL21C:miniCERTL complex in solution. It was therefore unexpected to 

observe that the H6-miniCERTL:pUL21-H6 complex is more compact than it was in the absence 

of pUL21N, as evidenced by the bell-shaped p(r) profile (Figure 5.11C) and the Kratky plot 
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having its peak near the Rg of √3 (Figure 5.11E). The linear Guinier plot indicated an aggregate-

free system (Figure 5.11D) and a shape of the complex was determined using GASBORi (Figure 

5.11F and G). 

In the subsequent modelling using CORAL, if no distance constrains were specified, there were 

to many degrees of freedom which prevented determination of a single spatial orientation of 

the flexible miniCERTL and pUL21, as it yielded too many unrelated but well-fitting models. 

Employment of the crosslinked residues (Table 5-1) to the modelling, again, yielded a very 

heterogenous population of well-fitting models. To further narrow the spatial search space 

for CORAL, we assumed the conformation of the pUL21C:miniCERTL in the context of full-

length pUL21 to closely resemble the models obtained in section 5.3.3 and we used each of 

the models 1, 2 or 3 as a fixed input. As a result, CORAL modelled only the position of pUL21N 

and the conformation of the unstructured linker region of pUL21. To facilitate the modelling, 

the purification tags were omitted. We obtained several very similar well-fitting models 

(Figure 5.11H) with the pUL21N projecting away from miniCERTL but at a predictable position 

due to an apparent preference of the disordered linker to localize near the surface of 

miniCERTL, consistent with the crosslinks identified earlier (see section 5.2.2). There was, 

however, an alternative model (Figure 5.11H, model 1_1) with the two pUL21 domains being 

in close contact and the linker acquiring an ordered structure. This model was judged to be 

less likely to faithfully represent the structure of the complex in solution, as concluded based 

on the previous analysis showing that pUL21 alone is structurally heterogenous and its two 

domains do not form a stable complex (see section 3.3.1).  
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Figure 5.11 SEC-SAXS analysis of the complex of H6-miniCERTL with pUL21-H6. 

A) Elution profile of the H6-miniCERTL:pUL21-H6 complex from SEC-SAXS. The pre-mixed and 

concentrated sample was injected onto a S200 Increase 5/150 column equilibriated in 20 

mM Tris pH 8.5, 500 mM NaCl, 3% (v/v) glycerol, 1 mM DTT. Grey dashed line indicates the 

averaged radius of gyration across the frames selected for downstream analyses. Each of 

the selected frames is represented by the estimated Rg value for that frame, depicted as a 

light blue dot. (B) The SAXS scattering profile measured for H6-pUL21 in complex with H6-

miniCERTL. The reciprocal-space fit of the p(r) profile to the SAXS data is shown as a yellow 

line. χ2, fit quality; p, Correlation Map (CorMap) probability of systematic deviations 

between the model fit and the scattering data (244). (C) The real-space distance distribution 

function, p(r) calculated from the scattering data. Rg, radius of gyration; Dmax, maximum 
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particle dimension. (D) The Guinier plot. The linear regression model is depicted as yellow 

line. R2, the goodness of fit. (E) Dimensionless Kratky plot of the SAXS data. Grey dotted 

lines indicate the expected maximum of the plot for a compact protein (269). sRg = √3, 

(sRg)2I(s)/I(0) = 3e-1. (F) Fit to the SAXS profile of the ab initio reconstruction of H6-

miniCERTL:pUL21-H6 shape generated by a chain-like ensemble of dummy residues using 

GASBORi. (G) GASBORi dummy-residue model of H6-miniCERTL:pUL21-H6 (blue spheres). 

White spheres indicate predicted water molecules of the hydration shell. (H) Fit to SAXS 

profile of the pseudo-atomic models of miniCERTL:pUL21 computed by CORAL with the 

fixed configuration of pUL21C:miniCERTL (models 1–3 from Figure 5.10H) as input. Two 

representative CORAL pseudo-atomic models of the complex of pUL21 (purple cartoon) 

with miniCERTL (PH, lime green cartoon; STARTL, forest green cartoon) for each of the three 

different pUL21C:miniCERTL input orientations are shown. The linker region of pUL21 

modelled by CORAL is shown as yellow spheres. The violet sphere depicts the C-terminus 

of pUL21.  

5.4 Identification and validation of pUL21 mutants that do not bind CERT 

5.4.1 Co-IP with CERT non-binding candidates 

Based on the three models described in secion 5.3.3, we hypothesized two potential surfaces 

of pUL21C to be a part of the miniCERTL binding interface: one including the residues 

409/490/497 and the second spanning from residues 368 through 382 (Figure 5.12A). Finally, 

selected candidates inferred from the SAXS analysis were used for a co-IP screening following 

site-directed mutagenesis to identify a single amino acid substation that disrupts the binding 

of pUL21 to CERT (Figure 5.12A). The mutations were introduced into the pUL21-GFP 

expression construct using site-directed mutagenesis and the resulting plasmids were used 

for transfection of HEK293T cells and two series of co-IP. Between the two panels, only the 

mutations corresponding to the models 2 and 3 showed substantially reduced co-

precipitation of CERT, with the V382E candidate having the strongest effect (Figure 5.12B). 

This is consistent with the two pseudo-atomic models of the pUL21C:miniCERTL complex 

being accurate within the resolution afforded by SAXS analysis, as it could predict the 

molecular interface of pUL21 involved in miniCERTL binding. Importantly, pUL21V382E-GFP 

retained binding to PP1 and pUL16 and this mutant was thus selected for further 

characterisation. Interestingly, the point mutant L490E had a clearly abolished binding to 

pUL16 (Figure 5.12B) and this serendipitous finding may provide the means for future detailed 

characterization of the conserved pUL21:pUL16 complex (59,73,293).  
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Figure 5.12 Structurally-informed mutagenesis of pUL21 to disrupt CERT binding. 

(A) The three high confidence models from Figure 5.10 with the residues located in the 

hypothetical binding interfaces and selected for the co-IP screening following site-directed 

mutagenesis (depicted with red or orange asterisks and labelled). (B) HEK293T cells were 

transiently transfected with GFP, WT pUL21-GFP or a series of pUL21-GFP mutants with 

amino acid substitutions predicted based on models 1–3 from (A). The next day, the cells 

were super-infected with ΔpUL21 HSV-1 (MOI = 5) and at 16 hpi the cells were lysed and 

the tagged proteins were immunoprecipitated using a GFP affinity resin. All captured 

proteins were subjected to SDS-PAGE and immunoblotting using the antibodies listed. 

Ponceau S (Pon S) staining of the nitrocellulose membrane before blocking is shown to 

confirm efficient expression and capture of the GFP-tagged proteins. 

5.4.2 Bacterial expression and purification of pUL21V382E-H6 

To ensure the correct folding of the mutated pUL21 and test for its ability to bind CERT in 

vitro, we introduced the V382E substation into the pUL21 bacterial expression construct with 

a C-terminal H6-tag. We were able to purify recombinant pUL21V382E-H6 from bacterial culture 

following the protocol optimized for the WT protein (Figure 5.13A). To ensure that the 

mutation did not interfere with the protein stability or folding, we performed a differential 

scanning fluorimetry analysis. The similar melting curves for both proteins (Figure 5.13B) 

confirmed that the mutation did not dramatically disrupt the protein fold, consistent with the 
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loss of CERT binding arising from disruption of the interaction interface rather than a loss of 

pUL21V382E stability. 

 

Figure 5.13 V382E substitution in pUL21 does not dramatically alter protein stability. 

 (A) SEC chromatogram of pUL21V382E-H6 from a S75 16/600 column equilibrated in 500 

NaCl, 20 mM Tris pH 8.5 and 1 mM DTT following bacterial expression and affinity-capture. 

The protein eluted as a predominant single peak. (B) Representative curves generated by 

differential scanning fluorimetry for pUL21-H6 WT (purple) and pUL21V382E-H6 (red) are 

shown. Melting temperatures (Tm) is mean ± standard deviation (n = 3). Inset shows 

Coomassie-stained SDS-PAGE of the purified protein samples.  

5.4.3 Isothermal Titration Calorimetry 

To biophysically characterise the effect of the V382E mutation upon CERT binding, the affinity 

of pUL21V382E-H6 for H6-miniCERTL was determined using ITC. The purified proteins were 

extensively dialysed against the same buffer (20 mM Tris pH 8.5 containing 500 mM NaCl and 

0.5 mM TCEP) and the experiment was carried out in an automated system where 196–372 

μM μM H6-miniCERTL was titrated into the cell with 19.4–30.8 μM of pUL21V382E-H6 (Figure 

5.14A and B). The results showed an eight-fold reduction in the affinity for H6-miniCERTL when 

compared to WT pUL21-H6 (Figure 5.3C, Appendix 2), confirming that this mutation directly 

reduces CERT binding. 
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Figure 5.14 ITC analysis of binding to miniCERTL by pUL21V382E. 

pUL21V382E-H6 and H6-miniCERTL were dialyzed at 4°C against 20 mM Tris pH 8.5 containing 

500 mM NaCl and 0.5 mM TCEP. Mutant pUL21V382E-H6 (19.4–30.8 μM) was place in the 

sample cell due to their low solubility and H6-miniCERTL (196–372 μM) was loaded in the 

syringe. (A) Representative ITC titration curves show binding of purified pUL21V382E-H6 to 

H6-miniCERTL. DP, differential power. Insets show normalized binding curve shows 

integrated changes in enthalpy (ΔH) as a function of molar ratio. The ranges of the axes are 

identical to those in Figure 5.3B. (B) Comparison of the dissociation constant (KD), enthalpic 

change (ΔH), change in free energy (ΔG) entropic change (TΔS) and stoichiometry (N) based 

on three independent experiments (mean ± SEM). 

5.4.4 In vitro phosphatase assay 

To probe for the ability of the mutant pUL21 to recruit CERT for desphosphorylation, an in 

vitro phosphatase assay was employed. In this instance, we used a constant concentration of 

GST-PP1 at which its non-specific activity caused dephosphorylation of around 40% of the 

available CERT under the assay conditions. Changes of this basal activity were evaluated when 

various concentrations of either WT pUL21-H6 or pUL21V382E-H6 were added. The proteins 

were incubated at 30°C in the presence of 1 mM Mn2+ for 30 minutes when the reaction was 

terminated by adding SDS loading buffer followed by boiling, and the samples were subjected 

to PhosTag™-PAGE analysis. The appearance of fast migrating bands corresponding to CERTO 

was stimulated less by the presence of pUL21V382E-H6 than of equivalent concentrations of WT 

pUL21-H6 (Figure 5.15A and B), consistent with the mutant having a significantly higher EC50 

in this assay. These results further strengthen the notion of mutant protein having impaired 

ability to bind CERT and target it for PP1-dependent dephosphorylation.  
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Figure 5.15 In vitro dephosphorylation assay to assess the ability of pUL21V382E to 
stimulate PP1-dependent CERT dephosphorylation. 

(A) 0.5 μM CERT was incubated with decreasing concentrations of pUL21-H6 or pUL21V382E-

H6 (two-fold serial dilution from 4–0.0625 μM) in the presence of 25 nM GST-PP1 for 30 

min at 30°C. Proteins and CERT phosphovariants were separated using SDS-PAGE gels 

supplemented with PhosTag reagent, and the gels were stained with Coomassie. Images 

are representative of two independent experiments. (B) Quantitation of pUL21-enhanced 

dephosphorylation of CERT, as determined by densitometry. Ratio of CERTO to total CERT 

(CERTO + CERTP) for two independent experiments is shown (mean ± SEM). 

5.5 Discussion  

5.5.1 Recombinant miniCERTL is an excellent tool to identify the pUL21:CERT binding 

interface 

In the previous chapter, we confirmed that pUL21 targets multiple substrates for 

dephosphorylation and we showed that disruption of PP1-binding abolished all these 

dephosphorylation events at once (see chapter 4). Therefore, the identification of 

pUL21:CERT binding interface became fundamental to this project as it could enable a design 

of point mutations specifically disrupting dephosphorylation of CERT only, thus allowing 

precise experiments to dissect the role of CERT dephosphorylation during infection. Both 

CERT and CERTL are predominantly trimeric and consist of an extended middle region that 

houses multiple functional motifs (see section 1.9.2). One of them is the serine-rich motif 

(SRM), poly-phosphorylation of which is likely to have impact on the protein conformation 

and its propensity to oligomerize (see section 3.6.3). Although the crystal structures of the 

two distal CERT domains have been solved, the structure of the full-length protein remains 

very elusive due to its very dynamic and potentially structurally heterogenous character. 

Moreover, the likely flexibility of the CERTL:pUL21 complex makes it a challenging target for 

structural analysis by crystallography or electron cryo-microscopy. In our approach to 

structurally study the pUL21:CERTL complex, we first mapped the interaction to find the 
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minimal binding elements. We showed earlier that binding of CERTs requires only the C-

terminal domain of pUL21 (see section 3.7). In this chapter, we used CERTL truncations 

expressed via in vitro transcription/translation to reveal the presence of at least two pUL21-

interaction surfaces on the two globular domains of CERTL. We therefore generated a 

recombinant CERT variant, named miniCERTL, that had a large part of the middle region 

removed but still had both globular domains to allow its interaction with pUL21. When 

designing this construct, we were guided by the crystal structure of the two domains 

interacting with each other and we included a part of the middle region of sufficient length 

to ensure that the PH and STARTL domains could form the complex observed in the crystal 

structure (294). This H6-tagged construct readily expressed in E. coli and the downstream 

analyses confirmed it to be monodispersed, monomeric and able to form a stable 1:1 complex 

with pUL21.  

5.5.2 Towards determination of the miniCERTL:pUL21 complex structure 

With this excellent tool to hand, we attempted extensive screening to obtain crystals of 

miniCERTL in complex with either full-length pUL21 or the C-terminal domain thereof, but we 

never obtained any promising hits. The presence of surface-exposed lysine residues in both 

proteins encouraged us to attempt the crosslinking mass spectrometry strategy. We were 

able to generate a stable crosslinked complex and the mass spectrometry identification of the 

crosslinked residues provided useful insight into the position of the pUL21 linker region in the 

vicinity of the STARTL domain, implying their potential interaction. Furthermore, the results 

were helpful in in silico determination of the position of exon 11 which was present in 

miniCERTL but missing from the crystal structure of the START domain. The relative 

orientation of the miniCERTL domains was established based on the low-resolution shape 

determination using SAXS. The analysis further confirmed that the remaining part of the 

middle region provided enough flexibility for the two domains to freely interact and that the 

protein was compact, with the domains adopting a relative orientation reminiscent of the 

published PH:START complex crystal structure (255).  

5.5.3 Low-resolution model of pUL21 binding to miniCERTL 

We confirmed that purified miniCERTL and pUL21C form a stable complex that co-elutes from 

SEC, making it a suitable candidate for structural studies using SEC-SAXS, and we used this 

technique to acquire high-quality scattering data of the complex in solution. These SEC-SAXS 
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data were used to generate pseudo-atomic models of the complex. The inherent low-

resolution of SAXS models, remaining flexibility of the remaining MR and some level of 

dissociation all precluded an accurate determination of the protein structure. But despite 

these limitations, one of the high-confidence models (model 3) fulfilled all the prerequisite 

criteria of the N-terminus of pUL21C being localised close to the CERTL binding site, and both 

PH and STARTL domains being physically involved in the interaction (see section 5.1.1).  

The SEC-SAXS analysis of the full-length pUL21 in complex with miniCERTL suggested that 

pUL21 becomes less flexible upon binding, as the heterodimer was largely compact. We were 

unable to determine the best orientation of the four domains using CORAL, even when 

including distant constrains inferred from the crosslinking analysis, due to too many degrees 

of freedom granted by the flexible elements in both miniCERTL and pUL21. However, 

incorporation of the three models of pUL21C:miniCERTL as fixed input yielded consistent 

models indicating a presence of another CERT binding site in the pUL21 linker, which was 

further supported by the identified crosslinks and the affinity of miniCERTL for pUL21C being 

around 4-fold lower than for the full-length counterpart. 

We showed earlier that pUL21N and parts of the linker are required for binding to PP1 (see 

section 3.7). The data presented in this chapter strongly suggest that both the pUL21C domain 

and part of the linker contribute to CERT binding. Taken together, we propose a model where 

pUL21 can be functionally divided into a PP1-binding adaptor element comprising the N-

terminal domain and linker, and a substrate-recruiting element comprising the C-terminal 

domain plus linker. The intrinsically disordered linker thus plays a dual role, separating the 

two elements allowing accommodation of a larger group of substrates on the one hand, but 

also binding PP1 via the TROPPO motif and the substrates via other regions, thus bringing 

them into a close apposition. 

5.5.4 Identification of pUL21 mutant with reduced affinity for CERT 

The pUL21C:miniCERTL structural models were instrumental when designing two sets of single 

amino acid substitutions predicted to disrupt the interaction that were then introduced to 

the pUL21-GFP construct and used for a co-IP screening. Through the observed defects in 

CERT binding, we confirmed the models 2 and 3 to faithfully represent the complex of pUL21C 

and miniCERTL. Unexpectedly, one of the mutations designed based on model 1, namely 

L490E, showed a completely abolished binding to pUL16 thus offering the means to generate 
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accurate tools to specifically investigate the role of the interaction between pUL21 and 

pUL16. This was, however, beyond the scope of this PhD work and we decided to not pursue 

it any further.  

Although most of the mutants presented a defect in binding to CERT, the V382E substitution 

had the strongest effect while retaining the capacity to bind PP1 and pUL16. The reduced 

binding of pUL21V382E for miniCERTL was confirmed using ITC, demonstrating that this mutant 

has eight-to-ten-fold decreased affinity for miniCERTL compared to WT pUL21. This was a 

quite modest reduction in affinity when compared to the complete apparent loss of ability to 

co-immunoprecipitate CERT from cells, but it likely resulted from the residual affinity 

conferred by the pUL21 linker. Nevertheless, we hypothesized this decrease in affinity to be 

functionally relevant and to cause a strong defect in pUL21-mediated dephosphorylated of 

CERT, especially in the crowded cellular environment where other proteins compete for 

binding to pUL21 and CERT. Finally, using the in vitro phosphatase assay, we demonstrated 

the defective binding to be functionally relevant and have a direct deleterious effect on the 

ability of pUL21 to recruit CERT for PP1-dependent dephosphorylation. In short, the V382E 

mutation proved to be a promising tool to further explore the role of pUL21-mediated 

dephosphorylation of CERT, hence this mutant variant has been termed pUL21ΔCERT. 

5.6 Summary 

This chapter presents structural characterisation of the binding interface between pUL21 and 

CERT. Through generation of recombinant tools, we successfully identified a point mutation 

in the C-terminal domain of pUL21 that reduces its affinity for CERT. Although the binding was 

not fully abolished, the impaired interaction of the viral phosphatase adaptor with CERT 

caused a significant reduction in the dephosphorylation rate in vitro and complete apparent 

loss of ability to co-precipitate CERT from cells. These results proved to be transformative in 

the subsequent stages of the project as they allowed us to specifically probe for the function 

of CERT dephosphorylation during infection. 
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6 Results IV. Spatiotemporal modulation of sphingolipid signalling and nuclear 

membrane sphingolipid composition by HSV-1 pUL21.  

6.1 pUL21-mediated upregulation of sphingomyelin synthesis in HaCaT21 cells 

Phosphoregulation of CERT is well-studied and the activation of CERT upon its 

dephosphorylation has been convincingly documented (see section 1.9.3). Such upregulation 

results in expediated transfer of ceramide (Cer) to the TGN where it becomes available for 

sphingomyelin (SM) synthesis (96). To test the impact of pUL21 on sphingolipid homeostasis, 

we employed click-chemistry strategy for lipid labelling and high-performance thin-layer 

chromatography (HPTLC) for lipid identification and quantification. Click chemistry tools allow 

the use of minimally modified reagents that can be supplied in the growth medium and rapidly 

incorporated by cells into their intracellular metabolic pathways. The presence of the clickable 

alkyne group is then utilized in the click reaction that covalently links the substrate with an 

azide-containing compatible fluorophore in an extremely rapid and high-yielding 

bioconjugation reaction, with copper ions as catalyst (295). In our experimental set up, HaCaT 

and HaCaT21 cells were incubated with alkyne-sphingosine (click-Sph), which was efficiently 

taken up from the medium and directed into multiple intracellular pathways, leading to 

incorporation of the clickable group into an array of lipids (Figure 6.1, Appendix 7) (296).  

 

Figure 6.1 Schematic representation of the simplified biosynthesis pathways that 
originate from exogenous sphingosine. 

Exogenous sphingosine can be incorporated into ceramide, which is a precursor for either 

hexosylceramides or sphingomyelin. An alternative salvage pathway directs sphingosine to 

palmitoyl-CoA which serves as substrate for re-acetylation of lysophosphatidylcholine 

leading to synthesis of phosphatidylcholine (297) (Appendix 7). The selective CERT inhibitor 

HPA-12 blocks conversion of ceramide into sphingomyelin (197). 

In our first attempt to monitor the effect of increased CERT dephosphorylation upon lipid 

homeostasis, we compared the incorporation of click-Sph, constantly present at 5 μM 

concentration in the click medium (DMEM supplemented with 1% Nutridoma), between 
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HaCaT and HaCaT21 cells in a time-course experiment aiming to detect any changes in the 

steady-state concentrations of click-SM (Figure 6.2A). At the indicated timepoints the cells 

were washed with PBS and subjected to lipid extraction followed by click reaction where a 

fluorophore (3-azido-7-hydroxycoumarin) was bioconjugated to the click-Sph-derived lipids. 

Next, the lipids were resolved using HPTLC, the fluorescent signal was measured, and specific 

lipid species were identified using clickable standards and previous literature (296) (Figure 

6.2A).  

 

Figure 6.2 Time-course analysis of the click-Sph incorporation into different class of 
lipids in the presence of pUL21. 

(A) HaCaT and HaCaT21 cells were incubated in the sphingolipid-free medium (DMEM plus 

1% Nutridoma) supplemented with 5 μM click-Sph for the indicated times before being 

extensively washed with PBS and immediately used for lipid extraction. Fluorogenic 3-

azido-7-hydroxycoumarin was bioconjugated to the extracted lipids via click reaction, the 

clicked lipid mixtures were separated by HPTLC and the signal was detected with UV light. 

Clickable standards or previous literature (296) were used to identify the lipids. (B) Rate of 

SM synthesis expressed as the fraction of click-SM in the cumulative signal for click-SM and 

click-Cer. The data show two independent experiments (mean ± SEM). (C) Quantitation of 

the fluorescence intensities from (A) as determined by densitometry and represented as 

percentage fraction of total signal at each timepoint. 
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The obtained lipid profiles (Figure 6.2C) were very similar, but a slower turnover of click-Sph 

in HaCaT21 cells and a slower build-up of click-PC were observed. Notable, however, the ratio 

of Cer to SM – the conversion step that is facilitated by CERT – was unchanged between HaCaT 

and HaCaT21 cells at all time points (Figure 6.2B). These results suggested that constitutive 

expression of pUL21 in HaCaT21 cells, and thus consistent hyperactivation of CERT, may not 

alter the steady-state sphingolipid composition because the cells would have adapted via 

feedback mechanisms to counteract the increased influx of Cer via compensatory 

adaptations. It is unclear whether the delayed metabolism of Sph and generation of PC are 

related to these putative adaptations. 

To directly probe for CERT activity and minimise the confounding effects of feedback 

mechanisms, we designed a pulse-chase experiment (Figure 6.3A) where the cells were 

incubated in click medium supplemented with 5 μM click-Sph for just 5 min at 37°C (the 

pulse). After extensive washes with pre-warmed PBS, the medium was replaced with click 

medium and the cells were transferred to 37°C where they were incubated for the indicated 

times. Next, the cells were transferred onto ice, washed with PBS and used immediately for 

lipid extraction. To show that our assay was sensitive to any changes in CERT activity, we 

added another condition where HaCaT cells were pre-incubated for 30 minutes before the 

pulse in standard growth medium supplemented with 1 µM HPA-12, a specific CERT inhibitor. 

The inhibitor was also present during both pulse and chase, and untreated cells were 

supplemented with carrier (0.1% DMSO) at equivalent times. HPA-12 is a Cer analogue that 

competes for the lipid binding pocket in the START domain of CERT, therefore preventing Cer 

binding and non-vesicular transfer (197). The extracted and clicked lipids were then identified 

and quantified following HPTLC analysis (Figure 6.3B and C). As expected, in the presence of 

HPA-12 the rate of click-SM synthesis was drastically lower and there was a striking 

accumulation of click-Cer in the cells and a corresponding dearth of click-SM accumulation 

(Figure 6.3D, G and H). In contrast, the accumulation of click-SM at the early timepoints (15–

45 minutes) was significantly faster in HaCaT21 cells than in the parental HaCaT cells (Figure 

6.3D). By later timepoints (60–120 minutes) the amount of SM in the parental cells had 

reached levels similar to those observed in HaCaT21 cells, consistent with the presence of 

cellular feedback mechanisms able to maintain a stable intracellular lipid environment. 

Similar to earlier observations, we noticed a delayed depletion of the adsorbed click-Sph 

(Figure 6.3C) and a slower accumulation of click-PC when pUL21 was present (Figure 6.3I).  
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Figure 6.3 Pulse-chase experiment to monitor the influx of click-Sph to into lipid 
biosynthesis pathways. 
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(A) Schematic representation of the experimental set up. HaCaT parental cells were treated 

with the selective CERT inhibitor HPA-12 (1 μM), and HaCaT parental cells or HaCaT21 were 

treated with DMSO as a control, for 30 minutes before being subjected to pulse-chase 

experiment. After a five-minute pulse with 5 μM click-Sph, the cells were used for lipid 

extraction either immediately (0’) or at the indicated time of the chase. (B) Fluorogenic 3-azido-

7-hydroxycoumarin was bioconjugated to the extracted lipids via click reaction, the clicked 

lipids were separated by HPTLC and the signal was detected with UV light. Clickable standards 

or previous literature were used to identify the lipids (296). The re-solubilized proteins 

precipitated during lipid extraction were analysed by SDS-PAGE and immunoblotting using the 

antibodies listed. Where indicated, the gel was supplemented with PhosTag™ reagent 

retarding the migration of phosphorylated proteins to enhance the separation of CERT that is 

hypo- (CERTO) or hyper-phosphorylated (CERTP). (C) Quantitation of the fluorescence 

intensities from (B) as determined by densitometry and represented as percentage fraction of 

total signal for each timepoint. (D) Rate of click-SM synthesis expressed as the fraction of click-

SM in the cumulative signal for click-SM and click-Cer. The data show two independent 

experiments (mean ± SEM). (E) The ratio of click-Sph being incorporated into either click-Cer 

or click-SM, representing the temporal influx of click-Sph into the SM biosynthesis pathway. 

(F) Cumulative signal of all identifiable lipids across the time points relative to the sample 

collected immediately after the pulse. (G) Rate of SM, (H) Cer, (I) PC synthesis expressed as the 

fraction of its signal in the cumulative signal for all identified click-lipids. The data show two 

independent experiments (mean ± SEM).  

A seemingly slower influx of click-Sph into the SM biogenesis pathway was observed in 

HaCaT21 cells (Figure 6.3E), as was a consistently lower abundance of click-Cer (Figure 6.3H). 

Both effects could potentially result from the reduced consumption of click-Sph and/or 

increased click-SM degradation, thus representing the cell responses to hyperactivated CERT. 

The total fluorescence signal for click-Sph-derived lipids was consistent throughout the course 

of experiment for HaCaT and HaCaT21 cells, confirming the reliability of the lipid extraction 

and processing methodology (Figure 6.3F). Concomitantly, the total signal for click-Sph-

derived lipids in cells treated with HPA-12 decreased over time, suggesting that accumulated 

click-Cer was actively removed from the intracellular environment or that it was degraded to 

species that were undetectable in our system. Taken together, pUL21-promoted 

dephosphorylation of CERT accelerates the conversion of Cer to SM, but the cell has powerful 

feedback mechanisms to maintain a consistent overall abundance of sphingolipid species. 

This suggests that the biological function of pUL21-mediated CERT activation is likely to be 

temporally or spatially constrained. 
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6.2 Potential pUL21-mediated recruitment of CERT to novel membrane sites 

The presence of a basic patch on the surface of pUL21 (94) suggested that it may bind directly 

to phosphatidylinositol phosphates, which are important intracellular makers of membrane 

identity (298). This could allow pUL21 to, for example, redirect CERT from 

phosphatidylinositol 4-phosphate (PtdIns(4)P) containing membranes, such as the TGN, to 

other intracellular membranes. As such, pUL21 could potentially not only activate CERT, but 

could also dictate a new destination of Cer extracted from the ER. Protein–lipid overlay assays 

(‘PIP strips’) with a selection of negatively charged phospholipids were used to identify 

whether pUL21 binds directly to phosphoinositide lipids (Figure 6.4). The strips were first 

incubated for 1 hr at RT with blocking buffer (3% FCS in TBS-T), which was then replaced with 

the selected purified proteins diluted in the same buffer to 5 μg/mL. Both pUL21-GST and 

pUL21-H6 were tested and StrepII-CERTO, which is known to bind PtdIns(4)P via its PH domain, 

was used as positive control. After 1 hr incubation at RT and three TBS-T washes, the strips 

were incubated with the appropriate primary antibodies recognizing the epitopes on the 

purified proteins for 1 hr at RT. This was followed by three TBS-T washed, incubation with 

fluorescent secondary antibodies, final washing and imaging using Odyssey CLx Imaging 

System (LI-COR). The results show that StrepII-CERTO binds PtdIns(4)P, as expected, but no 

binding of either pUL21 variant to the available phospholipids was detected. This experiment 

showed that purified pUL21 does not bind directly to phospholipids. It is therefore unlikely 

that pUL21 re-directs activated CERT to other cellular membranes via differential 

phosphoinositide binding.  

 

Figure 6.4 Binding of CERTO and pUL21 to phospholipids. 

(A) Schematic representation of the lipid-spotted strips (‘PIP strip’, 100 pmol of lipid per 

spot) used for protein–lipid overlay experiment. (B) The PIP strips were incubated with 3 
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mL of 3% FCS in TBS-T for 1 hr for blocking. Each denoted purified protein was then 

incubated at a concentration of 5 μg/mL in the blocking buffer with a single ‘PIP strip’ 

followed by a standard immunoblotting protocol with antibodies specific to the tag (StrepII-

CERTO and pUL21-GST) or to the protein (only pUL21-H6). 

6.3 Generation and characterization of HSV-1 pUL21ΔCERT 

6.3.1 Two-step Red recombination 

Preliminary characterisation of pUL21-mediated changes to the kinetics of sphingolipid 

metabolism were promising, suggesting that pUL21 does indeed accelerate Cer to SM 

conversion by activating CERT. However, impact of this upon HSV-1 infection remained 

unclear. We therefore pursued the generation of a mutant HSV-1 encoding the CERT non-

binding variant of pUL21 identified in the previous chapter using two-step recombination. A 

helper plasmid was first mutagenized using site-directed mutagenesis with the appropriate 

primers specified in the materials and methods section, then it was used for a recombination 

in E. coli harbouring the HSV-1 BAC. In the second recombination step, the Kanamycin 

resistance cassette was removed, leaving a mutated sequence of pUL21 carrying the V382E 

substitution. High-titre stock was obtained from HaCaT21 cells following virus reconstitution 

in Vero cells by transfection. The presence of the desired point mutation in the working stock 

cells was confirmed by Sanger sequencing of the appropriate PCR fragment (Figure 6.5).  

 

Figure 6.5 Sanger sequencing of pUL21 region of the newly generated pUL21ΔCERT HSV-1 
H2. 

The relevant region encoding pUL21 was amplified by PCR from the H2 stock of virus and 

sequenced. The analysis shows the presence of the desired mutation when aligned with 

the WT sequence. 

6.3.2 CERT dephosphorylation in cell infected with HSV-1 pUL21ΔCERT 

Before characterizing the mutant virus, we sought to determine its ability to dephosphorylate 

CERT in infected cells. HaCaT cells infected with the indicated panel of viruses were lysed in 

the presence of phosphatase inhibitors at 16 hpi and the resulting protein samples were 
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subjected to PhosTag™-PAGE analysis followed by immunoblotting. ΔpUL21 HSV-1 H2 was 

included in the panel of viruses as control to ensure that HSV-1 pUL21ΔCERT does not affect the 

phosphorylation of other pUL21 targets, as inspected by immunoblotting with the anti-Akt 

substrate phospho-antibody (see section 4.3.1). The analysis confirmed the new mutant virus 

to have lost the ability to dephosphorylate CERT but retained the ability to promote 

dephosphorylation of other proteins (Figure 6.6A and B). We also encountered an unexpected 

problem as our mouse anti-pUL21 monoclonal antibody did not recognize pUL21ΔCERT, 

suggesting that the epitope targeted by this antibody overlaps with the CERT binding site. For 

immunoblotting, we henceforth used an alternative rabbit polyclonal anti-pUL21 antibody 

that was available in our library and could detect WT pUL21 as well as the V382E variant. 

 

 

Figure 6.6 Quantitation of pUL21-mediated dephosphorylation in cells infected with 
pUL21ΔCERT HSV-1. 

(A) To probe CERT phosphorylation, HaCaT or Vero cells were infected at MOI = 5 with WT 

or mutant HSV-1. Lysates were harvested at 16 hpi in the presence of phosphatase 

inhibitors and subjected to SDS-PAGE plus immunoblotting using the antibodies showed. 
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Antibodies recognising phosphorylated Akt substrates illustrate the activity of viral kinase 

pUS3, which is antagonised for some substrates by pUL21-mediated dephosphorylation 

(arrowheads). (B) Quantitation of the CERT dephosphorylation level (ratio of CERTO to total 

CERT) in HaCaT and Vero cells infected with HSV-1 WT or the mutant strains, as determined 

by densitometry and presented as means ± SEM (n = 3). One-way ANOVA with Dunnett’s 

multiple comparisons test was used for the statistical analysis (ns, non-significant; *, P > 

0.05; **, P < 0.01; ***, P < 0.001). 

6.3.3 Growth curves and plaque assay 

To investigate the impact of the reduced CERT binding on the ability of the mutant virus to 

replicate and spread, single-step growth curves and plaque assay were performed using Vero 

and HaCaT cells (Figure 6.7A and B). No drastic changes were observed. We note a consistent 

two-to-three-fold increase in the viral titres at the early timepoints, but this difference is gone 

by 24 hpi. This may indicate a slight acceleration of virion maturation in the absence of CERT 

dephosphorylation, but the overall replicative capacity of the mutant virus compared to WT 

HSV-1 remains indistinguishable within the error of measurement.   

 

Figure 6.7 Analysis of the replication and cell-to-cell spread parameters of cells infected 
with pUL21ΔCERT HSV-1. 

 (A) Single-step (high MOI) growth curves of WT and pUL21ΔCERT HSV-1. Monolayers of 

HaCaT (H, continuous line) or Vero (V, dotted line) cells were infected (MOI = 5) with the 

indicated viruses. Samples were harvested at the specified times and titres were 

determined using Vero cells. Data are shown as mean values of duplicates of one 

representative experiment. (B) Monolayers of HaCaT (H) or Vero (V) cells were infected 

with 100 PFUs of WT HSV-1 or pUL21ΔCERT HSV-1. Following the infection, cells were overlaid 

with medium containing 0.6% caboxymethyl cellulose and incubated for two days, then 

fixed and immunostained with chromogenic detection. Relative plaque areas (arbitrary 

units, AU) were measured using Fiji. Bars represent mean plaque sizes which were 

compared using unpaired t-test (n=100; ns, non-significant).  
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6.3.4 Subcellular localization  

We employed immunofluorescence analysis to address the question whether diminished 

binding of pUL21 to CERT has implications for its subcellular localization, in particular for its 

characteristic nuclear rim staining. Vero cells were seeded at low density on cover slips and 

infected the next day at MOI = 1 with either WT or pUL21ΔCERT HSV-1 for 14 hrs prior to fixation 

with ice-cold methanol and primary antibody staining. In this instance, the rabbit polyclonal 

antibody was not a suitable tool because rabbit antibodies are recognised by the HSV-1 Fc-

binding protein gE, complicating interpretation of the resultant images (299). We once again 

looked for an alternative antibody in the available library which has been generated and 

maintained by Dr Colin Crump. Yunhui Zhuang characterised several different anti-pUL21 

mouse monoclonal antibodies and identified one (L1E4 C10) that did not recognise pUL21 in 

immunoblots but worked well in immunocytochemistry, suggesting that it recognizes a 3D 

epitope in pUL21. The anti-pUL21 (L1E4 C10) was thus used as the primary antibody and, 

following the secondary antibody incubation, inspection of the stained coverslips confirmed 

that this antibody specifically recognizes both WT and V382E pUL21 in infected cells (Figure 

6.8). The subcellular distribution of the mutant is identical to WT pUL21, maintaining the 

distinctive perinuclear staining. 
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Figure 6.8 Immunofluorescence analysis of the subcellular localization of pUL21ΔCERT in 
infected cells. 

Vero cells were infected at MOI = 1, fixed with super-cooled (-20°C) methanol at 14 hpi and 

stained with antibodies recognising pUL21 (green). The merge includes DAPI (blue). 

6.4 Assessment of the sphingomyelin synthesis rate during HSV-1 infection 

6.4.1 Pulse-chase strategy using click-Sph 

Generation of pUL21ΔCERT HSV-1 enabled us to specifically study the impact of CERT 

dephosphorylation on sphingolipid metabolism of infected cells. We employed a pulse-chase 

strategy using HaCaT cells infected (MOI = 5) with either WT HSV-1 or pUL21ΔCERT HSV-1, or 

mock infected, at 14 hrs prior to the pulse (Figure 6.9A). After 5 minutes of pulse in the 

presence of 5 μM click-Sph, the cells were extensively washed and incubated in the click 

medium for the indicated times before transfer onto ice and lipid extraction. Following the 

HPTLC analysis (Figure 6.9B), we unexpectedly observed a striking downregulation of the SM 

synthesis rate in infected cells, irrespective of the virus strain used (Figure 6.9D and G).  
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Figure 6.9 Pulse chase experiment using cells labelled with click-Sph to monitor lipid 
synthesis rates during infection. 
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(A) Schematic representation of the assay design. HaCaT parental cells were either mock 

infected or infected with the indicates viruses for 14 hrs prior to pulse. After a 5 min pulse 

with 5 μM click-Sph, the cells were used for lipid extraction either immediately (0’) or at the 

indicated time of the chase. (B) Fluorogenic 3-azido-7-hydroxycoumarin was bioconjugated 

to the extracted lipids via click reaction, the clicked lipids were separated using HPTLC and 

excited with UV light. The bottom panel shows the re-solubilized protein samples 

precipitated during lipid extraction analysed by SDS-PAGE and immunoblotting using the 

antibodies listed. (C) Quantitation of the fluorescence intensities from (B) as determined by 

densitometry and represented as percentage fraction of total signal in for each timepoint. 

(D) Rate of SM synthesis expressed as the fraction of click-SM in the cumulative signal for 

click-SM and click-Cer. The data show two independent experiments (mean ± SEM). (E) The 

ratio of click-Sph being incorporated into either click-Cer or click-SM, representing the 

temporal influx of click-Sph into the SM biosynthesis pathway. (F) Cumulative signal of all 

identifiable lipids across the time points relative to the sample collected immediately after 

pulse (0’). (G, H, I) Rate of (G) SM, (H) Cer, (I) PC synthesis expressed as their fraction in the 

cumulative signal for click-lipids. The data show two independent experiments (mean ± 

SEM).  

Furthermore, the magnitude of this change was larger in the mutant-infected cells, indicating 

that pUL21-mediated CERT dephosphorylation partially compensates for the strong 

impairment of SM biosynthesis (Figure 6.9D and G). The influx of click-Sph into the pathway 

was similar in uninfected cells and the infected cells (Figure 6.9E), indicating that the rate of 

click-SM formation is not limited by low availability of click-Cer. Indeed, click-Cer noticeably 

accumulates in infected cells (Figure 6.9H). No differences were observed in the rates of PC 

synthesis, indicating that HSV-1 infection specifically modulates SM synthesis (Figure 6.9I). 

The total fluorescence signal for click-Sph-derived lipids was consistent throughout the course 

of experiment in all tested conditions, confirming the reliability of the lipid extraction and 

processing methodology (Figure 6.9F). 

6.4.2 Virus release assay 

The activity of CERT has a strong impact on the regulation of PKD (see section 1.9.3) which in 

turn has been linked with the trafficking of small and large cargo from the TGN to the plasma 

membrane (300). Moreover, previous reports identified increased viral titres in the culture 

medium of HSV-1 infected cells where CERT expression had been knocked-down (88). We 

therefore aimed to probe the potential effect of pUL21-mediated CERT dephosphorylation on 

virus secretion by directly measuring the viral titres from the culture media of cells infected 

with WT HSV-1, ΔpUL21 HSV-1 and pUL21ΔCERT HSV-1. We selected the 12 hpi as the most 
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suitable timepoint to assess the ratio of cell-associated to secreted infectivity, because at 12 

hpi the cells would display minimal cytopathic effects and thus minimal prevalence of cell-

associated infectivity (as opposed to secreted infectivity) in the culture medium. HaCaT cells 

were infected at MOI = 10 for 1 hr, and the cells were overlaid with the standard growth 

medium. After another 11 hrs, the medium was carefully aspirated, spun down at 1,000 g and 

the top half of the medium was transferred to a fresh tube and used for titration on Vero 

cells. At the same time, the cell monolayers were overlaid with fresh medium, freeze-thawed 

three times and scraped before being transferred to fresh tubes for titration on Vero cells. 

Strikingly, when comparing the infectivity present in the medium, an almost 10-fold increase 

in the viral titre was observed in favour of pUL21ΔCERT HSV-1. This accounted to the total of 

5% total virus production (Figure 6.10A). A similar value was obtained for the pUL21-null virus 

despite the nearly 100-fold defect in virus replication (see section 4.2.3). This suggests that 

pUL21-mediated CERT dephosphorylation counteracts virion secretion. The trend was not 

observed in Vero cells infected with the same panel of viruses (Figure 6.10B), but it is worth 

noting that the overall magnitude of virus secretion from Vero cells is drastically lower 

(around 0.01% of total infectivity for both WT and pUL21ΔCERT HSV-1), suggesting cell-type 

specific mechanisms and regulation of HSV-1 trafficking.  

 

Figure 6.10 Virus release assay. 

HaCaT cells were infected with WT or mutant strains of HSV-1 at MOI = 5. Samples were 

harvested at 12 hpi and the viral titres were separately determined for the cells and the 

culture medium. The data are shown as mean values ± SEM of one representative 

experiment that was performed in triplicate. Fraction of secreted PFUs in (A) HaCaT or (B) 

Vero cells, calculated independently for each replicate as paired values (secreted PFU 

versus total). UD, undetectable.  
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6.4.3 Temporal changes in lipid composition of the nuclear membrane upon HSV-1 

infection 

Since the changes in the rate of total SM synthesis caused by pUL21 were moderate, we 

investigated whether the effect was more localized and limited to some subcellular 

compartments. Because of the association of pUL21 with the nuclear rim (see 6.3.4), the 

incorporation of the click-Sph into the nuclear membrane was of particular interest. We 

performed an additional pulse-chase experiment where the samples were infected with WT, 

ΔpUL21 or pUL21ΔCERT HSV-1, or mock infected, 14 hrs before being pulsed with 5 µM click-

Sph and harvested after 120 min chase (Figure 6.11A). For subcellular fractionation, the cells 

were first lysed using mechanical friction by passing cells suspended in hypotonic buffer (20 

mM Tris pH 7.5, 10 mM NaCl, 1 mM EDTA) through a 27G needle. The lysates were then gently 

pelleted, leaving the cytoplasmic fraction in the supernatant (‘cytoplasm’). The pelleted 

fraction, in turn, consisted of intact nuclei and the associated endoplasmic reticulum (ER) as 

well as membranes from the Golgi network that were likely to contain a large amount of the 

clickable lipids. Hence, to further purify the nuclei, the pellets were gently washed with 0.3% 

NP-40 to dissolve the extranuclear membranes and remove them in the subsequent washing 

step. The purity of the isolated nuclei was confirmed in the immunoblot analysis using the ER 

membrane-embedded protein, calnexin, as a marker (Figure 6.11B). This simple and robust 

protocol allowed us to sample only the lipids embedded in the nuclear envelope and those 

incorporated into the intranuclear environment (301). As expected, we saw a large drop in 

the overall SM abundance and an accumulation of click-Cer in the infected cells (Figure 6.11C). 

The fractions corresponding to the cytoplasmic and nuclear fractions manifested as different 

lipid profiles, with the nuclei being richer in click-SM but almost completely deprived of click-

PC and click-Sph. Furthermore, we identified a consistent reduction in click-SM incorporation 

into the nucleus of cells infected with both ΔpUL21 and pUL21ΔCERT HSV-1 strains, an effect 

that appears to be specific to that subcellular compartment as such correlation was absent in 

the cytoplasmic fractions (Figure 6.11C). 
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Figure 6.11 Pulse-chase analysis of the pUL21-modulated incorporation of click-Sph to 
different subcellular compartments during HSV-1 infection. 

 (A) Schematic representation of the assay protocol. HaCaT cells were infected with the 

indicated HSV-1 strains at MOI = 5 for 14 hrs before being subjected to pulse-chase 

experiments with 5 μM click-Sph. After 5 minutes of pulse and extensive washing, the cells 

were incubated in sphingolipid-free media for 2 hrs, followed by subcellular fractionation 

described in the methods. The cytoplasmic and nuclear fractions were subjected to lipid 

extraction. (B) The precipitated protein samples were re-solubilized and subjected to SDS-

PAGE analysis followed by immunoblotting using the antibodies listed (lamin A/C, marker 

of the nuclear lamina; GAPDH, exclusively cytosolic protein; calnexin, ER intramembranous 

protein; VP5, marker of infection). (C) The extracted lipids were used for click reaction with 
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fluorogenic 3-azido-7-hydroxycoumarin and the clicked lipid mixtures were separated by 

HPTLC and excited with UV light (top). For each sample, the fluorescent signal 

corresponding to the appropriate lipid was quantified using densitometry and presented as 

percentage fraction of total lipids (bottom). Results of two independent experiments are 

shown side-by-side.   

6.5 Discussion  

6.5.1 Click-chemistry-based assays allow accurate determination of dynamic changes in 

the metabolism of sphingo- and phospholipids 

In the past, studies of cellular sphingolipid metabolism in cultured cells have been impeded 

by the elusive nature of its local changes due to the robust network of feedback loops (302) 

and the lack of tools for simple yet accurate detection of these fluctuations (303). We 

successfully employed the recent advances of lipid-tracing using click-Sph with an alkyne 

group chemically added to the ω-carbon of its acyl chain. When optimizing the protocol, we 

found that avoiding temperature variations, working with sub-confluent cells and the use 

sphingolipid-free medium from the moment of pulse were essential for reproducibility of the 

results. We further showed that the exogenous click-Sph was efficiently taken up from the 

medium during a short 5-minute pulse and was rapidly incorporated into click-Cer, which in 

turn served as a precursor of click-SM that steadily accumulated over the course of the chase. 

The pulse-chase approach proved to be very robust when studying the temporal changes in 

SM synthesis rate and allowed the assessment of CERT activity in cultured cells. The sensitivity 

of our platform to changes in CERT activity was confirmed by the use CERT inhibitor HPA-12, 

which caused a drastic decrease of SM synthesis accompanied by Cer accumulation in the 

treated cells. Although, we still observed a steady but very slow build-up of SM in the HPA-12 

treated cells, which could be ascribed to the remaining less efficient vesicular transfer of Cer 

(304). 

The alternative ‘salvage pathway’ directs click-Sph to click-PC via degradation pathway that 

generates a clickable palmitoyl-CoA that can be used for re-acylation of lysoPC (297), offering 

some insight into the gross changes in the synthesis rate of PC. However, a use of more 

suitable tools, notably propargyl-choline, should be considered as more appropriate and 

reliable. This analogue of choline would be also an excellent reagent for looking at the steady-

state changes in cultured cells as choline cannot be synthesized de novo and must be supplied 

in the culture medium. Thus, replacing the generic choline with its clickable analogue should 
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enable detection of all cellular choline-containing lipids after several passages of the cultured 

cells using the techniques presented in this thesis. Moreover, such labelled cells could be used 

for propagation of different HSV-1 variants and subsequent virion purification for ultrapure 

stocks, which in turn could be used for a comparative study of the lipid composition of the 

envelope of WT and mutant virions. 

6.5.2 pUL21 actively remodels sphingolipid metabolism via direct interaction with CERT  

We showed that HaCaT21 cells constitutively expressing HSV-1 pUL21 presented different 

sphingolipid and phospholipid metabolic profiles compared to their parental cell line (Figure 

6.3). These apparent changes result from the pUL21-dependent upregulation of CERT activity, 

which have been shown to have implications in the signalling pathways that are tightly 

controlled by the local and temporal concentrations of cellular lipids (305). We note 

constitutive expression of pUL21 does not mimic virus lytic infection, where pUL21 is 

expressed in the context of multiple other viral proteins, and viral shutdown of host protein 

expression (306), for only in a limited window of time before cell death. Constitutive pUL21 

expression in a cell line might thus cause upregulation of cellular feedback mechanisms that 

are not active during HSV-1 infection. Indeed, the restoration of SM turnover by the late 

timepoints of chase and the observed changes in PC synthesis present in HaCaT21 cells 

(Figures 6.2 and 6.3) were absent in the context of infection (Figure 6.9), implying their 

secondary character, probably due to compensatory mechanisms and/or adaptations.  

Knowing the profound effect that the lack of PP1 binding by pUL21 has on the fitness of HSV-

1, we aimed to elucidate the exact role that dephosphorylation of CERT plays in it. Although 

the newly generated pUL21ΔCERT HSV-1 strain did not show any growth or spread defects, we 

reasoned that this could be cell line-specific or characteristic to cultured cells in general. We 

analysed the kinetics of sphingolipid synthesis in HSV-1 infected HaCaT cells and observed a 

strikingly decreased rate of Cer to SM conversion, irrespective of the HSV-1 strain. This effect 

can presumably be ascribed to the dispersal of the TGN that is characteristic of HSV-1 

infection (307,308). Although this finding cannot be linked to the pUL21-activity, such drastic 

changes are likely to significantly alter the local abundance of SM and Cer in cellular 

membranes, which may strongly affect their physical properties (309,310). Importantly, we 

observed a further decrease in the rate of SM turnover when the virus carried pUL21ΔCERT, 

demonstrating a genuine effect of pUL21-mediated CERT hyperactivation. This upregulation 
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was continuous across the experimental timepoints, indicating that the infected cells were 

unable to efficiently counterbalance the activity of pUL21, unlike HaCaT21 cells passaged in 

the presence of pUL21 for several generations.  

6.5.3 HSV-1 may require the pUL21-mediated regulation of sphingomyelin turnover for 

correct trafficking of the mature virions from the TGN to the plasma membrane  

The moderate delay in SM synthesis present in the pUL21ΔCERT HSV-1 infected cells is unlikely 

to cause significant changes in steady-state lipid concentration on the whole cell level 

compared to the WT infection. Instead, it should lead to a local reduction in DAG 

concentration, which dictates the activity of PKD (85). Both CERT and PKD are parts of the 

intricate feedback loops that maintain proper sphingolipid homeostasis, required for proper 

Golgi function and trafficking of various cargos (300). It has been suggested that trafficking of 

the HSV-1 virions from the TGN to the plasma membrane requires the PKD function (311) and 

that its disruption manifests as abnormal virus secretion (88). We also observed excessive 

secretion of infectivity into the medium when HaCaT cells were infected with pUL21ΔCERT HSV-

1 and ΔpUL21 HSV-1 when compared to the WT HSV-1 (Figure 6.10). Most enveloped viruses 

have a preferential route of cell exit (80,312) and PKD has been implied to critically control 

trafficking of small and large cargo in polarized cells (313). Thus, it is tempting to speculate 

that the mistrafficking of mature virions has more deleterious consequences in polarized cells, 

where it may contribute to immune evasion (80,314) or cause disruptive axonal transport of 

virions (315). Indeed, pUL21 has been previously implicated in the neuroinvasion and 

neurovirulence in mice and pigs (91,92,316), with defective retrograde transport of virions 

when pUL21 was defective (89).  

Enhanced generation of DAG during SM synthesis may contribute directly to vesicle budding 

due its conical shape and role in stimulating generation of fission-promoting lipid 

phosphatidic acid (PA) (86,317). Local accumulation of PA in the outer leaflet of the TGN 

induces negative membrane curvature, causing a domain-specific fragmentation of the TGN 

therefore promoting the formation of cargo-containing vesicles destined to the plasma 

membrane (85).  

It remains to be confirmed whether the effect pUL21-mediated activation of CERT on 

increased virus secretion comes from a direct role of PKD and DAG on the altering virion-

associated membrane curvature. Since many other pathways are being simultaneously 
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affected, it is conceivable that a PKD-dependent trafficking of other proteins to the plasma 

membrane is a prerequisite step that the intracellular transport of virions depends on. 

Therefore, alternative scenarios must be considered where DAG/PKD-dependent events (e.g. 

localization of viral glycoproteins or cellular receptors to the plasma membrane) dictate 

correct intracellular trafficking of the virus (318). Further elucidation of the exact molecular 

mechanisms behind the observable phenotype in HaCaT cells, could provide clues for the 

differential requirement for those pathways in Vero cells (Figure 6.10). It is an interesting 

avenue, well-worth future exploration, and could be potentially addressed by the unbiased 

proteomic approach known as plasma membrane profiling.  

6.5.4 Changes resulting from the altered CERT activity vary locally and cause delayed 

transport of sphingomyelin to the nucleus 

Our successful employment of the subcellular fractionation protocol allowed detection of the 

effect of pUL21-mediated dephosphorylation of CERT limited to the cell nuclei. The drastic 

alterations in the rate of Cer and SM synthesis in infected cells were confirmed and showed 

to affect both the cytoplasmic and nuclear fractions. At this stage, it is difficult to understand 

the meaning of these changes, but the apparent accumulation of Cer in the cytoplasm is likely 

to correlate with the TGN dispersal at the late stage of infection (307,308).  

Reduced levels of SM incorporation into the nuclei were observed in cells infected with both 

pUL21ΔCERT HSV-1 and ΔpUL21 HSV-1 compared to the WT virus. Although little is known about 

the role of SM and Cer in the nuclear envelope, one could speculate the variations in their 

concentrations to affect the membrane fluidity (1), a physical parameter that could be a 

limiting factor in the viral nuclear egress (320,321). An alternative scenario could associate 

the pUL21-exerted changes with the intranuclear concentration of SM and Cer, in which case 

the structural and regulatory roles in chromatin assembly and dynamics could be affected 

(322), consistent with the role of pUL21 in viral gene expression (45,323). 

Complementary to our strategy should also be a detailed characterization of subcellular 

distribution of click-Sph derived lipids as assessed by fluorescent microscopy. In such case, a 

photoactivable and clickable derivative of Sph should be used to allow UV-light induced 

covalent linkage of the click-lipids with the surrounding subcellular environment to retain 

their position throughout the subsequent fixation step and click reaction (324).   
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The observation of the very low levels of click-PC in the nuclear fractions was rather 

unexpected as another report showed PC to be the major lipid comprising the nuclear 

membrane (319). Our data thus suggest that either click-PC derived from exogenous click-Sph 

via the salvage pathway is poorly transferred to the nucleus, or that the overall rate of 

interorganelle PC trafficking is very slow and alternative metabolic pathways are used to 

synthesise the PC that is incorporated into the nucleus. 

We also observed potential signs of expeditated maturation of virions in cells infected with 

pUL21ΔCERT HSV-1 as manifested by the two-to-ten-fold increase in the viral yield only at the 

earlier time points of infection (2 – 12 hpi) (Figure 6.7). Although these results require further 

validation, they could represent a genuine effect of facilitated secondary envelopment events 

or accelerated nuclear egress in the absence on pUL21-mediated dephosphorylation of CERT. 

These seemingly beneficial changes would however come at the potential expense of 

mistrafficking of the mature virions to the plasma membrane and, consequently, the 

extracellular milieu, signalling a compromise between the fidelity and speed of virion 

maturation. 

6.6 Summary 

In this chapter, we show that another precise function of pUL21 is control of virus secretion 

via CERT-dependent upregulation of SM synthesis. When this control is abolished, it leads to 

abnormal secretion of virus infectivity, likely because of mistrafficking of maturating virions 

to the plasma membrane, thus highlighting the importance of sphingolipid metabolism in 

intracellular trafficking of large cargo like viruses. This work lays the groundwork for further 

elucidation of how virus infection changes the lipid composition at various subcellular 

compartments, and how this may alter virus replication and cellular signalling.  
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7 Results V: Search for other substrates of pUL21-directed dephosphorylation 

7.1 Phosphoproteomics 

Early indications of pUL21 targeting multiple targets for dephosphorylation (see section 4.3.1) 

led us to searching for new strategies to identify these additional substrates. One such 

technique is phosphoproteomics, which when combined with metabolic (e.g. SILAC) or 

isobaric (e.g. tandem mass tag) labelling techniques allows the comparison of phosphorylated 

peptides composition of different cells. Changes in phosphorylation of specific residues are 

detected, thus identifying the differential effects of kinases/phosphatases on phosphorylated 

motifs within proteins with multiple unrelated phosphorylation sites. However, studying 

protein phosphorylation using mass spectrometry is still technically challenging and requires 

large amounts of starting material that, after the standard preparative steps, undergoes an 

essential phosphoenrichment step where only ~1% of the input peptides are retained.  

We performed trial phosphoproteomics experiments to detect changes in the 

phosphoproteome of HSV-1 infected cells in the context of the pUL21ΔPP1 HSV-1 infection, 

therefore identifying potential substrates of pUL21-mediated dephosphorylation. At the time 

of the trial experiment, we did not fully appreciate adaptations leading to decreased activity 

of the viral kinase pUS3 when the PP1 binding of pUL21 was disrupted in HSV-1. The data 

presented in this section thus compare changes across cells infected with WT HSV-1, 

pUL21ΔPP1 HSV-1 P3 (where the virus had adapted to a lack of pUL21 PP1 recruitment via 

mutation of pUS3), or non-infected cells. HaCaT cells, conditioned in the appropriate SILAC 

medium, were cultured on 14 cm dishes in standard growth medium before being infected at 

MOI = 10. After 1 hr of virus adsorption, the cells were washed three times with PBS, overlaid 

with the appropriate SILAC growth medium and incubated at 37°C for 15 hrs. Next, the cells 

were lysed in the presence of phosphatase inhibitors and the samples were processed for 

mass spectrometry analysis, following the protocol kindly provided by Professor Michael 

Weekes (CIMR, Cambridge). In summary, the protein lysates were then subsequently digested 

with LysC and trypsin leading to generation of short peptides, which were desalted using Sep-

Pak columns. Because of the high sample concentrations, we encountered considerable 

technical issues using Sep-Pak columns for desalting: these columns, because clogged, led to 

significant losses in the post-digestion material. Nevertheless, the recovered material was 

dried in a speedvac, pooled across the same biological experiments and subjected to the 

phosphoenrichment step using a commercially available kit. The digested peptides were 
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phosphoenriched using positively charges iron-chelate resin, and handed to our collaborator, 

Dr Robin Antrobus (CIMR, Cambridge), for a mass spectrometry analysis. The raw data were 

processed using MaxQuant and the SILAC ratios of the phosphorylated peptides were 

analysed using Perseus. Overall, across the three conditions, we identified and quantified 

5571 phosphopeptides corresponding to 1937 proteins (1886 host proteins and 51 viral 

proteins). Disappointingly, we did not detect any phosphopeptides that matched the CERT 

sequence, a result that we had hoped to use as positive control and validation of our strategy. 

Nevertheless, we did observe a drastic change in the phosphoproteome of infected HaCaT 

cells when compared to the non-infected control (Figure 7.1A, Appendix 3A).  

 

Figure 7.1 Mass spectrometry analysis of the phosphoproteome of HaCaT cells infected 
with WT and pUL21ΔPP1 P3 HSV-1. 

SILAC-labelled HaCaT cells were mock infected or infected with WT HSV-1 or with pUL21ΔPP1 

P3 HSV-1 at MOI = 10. The cells were lysed 16 hrs later, the protein samples were digested 

with LysC and Trypsin, and phosphopeptides were enriched according to the protocol 

described in the methods section. Enriched phosphoproteins were identified by mass 

spectrometry and the data is presented as log2 fold enrichment in (A) WT HSV-1-infected 

sample versus the mock-infected control (only host phosphopeptides) or (B) pUL21ΔPP1 P3 

HSV-1 infected cells vs WT HSV-1 infected cells (host and viral phosphopeptides). The data 

represents three independent experiments and proteins with at least four-fold average 

enrichment that are confidently quantified (p-value < 0.05, two-tailed T test) were 

considered hits and are coloured red on the scatter plot. 

Pleasingly, the differences between the cells infected with either virus were much more 

modest, resulting in only a handful of differentially phosphorylated proteins (Figure7.1B, 
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Appendix 3B). Since these hits represented a mix of differentially phosphorylated proteins 

due to disruptions in both pUS3 and pUL21, with some effects being restored by the impaired 

activities of both, we did not continue to analyse this dataset. Furthermore, we did not 

continue with quantitative whole-cell proteome analysis for these samples, as would be 

required to differentiate increased/decreased phosphoprotein abundance because of 

differential kinase/phosphatase activity versus increased/decreased overall abundance of 

specific phosphoproteins. 

7.2 Substrate-trap co-IP 

Standard SILAC co-IP in tandem with quantitative mass spectrometry was successfully 

employed to identify PP1 and CERT as binding partners of pUL21. However, considering the 

multifunctional nature of pUL21 and the physical limitations imposed by the relatively small 

size of its C-terminal domain, we expected the majority of substrates to be recruited to PP1 

by transient and weak interactions. Dephosphorylation of these phosphoproteins could 

functionally rely on high local concentrations of PP1 or the distinctive subcellular distribution 

of pUL21. Under physiological conditions, the PP1 enzyme:substrate complex exists for an 

extremely short time and is released immediately after the removal of the phosphate group. 

It would be therefore difficult to identify such elusive interactions using the same co-IP 

strategy. Unlike the other potential substrates, CERT is characterized by a relatively strong 

binding to pUL21 and it is likely that its enrichment in the initial screening was amplified by 

the avidity effect due to oligomerization of CERT (see section 3.6.4). We therefore decided to 

take advantage of the enzymatic activity of the tripartite interaction that pUL21:PP1 complex 

forms with the targeted proteins. It has been shown that expression of tagged chimera of 

inactive PP1 with its adaptor protein results in formation of high-affinity non-covalent 

interactions with the cellular substrates, which can be then successfully identified following 

co-IP (325). We designed a construct similar to the example that was successfully used before 

(325), where N-terminally GFP-tagged PP1γ was joined with pUL21 by a 25 amino acid linker. 

We then used this construct as a template to introduce the D64A substitution into the PP1γ 

region, which inhibits its binding to Mn2+ and therefore disables the enzymatic activity (326).  

HEK293T cells were transfected with GFP-PP1γ-pUL21, GFP-PP1γD64A-pUL21 or GFP alone. 24 

hrs later they were lysed in the presence of phosphatase inhibitors and subjected to co-IP 

using GFP affinity resin. Immunoblot analysis revealed good expression and capture of the 

chimeric constructs, which were recognized by the anti-PP1α antibody (Figure 7.2). Moreover, 
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no endogenous PP1 was detected in the eluted fractions, indicating that either pUL21 formed 

a stable complex with the conjoined PP1γ preventing its binding to free cellular PP1 or that 

linking PP1γ to the C terminus of pUL21 abolished the PP1 binding site by steric hindrance. 

Both constructs were still able to successfully bind CERT, although we did not see enriched 

co-immunoprecipitation in the context of inactive PP1γ, and no obvious differences in CERT 

dephosphorylation were observed (Figure 7.2), however we note that PhosTag-PAGE analysis 

was not attempted. 

 

Figure 7.2 Validatory co-IP of CERT using a GFP-tagged pUL21-PP1 chimeric bait. 

HEK293T cells were transfected to transiently express GFP-PP1γ-pUL21 or GFP-PP1γD64A-

pUL21. At 24 hrs post-transfection the cells were lysed, subjected to immunoprecipitation 

using a GFP affinity resin, and all captured proteins were subjected to SDS-PAGE and 

immunoblotting using the antibodies listed. 

Having validated that the PP1γ-pUL21 chimeric constructs retain the ability to bind CERT, 

quantitative mass spectrometry was performed to identify other cellular binding partners. 

GFP-PP1γD64A-pUL21 or GFP alone were expressed in HEK293T cells pre-conditioned in the 

appropriate SILAC medium. Following co-IP, the GFP affinity resins with bound proteins were 

pooled and processed for mass spectrometry analysis using the commercial iST GFP-Trap kit 

(Chromotek), according to the manufacturer’s instructions. The digested peptides were 

subjected to mass spectrometry analysis by Dr Robin Antrobus (CIMR, Cambridge), and the 

obtained raw data were processed using MaxQuant and Perseus. A table of enrichment 

following co-IP with GFP-PP1γD64A-pUL21 versus GFP is presented as Appendix 4. The 

comparative analysis of the chimera revealed 45 potential hits representing the proteins that 

were at least four-fold more abundant in the samples from cells expressing GFP-PP1γD64A-

pUL21 than in the GFP control (Figure 7.3). Amongst them, we identified known PP1-

interacting protein such as SCRIB (327), ERBB2IP (327), PPP1R11, PPP1R12 and PPP1R2, CERT 

was also strongly enriched, proving that the chimeric construct was at least partially well-
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folded. However, many ribosomal proteins, chaperons and other indicators of misfolded 

proteins and targeting for degradation were also identified. Closer analysis of 

immunofluorescence images obtained to monitor the efficiency of transfection revealed 

unusually bright fluorescent punctae in cells transfected with either chimeric GFP-PP1γ-

pUL21 construct, consistent with the expressed chimeras being significantly misfolded and 

directed to proteasomes or cellular inclusions. Because of the indications that the chimeric 

proteins may be prone to misfolding or aggregation, the results from the mass spectrometry 

analysis were not followed-up further. 

 

Figure 7.3 Quantitative mass spectrometry substrate trap screening for PP1:pUL21 host 
protein substrates. 

SILAC-labelled HEK293T cells were transiently transfected with GFP-PP1γD64A-pUL21 (with 

catalytically inactive PP1) or GFP-only. The cells were lysed 24 hrs later, the tagged proteins 

were captured using GFP affinity resin, and the co-precipitated proteins were identified post-

elution by mass spectrometry. The data represents an experiment done in triplicates and 

proteins with at least four-fold average enrichment that are confidently quantified (p-value < 

0.05, two-tailed T test) were considered hits and are coloured red on the scatter plot. 

7.3 Building tools towards structural characterisation of the pUL21:PP1 interaction 

The identification of the TROPPO motif and lack of the canonical RVxF motif in pUL21 suggests 

that pUL21 binds PP1 via a novel interface. Characterisation of this binding interaction could 

help identify other cellular and pathogenic PP1 adaptors lacking the canonical PP1-binding 
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RVxF motif. Searching for the conserved TROPPO motif ϕSxFVQ[VI][KR]xI (where ϕ is a 

hydrophobic residue and x is any amino acid) in all known proteins using PROSITE (328) did 

not return any hits outside of the pUL21 homologues. However, without structural insights it 

is difficult to know what elements of the motif are absolutely required for PP1 recognition. 

Better understanding of the structural basis of pUL21:PP1 interaction would therefore equip 

us with knowledge of how to design better tools to study its function and would facilitate 

identification of additional PP1 adaptors. We therefore attempted to structurally characterize 

the pUL21:PP1 interaction.  

7.3.1 The conserved region of pUL21 is not sufficient for PP1 binding 

We proposed that the TROPPO motif is a novel SLiM since it is absolutely required for the 

interaction between PP1 and pUL21, and is thus likely to interact directly with the surface 

residues of PP1 (329). If the TROPPO motif alone mediates the interaction between PP1 and 

pUL21 it should possess relatively high affinity for PP1 even in the absence of the remaining 

elements of the adaptor protein. Knowing the potential of PP1 to crystallize (329), such 

complex between the phosphatase and the binding peptide could be used for crystallography 

to structurally characterize their interaction. Using GST pull-down experiments with all 

purified proteins, we showed that GST-PP1γ captured onto GSH resin can efficiently bind 

pUL21-H6, and the binding is reduced when the TROPPO motif is mutated (Figure 7.4A). The 

remaining binding indicated either some residual affinity of the linker for PP1, or existence of 

additional PP1 binding surfaces elsewhere in pUL21. Nevertheless, the result suggested a 

physical interaction between the TROPPO motif and PP1, thus we pursued further their 

structural characterization. We ordered a commercially synthesized peptide corresponding 

to the linker fragment 238TVSEFVQVKHIDRVG252, that includes the TROPPO motif extended by 

four residues at both ends, which was used to probe for direct binding to PP1 via ITC. If the 

binding motif showed a strong affinity for GST-PP1γ, we planned to attempt their co-

crystallization to better understand the binding mechanism behind this SLiM. Purified GST-

PP1γ and the synthetic peptide were extensively dialysed into the same buffer – 200 mM 

NaCl, 50 μM HEPES (HEPES was used as a stronger buffering agent to maintain a stable pH 

during titration with the highly concentrated acidic peptide) and 0.25 mM TCEP. During the 

experiment, 1 mM peptide was titrated into the cell with 120 μM GST-PP1γ or buffer only. 

Unfortunately, we were not able to detect any binding-specific changes in the system (Figure 
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7.4B) and neither did we when the experiment was performed at 25°C. This suggested that 

the region we selected was not sufficient to strongly interact with the phosphatase. 

 

Figure 7.4 Assessment of the binding capacity to GST-PP1γ by the synthetic peptide 
comprising the TROPPO motif. 

(A) Recombinant GST-PP1γ or GST alone were immobilised on GSH resin and incubated with 

prey proteins pUL21-H6 or pUL21ΔPP1-H6. After washing, the bound complexes were eluted 

and visualized by SDS-PAGE (Coomassie). (B) ITC analysis. GST-PP1γ and the synthetic 

peptide were dialyzed at 4°C against 50 mM HEPES pH 7.5, 200 mM NaCl, 0.25 mM TCEP. 

GST-PP1γ (120 μM) was chosen to be in the sample cell due to its limited solubility and the 

peptide (1 mM) was loaded in the syringe. Thirteen 3 μL aliquots of the peptide were 

titrated into the sample cell with GST-PP1γ (black) or buffer only (grey) in five-minute 

intervals while the temperature of the system was maintained at 10°C. ITC titrations for 

both conditions show no binding reaction between GST-PP1γ and the peptide. DP, 

differential power. Similar results were obtained when performing the titration at 25°C. 

7.3.2 Elements of the pUL21 linker required for binding to PP1 

Any disordered elements were likely to impede our efforts to structurally characterize the 

tripartite complex. Since we identified the TROPPO motif to be insufficient for binding to PP1, 

we sought to determine if other parts of the remaining linker regions take part in the complex 

formation. We designed three new variants of pUL21 that were missing the left (Δ216-238, 

pUL21ΔL), the right (Δ257-276, pUL21ΔR) or both parts (pUL21ΔLR) of the linker between the 

TROPPO motif and the terminal domains (Figure 7.5A). We then used the GFP-tagged 

constructs for co-IP experiments with transiently transfected HEK293T cells, which was 

carried out with the help of an undergraduate student, Owen Tutt. We found that in the 

absence of the L region, the binding to PP1 was abolished and the co-immunoprecipitation of 

CERT was visibly reduced (Figure 7.5B). R region was found to be dispensable for the binding 

to both PP1 and CERT, a finding that was anticipated as similar deletions are present in the 
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majority of the pUL21 homologues (Figure 7.5A). However, the apparent increase in the 

binding affinity of pUL21ΔR to PP1 was unexpected and encouraged us to investigate this 

further as a promising avenue to generate a more stable complex of pUL21 and PP1.  

 

Figure 7.5 Co-IP experiment to explore which segments of pUL21 linker region 
contribute to PP1 binding. 

(A) Schematic representation of the L and R regions of the pUL21 linker. Sequence 

alignment is the same as that in Figure 3.15. (B) HEK293T cells were transfected to 

transiently express GFP or C-terminally GFP-tagged pUL21 (WT), pUL21-GFP missing the L 

region (ΔL), pUL21-GFP missing the R region (ΔR), or pUL21-GFP missing both regions (ΔLR). 

At 24 hrs post-transfection the cells were lysed, subjected to immunoprecipitation using a 

GFP affinity resin, and all captured proteins were subjected to SDS-PAGE and 

immunoblotting using the indicated antibodies. Ponceau S (Pon S) staining of the 

nitrocellulose membrane before blocking is shown, confirming efficient capture of GFP-

tagged proteins. For each antibody all samples were detected on a single immunoblot but 

selected lanes (representing bands from irrelevant samples) have been removed. 
 

7.3.3 Bacterial expression and purification of pUL21ΔR-H6 

The variant of pUL21 missing the R region of the linker was able to pull-down PP1 more 

efficiently than WT pUL21, indicating a potentially higher affinity for PP1. It was also a more 

suitable tool for structural elucidation as it had a shorter linker, thus likely limiting the 

structural heterogeneity of pUL21. To test whether the protein was still well-folded and 

functional, we first attempted its bacterial expression and purification using a construct with 

a C-terminal H6-tag, which was generated using inverse PCR. The protein was express in E. 

coli, captured using the Ni-NTA resin and further purified using SEC with a S75 16/600 column 

equilibrated in 20 mM Tris pH 8.5, 500 mM NaCl and 1 mM DTT (Figure 7.6). Although the 

protein was pure with no signs of degradation, it was less soluble and concentrated to only 

2.5 mg/mL. This was later diagnosed as resulting from its pI shifting to ~8.67 upon removal of 
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the R region and it is therefore recommended, for future protein purification, to use Tris pH 

7.5 to improve the solubility of pUL21ΔR-H6. 

 

Figure 7.6 Purification of pUL21ΔR-H6. 

pUL21ΔR-H6 was expressed in E. coli, captured using Ni-NTA resin and further purified using 

SEC with a S75 16/600 column equilibrated in 20 mM Tris pH 8.5, 500 mM NaCl and 1 mM 

DTT. SEC chromatogram presents a single predominant peak and the inset shows SDS-PAGE 

analysis of the fraction collected from under the main peak (highlighted in red), confirming 

high purity of the protein after SEC.  

7.3.4 Size exclusion chromatography (SEC) of PP1γ:pUL21ΔR:miniCERTL complex  

All available techniques for protein structure determination require the analysed protein 

complexes to be relatively stable, which can be roughly assessed by SEC where a suitable 

complex should co-elute while maintaining the expected stoichiometry. Purified protein 

components – pUL21ΔR-H6, H6-miniCERTL and either H6-PP1(7-300) (Figure 7.7A) or untagged 

PP1 (from cleaved GST-PP1γ, Figure 7.7B) – were mixed at equimolar concentrations and 

incubated at RT for 15 min prior to injection onto a S200 10/300 column in 500 mM NaCl, 20 

mM Tris pH 7.5 and 1 mM DTT. Analysis of the eluted fractions shows that although pUL21ΔR 

and miniCERTL co-eluted, the same was not true for either form of PP1, indicating formation 

of relatively weak complex between pUL21ΔR and PP1.  
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7.3.5 In vitro phosphatase assay using pUL21ΔR-H6 

If the affinity for PP1 was indeed higher after the removal of the R region, we would expect 

this to have a positive impact on the ability of pUL21ΔR-H6 to dephosphorylate StrepII-CERTP 

in vitro. We repeated our previously introduced phosphatase assay where a fixed 

concentration of purified StrepII-CERTP (0.5 μM) was incubated with different concentrations 

of GST-PP1γ (two-fold serial dilution) in the presence of 2 μM of either pUL21-H6 or pUL21ΔR-

H6. No apparent differences between the two variants of pUL21 in the ability to increase the 

rate of GST-PP1γ-dependent StrepII-CERTP dephosphorylation were observed (Figure 7.8). It 

is therefore possible that the apparent change in the PP1 binding capacity from the co-IP 

 

Figure 7.7 SEC analysis of complex formation between pUL21ΔR-H6, H6-miniCERTL and 
either untagged PP1γ or H6-PP1(7-300). 

Equimolar concentration of pUL21-H6, H6-miniCERTL and either (A) H6-PP1(7-300) or (B) 

untagged PP1γ were mixed at equimolar concentrations and incubated at RT for 15 minutes 

before SEC using S200 10/300 columns equilibrated with 20 mM Tris pH 7.5, 500 mM NaCl 

and 1 mM DTT. SEC chromatograms (left) showed the presence of multiple peaks. SDS-

PAGE analysis of the fractions under the peaks (right) revealed a stable complex formation 

only between pUL21ΔR-H6 and H6-miniCERTL but with neither variant of PP1. 
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experiment was due to other unknown confounding factors that are relevant only in the 

crowded protein environment of cell lysates. For instance, it might be that the lack of the R 

region introduces a potential disruption of other pUL21 protein interactions that otherwise 

compete with PP1 for binding, therefore making pUL21 more accessible. It is also possible 

that, in the in vitro dephosphorylation assay, we had completely saturated the pUL21 binding 

of GST-PP1γ and thus the experiment was not sensitive to changes in the affinity of pUL21 for 

PP1. Repeat analysis using fixed concentrations of GST-PP1γ and StrepII-CERTP and a variable 

concentration of pUL21-H6 (WT or ΔR), as performed for the pUL21ΔCERT-H6 (see section 5.4.4), 

should be performed to test this hypothesis. 

 

Figure 7.8 In vitro dephosphorylation assay to probe the effect of the R region removal 
on PP1-dependent CERT dephosphorylation. 

CERTP (0.5 μM) was incubated with decreasing concentrations of GST-PP1γ (two-fold serial 

dilution from 100–3.1 nM) in the presence of either WT pUL21-H6 or pUL21ΔR-H6 (2 μM) 

for 30 min at 30°C. The reactions were terminated by adding SDS loading buffer and boiling. 

StrepII-CERT phosphovariants were separated using SDS-PAGE gels supplemented with 

PhosTag™ reagent and the gels were stained with Coomassie.  

7.3.6 H6-PP1γ-pUL21ΔR 

Although we did not find definitive evidence that pUL21ΔR binds more strongly to PP1 than 

WT pUL21, we decided to continue using it as it should have a less flexible linker and thus be 

superior for structural studies. We subcloned the chimeric construct used for the substrate 

trap experiments into the pOPTH vector and subsequently removed the R region using inverse 

PCR. The protein was expressed in E. coli, captured onto Ni-NTA resin and further purified 

using SEC with a 20 mM Tris pH 7.5, 500 mM NaCl and 1 mM MnCl2. The chimeric protein did 

not purify as a single peak (Figure 7.9), but using SDS-PAGE, we were able to identify fractions 

that contained a ~100 kDa protein, corresponding to the size of the chimera, which we pooled 

and concentrated for further analyses.  
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Figure 7.9 Purification of H6-PP1γ-pUL21ΔR. 

The construct was expressed in E. coli, captured using Ni-NTA resin and further purified by 

SEC using S200 16/600 column in 20 mM Tris pH 7.5, 500 mM NaCl and 1 mM MnCl2. The 

resulting chromatogram (left) shows multiple peaks that represent a heterogenous mixture 

of captured proteins. SDS-PAGE analysis (right) of fractions collected from under the 

highlighted peaks (labelled A–F) identified the presence of a protein which size corresponds 

well with the predicted mass of H6-PP1γ-pUL21ΔR, 95.3 kDa (boxed). The boxed fractions 

were pooled, concentrated and used in the subsequent analyses.  

7.3.7 Size exclusion chromatography (SEC) of H6-PP1γ-pUL21ΔR:H6-miniCERTL complex  

The question remained whether increased local concentration of PP1 forced by the chimeric 

linker impacts the propensity of the purified proteins to form a stable tripartite complex with 

H6-miniCERTL. We tested the ability of H6-PP1γ-pUL21ΔR to co-elute with H6-miniCERTL in a 

SEC analysis where the proteins were mixed at a 1:1.5 molar ratio and incubated at RT for 15 

minutes before being injected onto a Superose 6 10/300 column equilibrated with 20 mM Tris 

pH 7.5, 500 mM NaCl and 1 mM MnCl2. We observed H6-miniCERTL to co-elute with the 

chimeric construct, indicating the presence of well-folded pUL21C (Figure 7.10).   
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Figure 7.10 SEC analysis of complex formation between H6-PP1γ-pUL21ΔR and H6-
miniCERTL. 

H6-PP1γ-pUL21ΔR and H6-miniCERTL were mixed with 1.5-fold molar excess of the latter 

and incubated at RT for 15 min. SEC analysis (left) performed using a Superose 6 10/300 

column equilibrated with 20 mM Tris pH 7.5, 500 mM NaCl and 1 mM MnCl2 showed the 

presence of multiple peaks. SDS-PAGE analysis (right) of the fractions under the peaks 

revealed a stable complex formation between H6-PP1γ-pUL21ΔR and H6-miniCERTL.  

7.3.8 In vitro dephosphorylation assay with H6-PP1γ-pUL21ΔR 

We investigated the ability of the H6-PP1γ-pUL21ΔR chimera to dephosphorylate full-length 

CERTP, expecting higher activity compared to GST-PP1γ alone. Purified StrepII-CERTP at a fixed 

concentration (0.5 μM) was incubated with different concentrations of GST-PP1γ or H6-PP1γ-

pUL21ΔR (two-fold serial dilution) for 30 min at 30°C in the absence of other protein 

components. Unfortunately, despite the presence of phosphatase activity, we did not observe 

drastic changes in the dephosphorylation rate (Figure 7.11). Altogether, the results suggested 

the two components of the chimera to be well-folded and functional, but without the ability 

to form a stable trimeric complex that would mimic the recruitment of CERT to PP1 by pUL21. 

It is likely that a longer linker between PP1γ and pUL21ΔR is necessary to accommodate CERT 

in the correct orientation for pUL21-accelerated dephosphorylation.  

It is important to emphasize that miniCERTL is not an ideal tool for the structural studies in 

the context of the tripartite interaction as it is missing the serine-rich motif that is targeted 

for dephosphorylation. Future experiments aimed at making a stable PP1:pUL21:CERT 

complex would be best performed using H6-PP1γD64A-pUL21(ΔR) and full-length CERTP. 
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Figure 7.11 In vitro dephosphorylation assay to probe the ability of the H6-PP1γ-
pUL21ΔR chimera to dephosphorylate StrepII-CERTP. 

StrepII-CERTP (0.5 μM) was incubated with decreasing concentrations of either GST-PP1γ 

or H6-PP1γ-pUL21ΔR (two-fold serial dilution from 100 – 3.1 nM) for 30 min at 30°C. The 

reactions were terminated by adding SDS loading buffer and boiling. StrepII-CERT 

phosphovariants were separated using SDS-PAGE gels supplemented with PhosTag™ 

reagent and the gels were stained with Coomassie. 

7.4 The homologue of pUL21 from varicella-zoster virus (VZV): pORF38  

The conservation of the TROPPO motif within the α-herpesviruses strongly suggested the 

homologues of pUL21 to also act as PP1 adaptors. On the other hand, the relatively low 

sequence similarity across the C-terminal domains (94) could indicate that they target a 

diverse array of phosphoproteins, with conservation of only a few core substrates. To test this 

hypothesis, we selected protein pORF38, the pUL21 homologue from VZV (the causative 

agent of chickenpox and shingles), for competitive analysis. pORF38 shares low sequence 

identity with pUL21 (21%). We cloned the orf38 gene from the VZV genome, provided by 

Professor Viejo Borbolla (Hannover Medical School, Germany), into the same pEGFP-N1 

vector that was used for all pUL21 co-IP experiments. Unfortunately, no expression of this 

construct was detected in HEK293T cells by fluorescence microscopy. A synthetic codon-

optimized orf38 gene was thus commercially obtained and cloned into the same vector. This 

construct, along the mutant pORF38 carrying point mutations in its TROPPO motif, were used 

for transfection of HEK293T. On the following day, fluorescent signal was apparent when the 

cells were inspected via microscopy, although the signal was discernibly lower than for HSV-

1 pUL21. The cells were scraped into the medium, washed with PBS, lysed, and used for 

capture with the GFP affinity resin, as previously. The protein complexes bound onto the 

beads were eluted by boiling and subjected to SDS-PAGE, followed by immunoblotting (Figure 

7.12). A much weaker band corresponding to the captured pORF38-GFP when compared with 

pUL21-GFP was present after the Ponceau S staining, likely resulting from its overall lower 

expression or stability. Despite that, a strong signal for PP1 was detected using 

immunoblotting, thus showing a seemingly larger binding capacity for PP1 than pUL21. 
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Moreover, that binding was completely abolished when the mutation of the TROPPO motif 

was present, consistent with the conserved motif being a novel SLiM absolutely conserved 

across the α-herpesviruses. Strikingly, pORF38 showed no ability to bind CERT, consistent with 

the hypothesis that PP1 binding is conserved but substrate binding is not, meaning that at 

least some of the targets of dephosphorylation by pUL21 homologues are virus-specific.  

 

Figure 7.12 Co-IP confirms that the VZV homologue of pUL21 binds PP1 via the TROPPO 
motif. 

HEK293T cells were transfected to transiently express GFP, pUL21-GFP, WT pORF38-GFP or 

GFP-tagged 2pORF38 where the TROPPO motif was mutated (pORF38FV255AA-GFP). At 24 hrs 

post-transfection the cells were lysed, subjected to co-IP using a GFP affinity resin, and all 

captured proteins were subjected to SDS-PAGE and immunoblotting using the appropriate 

antibodies. Ponceau S (Pon S) staining of the nitrocellulose membrane before blocking is 

shown, confirming efficient capture of GFP-tagged proteins. [Adapted from Benedyk et al., 

2021] 

7.5 Analysis of the structure conservation using an ab initio model of pORF38C  

The advent of highly accurate protein structure prediction marked by the release of AlphaFold 

2 (AF2) (330) allows confident analysis of protein structures without the need for 

experimental structure determination. AF2 performs extremely well at solving structures of 

globular monomers, thus we used it to generate a model of the C-terminal domain of pORF38 

(pORF38C) to get more insight into the potential structural divergence when compared to 

pUL21. We obtained a high-confidence model that, despite the low sequence conservation, 

was structurally similar to the crystal structure of pUL21C (94) (Figure 7.13A). Analysis of the 
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electrostatic surface potential revealed that the region of pUL21C involved in binding CERT is 

highly basic (Figure 7.13B). In contrast, the corresponding surface of ORF38C is strongly 

negatively charged, potentially highlighting the different physical properties that are 

responsible for the lack of CERT binding by pORF38. There are, however, regions of similar 

electrostatic potential located on the homologous surface of both pUL21 and pORF38 that is 

consistent with these regions potentially mediating binding to common partners (Figure 

7.13B).   

 

Figure 7.13 Structural comparison of the C-terminal domains of pUL21 and pORF38. 

(A) Crystal structure of pUL21C (PDB ID 5JJD (94), violet ribbons) was superposed using 

PyMOL onto the ab initio model of pORF38C (purple ribbons) generated by AlphaFold 2 

(330). Below, the same molecules are shown in separate orthogonal views, with the amino 

acid residues of pUL21C proposed to bind CERT (Figure 5.12) coloured in orange and 

highlighted with orange asterisks. (B) Molecular surfaces of pUL21C (left) and pORF38C 

(right) coloured by electrostatic potential from red (-5 kT/mol) to blue (+5 kT/mol), as 
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calculated by APBS (331). The molecules are oriented as in the bottom panels of (A). The 

region of pUL21C identified as the binding site for CERT and the homologous region of 

pORF38C are circled with black discontinues lines. Grey arrowheads indicate the regions of 

pUL21C and pORF38 with similar electrostatic surface potential.   

7.6 Search for the interacting partners of pORF38 using SILAC co-IP followed by protein 
identification through mass spectrometry 

Based on conserved binding to PP1 by pORF38 and structure conservation within the C-

terminal domains, we hypothesized at least partial overlap of the interactomes that could 

help identify additional substrates of pUL21-mediated dephosphorylation. To identify the 

binding partners of pORF38, a co-IP experiment was performed using HEK293T cells 

conditioned in the appropriate SILAC media and transfected with either WT pORF38-GFP or 

GFP alone. The experiment was performed in triplicate. Following co-IP, the washed beads 

for each replicate (GFP and pORF38-GFP) were pooled and processed for mass spectrometry 

analysis using the commercial iST GFP-Trap kit (Chromotek), in accordance with the 

manufacturer’s instructions. The digested peptides were subjected to mass spectrometry 

analysis by Dr Robin Antrobus (CIMR, Cambridge), and the obtained raw data were processed 

using MaxQuant and Perseus. A table of enrichment following co-IP with pORF38-GFP versus 

GFP is presented as Appendix 5. The proteins that were significantly enriched at least four-

fold in the pORF38-GFP sample were considered hits (Figure 7.14A). Amongst the 16 hits, we 

identified a significant enrichment of the PP1 catalytic domain (PPP1CA) and the ectopically 

expressed pORF38, as expected. Surprisingly, a strong signal for another human protein 

phosphatase, PP2, was detected (PPP2CA), indicating a potentially more versatile role of 

pORF38 as phosphatase adaptor than pUL21, which does not bind PP2 (Figure 7.14B). It 

remains to be determined whether the interaction between pORF38 and the PP2 catalytic 

domain is direct or is mediated via PP2 subunits such as PPP2R2A and PPP2R2B that were also 

present in the pORF38-bound fraction (Figure 7.14A). 3β-hydroxysterol Δ24-reductase 

(DHCR24) was another interesting hit and this interaction was validated using 

immunoblotting (Figure 7.14B), confirming co-immunoprecipitation with pORF38-GFP but not 

pUL21-GFP. DHCR24 is an ER membrane-bound oxidoreductase that catalyses the final step 

of cholesterol formation and converts desmosterol to cholesterol by saturating the C-24,25 

double bond in the side-chain (332). Importantly, the activity of DHCR24 is also regulated by 

phosphorylation (333). The TROPPO motif was not required for the binding to either PP2 or 
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DHCR24 (Figure 7.14B). We did not attempt validation of any of the remaining hits, some of 

which were likely to be symptomatic of protein misfolding and/or targeting for degradation.  

 

Figure 7.14 Quantitative mass spectrometry interactomics screening for pORF38 host 
binding partners using SILAC co-IP. 

 (A) SILAC-labelled HEK293T cells were transiently transfected with either pORF38-GFP or 

GFP-only. The cells were lysed after 24 hrs and tagged proteins were captured using GFP 

affinity resin. Co-precipitated proteins were then identified post-elution by mass 

spectrometry. The data represents an experiment done in triplicates and proteins with at 

least four-fold average enrichment that are confidently quantified (p-value < 0.05, two-

tailed T test) were considered hits and are coloured red and labelled on the scatter plot. (B) 

Selected hits from the interactomics screening were validated using co-IP and 

immunoblotting. Unlabelled HEK293T cells were transiently transfected with the indicated 

constructs, harvested after 24 hrs, lysed and the lysates were incubated with GFP affinity 

resin. Captured proteins were subjected to SDS-PAGE and immunoblotting using the 

antibodies shown. Ponceau S (Pon S) staining of the immunoblot membrane before blocking 

shows efficient protein transfer plus efficient capture of GFP and the GFP-tagged 

proteins. All presented lanes are from the same immunoblot of a single membrane, the 

irrelevant lanes were masked with white colour. 

7.7 Discussion  

7.7.1 Optimization strategies for the phosphoproteomics analysis  

Phosphoproteomics analysis is a powerful approach to identify the pUL21-dependent 

phosphorylation events that underly the observed defects in virus replication and cell-to-cell 

spread. Such screening is not only very robust but also allows identification of changes limited 

to specific phosphosites, rather than the phosphorylation status of the whole protein. 
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Moreover, acting as a phosphatase adaptor requires the physical interaction between PP1 

and pUL21, which is likely to occlude the binding site(s) of other cellular adaptor proteins. As 

such, pUL21 could also potentially be a phosphatase inhibitor, preventing dephosphorylation 

of some PP1 substrates. Phosphoproteomics would also identify these PP1 substrates where 

dephosphorylation is inhibited by pUL21. Our preliminary analysis provided little insight into 

the pUL21-mediated changes in the phosphoproteome of infected cells, largely because of 

the use of the adapted pUL21ΔPP1 HSV-1 P3 that has a compromised pUS3 kinase activity (see 

section 4.3.1). Unadapted HSV-1 pUL21ΔPP1 H2 would be the more appropriate virus stock to 

use for this experiment. We also encountered some technical challenges, such as clogging of 

the Sep-Pak columns used for desalting, which should be overcome before future attempts. 

The hypothesis of pUL21 and pUS3 acting as molecular clocks that orchestrate the orderly 

progression of the viral replication cycle by their opposing activities could be tested by 

performing phosphoproteomics using multiple timepoints of infection with WT versus 

pUL21ΔPP1 H2 HSV-1. It is also critically important to perform a whole cell proteome analysis, 

ideally on the same material (1–5% of the pooled material before phosphoenrichment), to 

distinguish changes in phosphorylation from changes in protein abundance. 

7.7.2 Substrate trapping as a strategy for identification of pUL21 substrates and structural 

characterisation of the tripartite PP1:pUL21:CERT complex 

Substrate trapping using chimeric PP1:pUL21 constructs is a complementary strategy to 

identify additional targets of pUL21:PP1-mediated dephosphorylation. To further optimize 

this platform, constructs with linkers longer than 25 amino acids between PP1 and pUL21 

should be tested. Different linker lengths may also facilitate detection of different cohorts of 

substrates. For example, it is possible that a linker too short to trap CERT allowed trapping of 

the otherwise competing proteins that were detectable as hits in our trial experiment. As 

such, the chimeric constructs of varied linker lengths could be considered complementary to 

each other. The same applies when designing PP1:pUL21(ΔR) chimeras for structural studies 

as they should be specifically designed and optimized for each purified target. Here, we 

showed a longer linker region may be necessary to allow in vitro formation of a functional 

complex able to dephosphorylate StrepII-CERTP. Once the functional construct is generated, 

an introduction of the inactivating substitution to PP1 region should allow trapping of the 

complex at energetically favourable pre-dephosphorylation configuration ready for structural 

(cryoEM) screening. It may be also worth to incorporate CERT mutants with abolished coiled-
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coil region as the trimerization of CERT seems irrelevant for interaction with pUL21 but may 

impede the structural analysis. Although several steps would require further optimization, 

this is a promising avenue to further explore, especially that very recently a similar strategy 

has proved to be very successful (334). 

7.7.3 pUL21 homologues of α-herpesviruses share common function as PP1 adaptors but 

the substrates are likely to be virus-specific, as exemplified by VZV pORF38  

Viruses that belong to the same family often share similar strategies to manipulate their host 

that were established by their common ancestor. Thanks to that functional overlap, it is often 

possible to infer the function of an uncharacterized protein based on their better-studied 

homologue. We showed that the pUL21 homologue from VZV, pORF38, also binds PP1 via the 

conserved TROPPO motif, indicating the PP1 adaptor function is conserved across the α-

herpesviruses. Interestingly, VZV pORF38 did not co-immunoprecipitate with CERT, 

suggesting that despite their conserved ability to bind PP1 the exact dephosphorylation 

targets may differ between HSV-1 and VZV. Based on our data (see chapter 5), we proposed 

that the C-terminal domain of pUL21 is likely to be responsible for the recruitment of 

substrates. We generated a model of pORF38C using AlphaFold2 (330) and superimposition 

of the model with the crystal structure of pUL21C revealed that they acquire similar tertiary 

structures, despite the relatively low sequence conservation (24% identity). Our assessment 

of their electrostatic surface potential showed drastic changes within the region proposed to 

form the binding site for CERT. However, there were also areas of the two proteins that shared 

similar electrostatic characteristics, suggesting that these two human viruses may share some 

common binding partners. When pORF38-GFP was transiently expressed in HEK293T cells 

there was much less fluorescent signal as assessed by microscopy and the protein was far less 

efficiently captured by GFP resin than pUL21-GFP, suggesting either poorer expression or 

enhanced instability/degradation. Despite this limited capture, the co-IP analysis showed a 

relatively stronger signal for PP1, suggesting that the binding capacity of pORF38 for PP1 is 

higher than that of pUL21. With these observations, we hypothesised that some common 

host substrates may be easier to identify using the homologue of pORF38 due to their 

potentially higher binding affinity. Furthermore, the lack of CERT binding by pORF38 may 

facilitate complex formation with some conserved substrates that in case of pUL21 compete 

with CERT for binding to potentially adjacent sites. The strategy that first identified PP1 and 

CERT as binding partners of pUL21 (see section 1.4.1) was employed again, this time with GFP-
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tagged pORF38. High-confidence hits identified from the mass spectrometry data 

unexpectedly revealed the catalytic subunit of another human protein phosphatase – PP2 

(PPP2CA), its scaffolding protein PPP2A2R1, and a regulatory subunit PPP2R2 (335), as well as 

a protein of lipidome-modulatory properties, DHCR24. Immunoblotting analysis showed the 

pUL21 does not co-immunoprecipitate with either PP2 or DHCR24, suggesting that binding of 

these two proteins is VZV-specific or that their interaction with pUL21 is too weak to be 

detected using immunoblotting. Although no conserved partners that are bound by both 

pORF38 and pUL21 were identified using this approach, it is possible that performing co-IP 

experiments in the context of super-infection could identify common viral targets (e.g., 

homologues of pUL31) that are conserved across the two viruses. Moreover, since the C-

terminal domains are likely to be determinant of the substrate specificity, it may be useful to 

attempt a SILAC co-IP screening following overexpression of pUL21C/pORF38C with the GFP-

tag on either terminus.   

7.8 Summary  

In this chapter, different strategies were explored to further characterize the function of 

pUL21 as PP1 adaptor, both functionally and structurally, and the conservation of this activity 

across α-herpesviruses. Although they require further optimization, these experiments gave 

promising preliminary results and should be repeated to help us characterise the precise 

pUL21-mediated phosphoproteomic changes that are essential for HSV-1 dissemination and 

replication. These viral mechanisms are likely to be conserved and crucially important across 

the other members of the α-herpesvirus subfamily, as exemplified by the conservation of PP1 

binding by VZV pORF38.  
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8 Final remarks and future directions 

This thesis presents a careful functional and structural dissection of the HSV-1 protein pUL21, 

which we show to act as a phosphatase adaptor that mediates many dephosphorylation 

events during virus infection. This phosphatase adaptor activity appears to be a central 

mechanism in the control of infected-cell metabolism; production of infectious HSV-1 

progeny is decreased by 90–99% when this activity abolished and the ability of the virus to 

spread is also severely diminished. Furthermore, the pUL21-promoted dephosphorylation of 

some substrates directly counteracts the activity the HSV-1 encoded kinase pUS3, and their 

opposing functions both contribute to regulating the timely and orderly progression of the 

viral cycle. We have identified a component of the nuclear egress complex, the protein pUL31, 

to be an example of a protein that undergoes regulation by pUL21 and pUS3. We hypothesise 

that many host and viral proteins undergo sequential phosphorylation/dephosphorylation to 

promote subsequent steps of the viral cycle. 

The identification of the TROPPO motifs as a conserved α-herpesvirus-specific PP1-binding 

consensus sequence, absolutely required for pUL21-mediated dephosphorylation events, 

paves the way for design of new antiviral therapeutics. We hypothesize this novel SLiM to 

bind PP1 via a surface region that is different to that interacting with the canonical ‘RVxF’ 

motif. As such, the TROPPO-binding surface of PP1 could be specifically targeted with small-

molecule inhibitors that minimally interfere with the recruitment of canonical cellular RIPPOs. 

While this hypothesis require confirmation by further structural studies of PP1:pUL21 

complex, an alternative strategy can be undertaken, where, instead of targeting PP1, small-

molecule inhibitors are designed to occlude the TROPPO motif to prevent its binding to PP1. 

The latter approach seems even more suitable, as the TROPPO motif was not found in any 

mammalian protein hence such inhibitor should carry little side effects. Moreover, the 

presumed low affinity between the motif and PP1 should be easily outcompeted even by a 

moderate binding affinity of the PP1-mimetic inhibitor. Finally, the absolute conservation of 

the TROPPO motif across α-herpesviruses would make such therapy a very versatile tool in 

the treatment of human as well as animal infections.   

Since both pUS3 and pUL21 are present only in α-herpesviruses, it is likely that their co-

evolution started as the subfamily diverged from the β- and γ- herpesviruses. However, pUL13 

is another viral kinase conserved across all herpesviruses and plays important roles, including 

control of the nuclear egress. Judging by the vast network of potential substrates of the 

pUL21/pUS3 duo, and its requirement for virus dissemination in cultured cells, it is tempting 

to speculate that similar mechanisms exist in other herpesviruses, in the context of the kinase 
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activity of pUL13. Using co-IP screening with GFP-tagged PP1D64A as a bait expressed in 

herpesvirus-infected cells would allow identification of novel adaptors and/or viral substrates 

that could be targets of pUL13-mediated phosphorylation and potentially conserved across 

the entire Herpesviridae family.  

We also investigated the precise role of one of the pUL21 targets for dephosphorylation, the 

ceramide transfer protein CERT. Phosphoregulation of CERT activity plays a pivotal role in the 

sphingolipid metabolism and regulates the local lipid environment at the TGN, with 

consequences in the trafficking of various cargos to the plasma membrane. A stable lipid 

environment is very important to maintain the right membrane composition and orchestrated 

lipid signalling, and cells achieve this via an extremely complicated and robust system of 

feedback loops and compensatory mechanisms to adjust for any unwelcome disruptions. 

pUL21 boosts the activity of CERT, thus mediating spatiotemporal fluctuations in the lipid 

environment at the TGN, likely affecting its central role as a trafficking hub. Indeed, we show 

that when increased CERT dephosphorylation is missing because pUL21 binding to CERT is 

disrupted, more progeny infectious virions are secreted into the growth medium of cultured 

cells, giving clear evidence for suboptimal intracellular virus trafficking. In short, our data 

highlights another level of complexity in studying the host:pathogen interactions, where local 

and transient changes effect profound long-term dysregulation of host cell signalling. 

These results may have further clinical applications. For instance, the increased virus 

secretion upon defective CERT dephosphorylation can be used in designing an HSV-derived 

vaccine that could be more immunogenic and trigger stronger antibody response as the 

virions would be less hidden from immune surveillance. The defect in virus trafficking could 

also be beneficial in manufacturing of vaccines or oncolytic viruses, to ensure greater virus 

secretion hence higher yields of purified virus. This could be also useful in the growing field 

of genetic therapies with HSV-1-based vectors.  

To sum up, the work presented in this thesis outlines the versatile role of pUL21 during 

herpesvirus infection as a phosphatase adaptor. It further provides tools and strategies for 

careful assessment of virus-induced phosphoproteome changes on a global as well as protein-

specific levels, together with detailed analyses of the resulting temporal changes in 

sphingolipid homeostasis. Finally, after many years since its identification, the conserved 

pUL21 joins the group of well-characterized and not-so-enigmatic viral proteins.  
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9 Appendix 1. General buffers 

 

Buffer Composition 

5× SDS-PAGE loading buffer 

250 mM Tris pH 6.8 

25% v/v glycerol 

10% w/v SDS 

10 mM DTT 

0.05% Bromophenol Blue 

10× DNA loading buffer 

0.4% w/v Orange G 

50% v/v glycerol 

1 mM EDTA pH 8.0 

Tris-borate EDTA (TBE) buffer 

45 mM Tris base 

45 mM Boric acid 

1 mM EDTA 

1× Immunoblot transfer buffer 

192 mM Glycine 

25 mM Tris base 

20% v/v Methanol 

Ponceau stain 
30% w/v Trichloroacetic acid 

2% w/v Ponceau S 
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10 Appendix 2. Isothermal titration calorimetry (ITC) results table 

Comparison of the dissociation constant (KD), enthalpic change (ΔH), change in free energy 

(ΔG) entropic change (TΔS) and stoichiometry (N), all values are shown as mean ± SEM. 

 

Syringe Cell KD [nM] ΔH 
[kcal/mol] 

ΔG 
[kcal/mol] 

-TΔS 
[kcal/mol] 

N No. of 
replicates 

CERTL
P pUL21 

772.67 ± 
158.18 

3.89 ±   
0.74 

-8.37 ±  
0.11 

-12.27 ± 
0.62 

0.74 ± 0.01 3 

CERTL
S132A pUL21 

642.0 ± 
182.0 

2.385 ± 
0.21 

-8.475 ± 
0.18 

-10.85 ± 
0.05 

0.97 ± 0.04 2 

miniCERTL pUL21 
1042.0 ± 
240.46 

-8.65 ± 
0.28 

-8.21 ±  
0.11 

0.44 ±  
0.35 

0.89 ± 0.03 6 

miniCERTL pUL21C 
4325.0 ± 
1175.0 

-3.84 ± 
0.02 

-7.35 ±  
0.17 

-3.51 ± 
0.18 

0.97 ± 0.03  2 

miniCERTL pUL21V382E 
8086.67 ± 

538.53 
-7.20 ± 

0.03 
-6.95 ±  

0.04 
0.26 ±  
0.01 

1.16 ± 0.08 3 
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11 Appendix 3 A. High confidence hits from phosphoproteomics screen: HSV-1 

pUL21ΔPP1 P3 over mock 

Gene  
name 

log2(fold_change) -log10(p-value) Position Amino acid 

RANBP2 5.82229 2.90443 1128 S 

NUMA1 5.50166 2.44466 1991 S 

TRIM28; 5.33233 1.72754 489 S 

WBP11 5.24499 2.49993 604 S 

RBM14 4.84838 2.82820 618 S 

SPATS2L 4.78494 2.67413 135 S 

DHX38 4.76935 1.34649 47 S 

RANBP2 4.60109 2.36517 1123 S 

NOP2 4.34899 2.41273 58 S 

PDCD11 4.28553 1.71831 397 S 

MYBBP1A 4.27657 2.44095 1186 S 

OXSR1 4.13485 1.90343 425 S 

CDK11B 4.13389 1.60623 713 S 

SPAG9 4.12436 2.23904 217 T 

NUMA1 4.02258 1.88876 395 S 

BCLAF1 3.99460 1.67794 412 S 

HSPB1 3.96256 1.74000 15 S 

RBM7 3.95555 2.57944 16 S 

RPS3A 3.82691 2.55931 226 S 

GSK3B 3.82503 1.40014 9 S 

RTN4 3.81956 1.67736 107 S 

OXSR1 3.74970 1.90734 427 S 

SF3B2 3.74945 2.95151 289 S 

NELFE 3.71037 1.80490 49 S 

TRIM29 3.70731 2.67441 168 S 

KDM2A 3.67452 1.43618 541 S 

PAFAH1B2 3.65346 2.65387 2 S 

SNX1 3.64804 1.75397 123 S 

SNW1 3.59573 2.18504 33 S 

RPS2 3.59332 2.44304 285 T 

MCM6 3.58068 2.17586 762 S 

PPP1R12A 3.57260 2.56858 908 S 

NOSIP 3.56992 1.32601 195 S 

TCEAL3 3.56162 2.58734 65 S 

KTN1 3.54911 1.60992 243 S 

FH 3.54694 1.62157 3 S 

RAB11FIP1 3.53187 1.53909 432 S 

TJP1 3.52466 1.49808 409 S 

EIF4EBP1 3.52350 1.81113 65 S 

RTKN 3.51445 1.55382 30 S 

RPL17 3.49842 2.04094 5 S 

MARCKSL1 3.49480 2.23610 104 S 

RPL30 3.47115 2.63693 10 S 

THRAP3 3.46225 2.06453 575 S 

ENSA 3.44557 1.83613 2 S 

NELFE 3.40018 1.90358 51 S 

THRAP3 3.39491 1.70100 211 S 

PHF3 3.39479 3.28867 1837 S 

DSP 3.39277 2.50548 1127 S 

DIAPH3 3.38995 1.82033 1091 S 
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DIAPH3 3.38995 1.82033 1093 S 

TAOK3 3.38157 2.33896 442 S 

DSP 3.35499 1.68422 2598 S 

PFKFB2 3.29645 1.70409 483 S 

DENND4C 3.25830 1.70942 261 S 

NUMA1 3.24347 1.62747 820 S 

TPD52L2 3.23649 1.44120 112 S 

TOR1AIP2 3.23388 1.36740 13 S 

NELFA 3.22999 2.73521 281 T 

MKI67 3.21668 3.62349 3041 S 

MTOR 3.18211 1.80798 1162 T 

DDX3X 3.17127 2.04536 594 S 

AHNAK 3.16000 2.70800 5031 S 

HDAC1 3.15958 2.14609 406 S 

TOMM22 3.12316 2.13775 15 S 

CAST 3.11859 1.42864 456 S 

AHNAK 3.09516 2.15834 4850 S 

EIF3J 3.08920 1.69699 109 T 

NUMA1 3.08437 2.49722 388 S 

AHNAK 3.08227 2.10921 4100 T 

TNKS1BP1 3.08077 2.17553 1666 S 

PSMA2 3.07967 2.25529 222 T 

PLEKHA5 3.06919 1.67317 55 S 

DBNL 3.06706 1.76294 161 S 

CTNND1 3.06538 2.11559 320 S 

SFN 3.05178 2.35577 209 S 

IRS2 3.04713 2.00288 577 S 

HEATR1 3.04651 1.99023 1411 S 

CTCF 3.04385 1.52167 150 S 

PARVA 3.02720 2.06051 36 T 

ZNF326 3.00747 3.09268 478 S 

SNRPF 3.00663 2.29743 2 S 

ARHGAP1 3.00126 1.62794 51 S 

NUP107 2.99062 2.44323 11 S 

RBBP8 2.98798 2.48224 593 S 

LMNA 2.97057 2.82497 212 S 

AHNAK 2.97046 1.79984 3716 T 

NUP133 2.95759 1.32673 45 S 

HSPB1 2.93796 2.78710 65 S 

OPTN 2.93775 1.32585 469 S 

PPP1R13L 2.93182 1.90561 567 S 

AHNAK 2.93039 2.10790 4766 T 

PSMA5 2.92693 1.32651 56 S 

SERPINB2 2.91928 1.86786 72 T 

WDR77 2.91405 2.12111 5 T 

AHNAK 2.90651 1.66800 4430 T 

ACIN1 2.89587 1.97764 185 S 

PPHLN1 2.88640 2.55110 62 S 

IRS2 2.87260 2.00125 594 S 

CAD 2.83575 2.35292 1796 S 

SCAF11 2.82700 1.90212 473 S 

HSPB1 2.82514 1.55853 82 S 

TNKS1BP1 2.81878 1.67211 833 T 

CLTA 2.80156 1.65698 105 S 

PEA15 2.79986 1.33203 137 S 

CAST 2.77665 2.36367 449 S 
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DDX10 2.77624 3.03806 539 S 

CAMSAP2 2.77572 3.23922 992 S 

RPL28 2.77481 1.38006 115 S 

TMPO 2.76539 1.77573 433 S 

MARCKSL1 2.76501 2.07569 148 T 

PLEC 2.76006 1.53107 20 S 

SPATS2L 2.75943 3.30732 386 S 

RIC8A 2.75751 2.94007 118 S 

GORASP2 2.74975 2.38375 146 S 

MARCKS 2.72942 1.69164 170 S 

GORASP2 2.71855 1.90083 365 T 

TRMT1L 2.71834 1.50047 612 S 

TNKS1BP1 2.70571 2.33604 178 S 

GPN1 2.70157 2.22201 219 S 

CD44 2.69640 1.31311 718 S 

SND1 2.69156 2.15182 426 S 

SON 2.68075 2.09573 1919 S 

HNRNPM 2.67903 2.48454 467 S 

PXN 2.67556 1.56591 83 S 

LSM14A 2.66952 2.08966 178 S 

EIF4G1 2.66809 1.50764 1099 S 

PBRM1 2.65540 1.58695 39 S 

PNN 2.65249 3.19224 66 S 

SLTM 2.64956 2.01233 170 S 

RBM15 2.64886 2.01784 135 S 

PSMF1 2.63290 1.81428 153 S 

RAD50 2.62899 2.30990 471 S 

SND1 2.62292 4.22659 418 T 

SRRM2 2.60121 1.34706 2692 S 

FEN1 2.59939 2.33908 229 S 

SUPT6H 2.59015 3.83754 91 S 

CRTC3 2.58468 1.56778 62 S 

TRIM47 2.57861 1.50731 350 S 

AHNAK 2.57111 1.55818 4564 T 

ATXN2L 2.56838 1.91815 559 S 

DSP 2.56689 1.83594 2553 S 

KMT2D 2.55767 1.45189 1762 S 

HNRNPM 2.54275 2.14555 575 S 

KCTD12 2.54065 2.85742 176 S 

SAFB2 2.53727 2.52581 194 S 

CARHSP1 2.52841 1.88564 52 S 

HDAC1 2.52623 1.63689 410 S 

MAP4 2.52610 1.93816 524 S 

RPS6KA4 2.51870 2.05228 738 S 

PLEC 2.51544 1.61913 19 T 

LAD1 2.51408 1.91658 52 S 

EGFR 2.49286 3.22075 946 S 

RAD50 2.48958 1.70532 574 S 

UTP14A 2.47425 1.68554 14 S 

IVL 2.47302 1.44966 2 S 

AHNAK 2.46419 2.21210 819 S 

BCAR3 2.45887 1.53995 199 S 

FLNA 2.45747 1.99542 2309 T 

STK26 2.45181 1.77708 4 S 

THRAP3 2.44459 1.86876 487 T 

PXN 2.44031 1.64425 104 S 
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PGK1 2.43504 1.74389 175 S 

NUFIP2 2.43423 2.20598 652 S 

ANLN 2.43284 1.46092 755 S 

NUP214 2.42838 1.46415 645 S 

OSBPL3 2.42708 1.80916 262 S 

SUPT16H 2.41617 1.79593 650 S 

PHIP 2.41389 1.73150 1315 S 

SEPT7 2.41088 1.47340 390 T 

PTPN12 2.40921 1.74466 305 S 

PRRC2A 2.40823 1.53605 761 S 

ANLN 2.40788 1.39824 75 T 

KIAA1468 2.40531 1.62167 180 S 

PFKP 2.40505 1.53526 170 S 

LUZP1 2.40312 2.41687 639 S 

AKT1S1 2.40249 2.00209 116 T 

PSMD4 2.39470 2.74175 256 S 

FTSJ3 2.39359 3.22785 644 S 

DBNL 2.39238 1.48713 204 S 

HDAC1 2.38760 1.37893 409 S 

PARN 2.38442 1.51350 557 S 

DBR1 2.36832 1.67399 282 S 

MARCKS 2.36272 2.76083 150 T 

STMN1 2.36021 1.32645 38 S 

ACIN1 2.35839 1.87820 1174 S 

TLN1 2.35636 1.79206 425 S 

SLTM 2.35385 2.04744 126 S 

WDR44 2.34885 1.81018 262 S 

AKT1S1 2.34867 2.06209 53 S 

FAM122A 2.34215 3.13071 143 S 

SRSF10 2.33883 1.35878 133 S 

MCM3 2.33566 1.51182 160 S 

DNM1L 2.31936 1.67890 413 S 

HDGF 2.31716 2.02019 232 S 

NAP1L1 2.31592 1.78414 62 T 

INF2 2.31164 2.51210 589 S 

FAM122A 2.30984 1.75738 147 S 

EFTUD2 2.30815 1.83609 944 S 

TEX2 2.29174 2.62038 295 S 

KIAA1522 2.29133 1.76657 917 S 

MTDH 2.28374 2.21568 275 S 

MAP4 2.28132 1.85453 375 S 

MAP2K2 2.27606 1.59113 394 T 

KIF11 2.27450 1.74514 926 T 

RTKN 2.26776 1.50839 219 S 

ZNF574 2.26577 1.72523 203 S 

XPO1 2.26474 1.81294 1055 S 

GORASP2 2.26361 1.64937 368 S 

ANLN 2.25794 1.60012 72 S 

ANLN 2.25638 1.31153 485 S 

GIGYF2 2.25522 2.34905 160 S 

CEP170B 2.25487 2.51033 656 S 

PTS 2.25252 1.52022 19 S 

RAB11FIP1 2.24946 2.71249 86 S 

RPL18A 2.24925 1.76098 84 S 

SCAMP3 2.24902 1.54215 50 S 

EMD 2.24862 3.03274 49 S 
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RAB11FIP1 2.24431 2.71896 287 S 

AHNAK 2.23996 2.99304 4908 S 

MAP4 2.23634 3.47456 1970 S 

RAB11FIP1 2.23224 4.25889 84 S 

RTKN 2.22695 1.59554 220 S 

RPS6KA4 2.22223 1.90391 343 S 

NUP214 2.21740 1.97639 1011 S 

SARG 2.21735 1.54112 456 T 

MARK3 2.20985 1.37248 492 S 

SRSF1 2.20274 2.73407 199 S 

FLNA 2.19429 1.56806 2125 S 

EIF4B 2.17173 1.44089 502 S 

GPS1 2.17062 2.65268 454 S 

EXOSC2 2.16814 2.37955 124 S 

EMD 2.16319 2.86216 110 S 

STMN1 2.16050 1.38862 25 S 

FAM83H 2.16032 1.76678 1025 S 

SPACIA2; 2.15027 1.43362 134 S 

RPS7 2.14377 1.53193 99 T 

MAP1S 2.13883 1.83709 733 S 

JUN;JUND 2.13838 1.81014 73 S 

NCL 2.13780 2.57993 619 S 

HNRNPD 2.13598 1.56701 127 T 

RANBP2 2.13143 1.61733 1869 S 

ARFGEF2 2.11701 1.32465 227 S 

RPS8 2.10999 1.51930 130 T 

TRIM28 2.10939 1.36907 479 S 

AHNAK 2.10675 1.34174 3412 S 

TOP2A 2.09764 1.95623 1374 S 

UTP14A 2.09712 3.79006 401 S 

NRD1 2.09409 1.65741 96 S 

HSPB1 2.09228 1.65471 199 S 

EIF4B 2.08858 1.39689 450 S 

SRF 2.08767 1.86706 224 S 

CAMSAP1 2.08763 1.82554 802 S 

METTL16 2.07892 1.51147 419 S 

ZNF185 2.07431 2.27481 66 S 

RIF1 2.07032 1.70878 1422 S 

AP3D1 2.06504 1.92618 400 S 

EPS8L2 2.06455 2.33197 570 S 

PRPF4B 2.05556 2.90978 294 S 

EPS15 2.05084 2.02009 662 S 

HNRNPM 2.04812 2.18240 397 S 

KIF5B 2.04488 1.39756 933 S 

MAPK1IP1L 2.04345 1.34100 15 S 

NSFL1C 2.04036 1.68854 114 S 

CFL1 2.03751 1.69521 3 S 

AMPD2 2.03340 1.31956 139 S 

SRRM2 2.03019 2.01170 1233 S 

STK24 2.01978 1.48944 4 S 

CEP170 2.01950 1.73753 845 S 

AHNAK2 2.01929 1.41408 3408 S 

NUMA1 2.01598 2.05947 1969 S 

XRCC6 2.01306 1.87428 520 S 

RPS6KA4 2.01256 1.71047 347 S 

NEK9 2.01123 1.33105 868 S 
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EPB41L1 2.00969 1.77869 870 S 

BAIAP2 2.00506 1.89501 373 T 

IFI16 -2.00990 1.34406 153 S 

MFAP1 -2.01234 1.92035 52 S 

MFAP1 -2.01234 1.92035 53 S 

USP20 -2.02112 3.07528 377 T 

NKAP -2.02395 2.59382 157 S 

NKAP -2.02395 2.59382 161 T 

IFI16 -2.02623 2.10049 106 S 

MIS18BP1 -2.04302 2.00190 821 T 

NCL -2.04371 1.31241 41 S 

NCL -2.04371 1.31241 42 S 

SP100 -2.04615 2.19085 362 S 

LMNB2 -2.05368 1.92719 420 S 

MGA -2.07805 2.03602 645 S 

BRCA1 -2.09785 1.76437 1217 S 

BRCA1 -2.09785 1.76437 1218 S 

PPIG -2.10191 2.28989 730 S 

SRRM2 -2.10808 1.74743 424 S 

IRF2BP2 -2.10943 1.71711 360 S 

DSP -2.11236 2.12872 22 S 

MBD1 -2.12404 1.72446 336 S 

ZMYM4 -2.13915 1.98838 122 S 

MTA1 -2.18870 1.34436 314 S 

SF3B1 -2.20750 1.67785 227 T 

RPRD2 -2.20838 1.58728 556 S 

BRCA1 -2.21348 4.27463 1336 S 

MBD1 -2.21640 2.11175 391 S 

MTDH -2.22407 1.52827 512 S 

SOX13 -2.23219 1.97487 386 S 

PML -2.25780 1.93982 403 S 

DSP -2.26426 1.86177 31 T 

CLSPN -2.29722 2.05899 225 S 

TRIM33 -2.32303 1.97301 866 S 

TRIM33 -2.32303 1.97301 863 T 

TP53BP1 -2.38434 2.17579 1417 S 

TP53BP1 -2.39620 3.05396 1415 S 

TOR4A -2.44584 1.94013 63 S 

HNRNPD -2.44618 1.40890 82 S 

HNRNPD -2.44618 1.40890 83 S 

CENPA -2.47670 3.12314 17 S 

CENPA -2.48360 3.07609 19 S 

ZNF106 -2.60723 1.44745 1351 S 

STRBP -2.60910 2.08235 456 S 

TMEM41B -2.64944 2.02915 18 T 

ZNF106 -2.77316 2.32929 417 T 

PML -2.85604 1.39814 487 S 

ZNF462 -2.86945 2.02708 688 S 

CENPB -2.91956 2.62088 156 S 

PML -2.93989 2.85273 479 S 

MBD1 -2.94716 2.02156 311 S 

BNC1 -2.96117 2.95737 331 S 

RAD50 -2.96836 1.54874 629 T 

CENPC -3.09849 2.60636 73 S 

PKP1 -3.16504 1.84390 4 S 

KAT7 -3.22818 2.23713 57 S 



 185 

AP5M1 -3.24282 2.43976 29 T 

PML -3.31533 3.30338 457 S 

MSANTD3 -3.33209 1.55410 96 S 

MSANTD3 -3.34481 2.33957 98 S 

PML -3.45318 1.90615 470 S 

SF3B1 -3.46271 1.97317 129 S 

IRF2BP2 -3.51338 1.81408 175 S 

RALY -3.69106 2.45319 272 S 

BRCA1 -3.89910 1.60308 1007 S 

MBD1 -4.10878 1.62644 297 S 

PKP1 -4.51826 1.45629 155 S 
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12 Appendix 3 B. High confidence hits from phosphoproteomics screen: HSV-1 

pUL21ΔPP1 P3 over HSV-1 WT infected cells 

Gene  
name 

log2(fold_change) -log10(p-value) Position Amino acid 

SRRM2 2.17139 1.32849 961 S 

AATF 2.11894 1.45243 316 S 

EMD 2.05628 1.57372 110 S 

GC 2.03375 2.27784 83 S 

EPPK1 1.96425 2.44659 2508 S 

TMPO 1.92813 1.47349 59 S 

VP11/12 1.91712 1.44311 705 S 

PPIG 1.91189 2.94699 730 S 

SUB1 1.90358 1.46053 17 S 

GG 1.77235 1.47533 107 S 

EMD 1.64342 1.82817 29 S 

SRRM2 1.54759 1.46813 1106 T 

SRSF1 1.52528 2.40321 234 S 

SRSF1 1.52528 2.40321 238 S 

RIOK1 1.45739 1.94365 22 S 

UL34 1.37377 1.93603 29 S 

ACIN1 1.34239 2.11424 599 S 

SRRM2 1.33343 2.2303 395 S 

NCAPG 1.31591 1.78983 975 S 

RIF1 -1.30811 1.57163 2322 S 

EIF4G1 -1.31595 1.56317 1099 S 

SRSF3 -1.31968 1.88043 5 S 

SON -1.34514 1.8862 1919 S 

MYBBP1A -1.3484 2.39997 1290 S 

VP16 -1.40878 1.65895 40 T 

TMPO -1.46467 2.03352 433 S 

SPATS2L -1.47534 2.01763 135 S 

MKI67 -1.49931 1.5779 761 T 

GORASP2 -1.50291 2.19442 146 S 

AHNAK -1.52428 2.63269 819 S 

NCL -1.54588 1.95099 121 T 

AHNAK -1.5639 1.82844 5448 S 

SNRPF -1.5671 1.99133 2 S 

VP16 -1.59327 2.77037 44 S 

AHNAK -1.67991 3.65328 4908 S 

BCLAF1 -1.68693 1.42151 412 S 

LMNB2 -1.71657 1.30188 42 S 

SEPTIN-11 -1.75592 2.03893 9 S 

WDR43 -1.7933 1.7082 431 S 

RPL30 -2.08993 1.86276 10 S 

AHNAK -2.18527 1.78904 4850 S 
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13 Appendix 4. High confidence hits from SILAC co-IP: PP1γD64A-pUL21-GFP over 

GFP control 
Protein Log2(fold_change) -log10(p-value) 

PPP1R7 4.19763 3.00786 

PPP1R11 3.77050 2.53716 

PPP1R2 3.03949 2.28680 

GST-PP1-pUL21 3.00907 1.62724 

MRPL49 2.88149 1.97324 

MRPL21 2.87605 1.85667 

MRPL28 2.79015 1.99353 

CERT 2.72419 2.85428 

MRPL13 2.72397 1.93557 

MRPL1 2.70894 2.23456 

MRPL19 2.68860 1.86597 

MRPL47 2.64457 1.74133 

MRPL30 2.64376 1.88919 

GADD45GIP1 2.64292 1.64360 

MRPL48 2.63851 2.08921 

MRPL17 2.63596 1.89880 

MRPL41 2.62597 2.24253 

B4DLN1 2.61094 2.68626 

MRPL44 2.60362 1.69185 

MRPL10 2.59312 1.91567 

MRPL45 2.58638 1.88973 

MRPL16 2.56659 2.61586 

MRPL46 2.56396 1.57993 

MRPL37 2.56265 1.56516 

ERBB2IP 2.55154 2.57724 

MRPL50 2.53695 2.03390 

MRPL3 2.47241 1.92573 

MRPL15 2.46985 1.51524 

MRPL38 2.42661 1.41609 

SCRIB 2.39148 2.53265 

MRPL43 2.38237 1.57322 

MRPL2 2.37579 2.64775 

MRPL23 2.36435 1.75015 

MRPL11 2.36388 1.60961 

PPP1CA 2.36187 1.41180 

MRPL4 2.31131 1.82989 

MRPL9 2.28738 1.37254 

MRPS18A 2.26188 1.45445 

ICT1 2.20020 1.70591 

MRPL51 2.19413 2.91908 

MRPL24 2.19086 2.83305 

MRPS30 2.18302 1.53037 

MRPL39 2.13344 2.23641 

BAG2 2.06779 1.95441 

MRPL52 2.04844 2.21624 

MRPL18 2.00812 2.10502 

ATAD3A 1.92968 2.33587 

MRPL40 1.86131 1.68395 

DNAJA1 1.83754 2.17470 

GTPBP10 1.75453 1.85675 

IRS4 1.70077 1.45019 
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HSPA8 1.65499 1.74136 

SCO2 1.64605 2.21553 

HSPA1B 1.61876 1.80655 

SLC25A12 1.61637 2.19277 

SEC16A 1.58903 1.64168 

DNAJA2 1.55888 1.75848 

MALSU1 1.53094 3.17016 

SLC25A5 1.50373 3.15868 

TIMM13 1.45933 2.29766 

RCN2 1.40298 1.91820 

CCT8 1.30455 2.42916 

CCT3 1.27280 2.88613 

CCT6A 1.26922 2.30981 

SLC25A13 1.26524 3.42857 

CCT2 1.24738 2.87369 

SLC25A6 1.23703 2.23450 

RPL24 1.22652 1.91109 

TCP1 1.20407 2.59345 

HUWE1 1.20203 1.53347 

CCT4 1.18866 2.08990 

CCT5 1.18772 2.36572 

LETM1 1.14650 2.34320 

RPLP0 1.13833 1.74639 

RPS27 1.13259 1.96271 

AIFM1 1.11568 1.79756 

RPAP3 1.10106 1.94517 

RPL10 1.09879 3.18206 

RPLP2 1.09688 1.31347 

CAD 1.07226 2.34184 

STIP1 1.06369 1.47662 

RPS23 1.05311 1.64687 

RPL19 1.03674 1.46953 

CCT7 1.01664 2.59970 
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14 Appendix 5. High confidence hits from SILAC co-IP: pORF38-GFP over GFP 

control 

Protein Log2(fold_change) -log10(p-value) 

PPP2R1A 5.03486 2.12265 

ORF38 4.48733 1.85826 

PPP2R2A 4.45588 2.59799 

PPP1CB 4.44832 1.69482 

PPP1CA 4.39951 2.2549 

PPP2CA 4.21163 2.52865 

FAF2 3.23657 1.63754 

PPP1R2 3.01687 1.8361 

DNAJA1 2.46915 2.60707 

DHCR24 2.36697 1.63423 

HSPA1B 2.32921 2.23401 

BSG 2.31471 2.09174 

DNAJA2 2.20509 1.66903 

VDAC2 2.15366 1.95022 

HUWE1 2.0962 2.27536 

FAR1 2.06348 2.4366 

PSMC2 1.96829 2.16272 

HSPA8 1.95753 1.46311 

ATAD3A 1.82602 1.44551 

IMMT 1.82503 2.25598 

USMG5 1.78744 1.55335 

HSPA4 1.69305 1.46973 

VCP 1.69304 2.169 

PSMC5 1.65831 1.81218 

PGRMC1 1.58547 1.63297 

PSMD11 1.57208 1.78363 

SSR1 1.56349 1.89232 

PSMB1 1.54745 1.51042 

ARCN1 1.53574 1.58013 

PSMD4 1.52615 1.69396 

LBR 1.44445 2.70688 

SSR3 1.44008 2.61272 

AUP1 1.43345 5.30911 

AIFM1 1.43293 1.4699 

NCL 1.40286 2.0285 

EMD 1.36907 2.18851 

COPA 1.36377 1.43518 

SLC25A22 1.34899 1.41245 

CHCHD3 1.34136 1.77925 

HAT1 1.33803 1.55721 

RUVBL1 1.31912 2.71321 

STIP1 1.30245 1.32792 

COPB1 1.29565 1.38314 

PSMA7 1.29395 1.73998 

CCT3 1.29365 2.52027 

PSMC3 1.29337 1.71777 

HSPH1 1.26663 1.39668 

CCT4 1.2481 4.34429 

SLC25A5 1.22819 2.01014 

HSP90AA1 1.19669 2.96706 

VDAC1 1.1506 1.63272 
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RPS3A 1.12558 2.17486 

CCT6A 1.12344 5.62801 

SLC25A3 1.09396 1.47483 

PHB2 1.09183 1.57417 

RBBP4 1.08023 3.12694 

ATP2A2 1.06697 1.45797 

CCT8 1.06219 2.2258 

SLC25A6 1.04946 1.38683 

SSR4 1.04208 1.78331 
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15 Appendix 6. SAXS data collection and analysis parameters 

Data-collection parameters pUL21-H6 H6-miniCERTL H6-pUL21C H6-miniCERTL 

:H6-pUL21C 
H6-miniCERTL 

:pUL21-H6 
Radiation Source Petra III (DESY, Hamburg, Germany) 

Beamline EMBL P12 
Detector DECTRIS Pilatus 6M 

X-ray wavelength (nm) 0.124 
Sample-to-detector 

distance (m) 3.0 

Temperature (°C) 20 
Exposure time (s), Data 

frames (#) 0.1, 47 

Measured protein 
concentrations (mg/mL) 1.11–1.66 1.73–6.91 0.76 NA NA 

Injected protein 
concentration (mg/mL) NA NA NA 4.3 5.3 

Measured s-range (nm-1) 0.02–7.299 0.07–7.219 0.08–7.37 0.05–7.36 0.03–7.36 
Final working s-range 

(nm-1) 0.07–2.94 0.13–4.52 0.10–3.35 0.08–5.08 0.08–3.35 

Structural parameters  

I(0) (a.u.*) [from p(r)] 0.028 ± 
8.2×10-5 

0.024 ± 
1.5×10-5 

0.012 ± 
6.4×10-5 

0.016 ± 
5.9×10-5 

0.026 ± 
1.3×10-5 

Real-space Rg (nm) 
[from p(r)] 4.6 2.7 2.2 3.5 4.2 

I(0) (a.u.*) (from 
Guinier) 

0.028 ± 
7.3×10-5 

0.024 ± 
1.7×10-5 

0.012 ± 
5.9×10-5 

0.016 ± 
4.6×10-5 

0.025 ± 
1.2×10-5 

Rg (nm) (from Guinier) 4.2 2.66 2.21 3.31 4.05 
Dmax (nm) 18.1 9.05 8.5 13.6 15.8 

Porod volume estimate 
(Vp, nm3) 90 70.5 11.7 85 154 

Molecular-mass (Mr) 
determination  

Mr from Bayesian 
consensus (kDa) 60 46 32 56 91 

Mr credibility interval 
(kDa) 58–66 43–47 30–33 47–58 84–96 

Expected Mr from 
sequence (kDa) 58.7 44.9 29.3 73 103.6 

Software employed      
Primary data reduction SASFLOW 

Data processing PrimusQT/GNOM(5.0) 
Ensemble modelling EOM(2.1) NA 

Ab initio analysis NA GASBOR(2.3.i) 
Computation of model 

intensities CRYSOL(2.8.3) 

Pseudoatomic modelling NA CORAL (1.1) 
Small Angle Scattering 
Biological Data Bank  

SASBDB accession codes SASDKW8 
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16 Appendix 7. Cellular metabolic pathways stemming from click-sphingosine 
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