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The cytomegalovirus (CMV) genome encodes four clusters of genes expressed immediately after
infection — i.e.: UL36-38, UL122-123, TRS1-IRS1, and US3. The general function of these genes
is associated with inhibition of cellular mechanisms of antiviral response. Although several bio-
logical processes have been mapped onto specific gene products, the knowledge of the molecular
mechanism of their activity remains fragmentary. Here, we report the application of protein struc-
ture prediction methods in assigning the function to a glycosylated domain encoded by UL37 of
CMYV (gpUL37, UL37x3). The discerned similarity clearly points out that this domain represents
a novel type of a major histocompatibility complex (MHC)-like protein, and consequently may
play a central role in an additional mechanism of escape from antiviral response.
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INTRODUCTION

Human cytomegalovirus (HCMV) is an im-
portant agent of gastrointestinal infections and other
diseases such as pneumonitis, hepatitis, and retinitis
(Whitley, 1996), especially in immunocompromised
patients (Steininger, 2007). HCMYV is also one of the
major viral agents associated with congenital disor-
ders (Kenneson & Cannon, 2007). The pathogen, sim-
ilarly to other species of Herpesviridae, has an ability
to establish latent infection (Sinclair & Sissons, 2006)
and exhibits various mechanisms preventing the ap-
optosis of infected cells (Andoniou & Degli-Esposti,
2006). The natural host cell range of human CMYV is
narrow and is mainly restricted to terminally differ-
entiated epithelial, fibroblast and endothelial cells, as
well as macrophages.

The human cytomegalovirus genome is a
double-stranded DNA molecule of nearly 230 thou-
sand base pairs (kbp), encoding more than 150 pro-

teins. During productive infection, HCMV genes are
expressed in a three-step cascade, with phases des-
ignated as immediate-early (IE), early and late. The
genes expressed immediately after infection (im-
mediate early gene expression) are clustered in the
genome in four distinct loci: UL36-38, UL122-123,
TRS1-IRS1, and US3 (Colberg-Poley, 1996). The gen-
eral function of these genes is associated with inhi-
bition of cellular mechanisms of antiviral response
and temporal regulation of gene expression. The
IE genes are involved in the cell cycle block in a
p53-dependent manner (UL122-123), regulation of
antiviral response executed by PKR kinase (TRSI,
IRS1), as well as in inhibition of apoptosis triggering
(UL36, N-terminal segment of UL37) and deactiva-
tion of viral antigen presentation via modulation of
expression of MHC class I proteins (US3) (Colberg-
Poley, 1996). The immediate early proteins encoded
by UL122 and UL123 (IE1 and IE2, respectively)
play a central role in initiation and maintenance of
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HCMV gene expression in both lytic and latent in-
fection (Stenberg & Stinski, 1985). The presence of
analogous genomic loci has been confirmed for all
sequenced related viruses of Betaherpesvirinae, al-
though a notable variance in the gene content was
reported (Knipe ef al., 2001).

The expression of genes from the UL36-UL38
region, followed by alternative splicing, results in
the synthesis of several gene transcripts with a rep-
ertoire of corresponding protein products, whose in-
dividual functions have not been fully described yet
(Colberg-Poley et al., 2000). Of these, UL36 encodes
a nonglycosylated cytoplasmic protein of anti-ap-
optotic activity, due to its role as an inhibitor of a
caspase cascade (Andoniou & Degli-Esposti, 2006).
The analysis of conservation of UL36 across a spec-
trum of CMV genotypes suggests that this protein
is mutated in many important laboratory strains, in-
cluding the most commonly used strain AD169 (Pat-
terson & Shenk, 1999). A recent study by Terhune
et al, (2007) provided a strong evidence that yet
another gene product of this gene cluster — pUL38
— 1is a cell-death inhibitor enabling efficient virus
replication.

The dominant IE gene product involved in
anti-apoptotic regulation is encoded by the UL37
gene (Goldmacher, 2002), spanning 2.7 kbp of the
viral genome (Dolan et al., 2004). Lee et al. (2000)
in their study on mutation of a murine homologue
(M37) demonstrated that this protein is a virulence
factor, required for virulence in vivo, but not essential
for replication in vitro. Other previous studies clearly
pointed out that the protein acts as a negative regu-
lator of mitochondrial activation of apoptosis (viral
mitochondria-localized inhibitor of apoptosis; vVMIA
(McCormick ef al., 2003)). In turn, functional assays
suggested that the anti-apoptotic activity of UL37 is
achieved at a point downstream of caspase 8, but
prior to cytochrome ¢ release from mitochondria in
a Bcl-2-like manner. This was noted despite a lack
of traceable sequence similarity of UL37 to known
cellular proteins with such activity (Andoniou &
Degli-Esposti, 2006). In the mitochondrion the pro-
tein product seems to sequestrate Bax in the form of
a VMIA-Bax complex (Arnoult et al., 2004; Poncet et
al., 2004). Also by altering the mitochondrial bioen-
ergetics VMIA causes a widely expressed cytopathic
effect (Poncet ef al., 2006). A recent molecular mod-
elling study on VMIA was augmented with muta-
tional assays to reveal the potential mechanism of
vMIA’s molecular activity. Applying the techniques
of fold recognition resulted in a potential model of
the three-dimensional structure of vMIA as a viral
homologue of Bcl-X(L) (Pauleau et al., 2007).

The minimal fragment of UL37 exhibiting
vMIA activity was mapped to the cleaved N-terminal
fragment, encoded by the first exon (pUL37x1; (An-

doniou & Degli-Esposti, 2006)). Apparently, a major
fraction of the UL37 open reading frame encodes a
highly glycosylated protein (gpUL37; UL37x3) trans-
ported through the secretory pathway, via endoplas-
matic reticulum and the Golgi apparatus. The mo-
lecular function and impact on viral pathogenesis
of this predominant fraction of UL37 open reading
frame (gpUL37) is (as of now) undetermined (Ando-
niou & Degli-Esposti, 2006).

The Herpesviridae constitute a relatively old
group of viruses, for which phylogenetic studies
postulate an evolution parallel to that of the verte-
brate host species (Montague & Hutchison, 2000).
Thus, a significant fraction of the herpesvirus gene
pool encompasses divergent homologues of host cel-
lular proteins, adapted to host-specific and cell-type
specific conditions (Holzerlandt et al., 2002). The
exact number of such genes is probably underesti-
mated, due to analyses conducted on the level of
primary protein structure (i.e. pairwise amino-acid
sequence similarities). In our previous studies, we
applied state-of-the-art methods for distant homol-
ogy detection and combined them with protein
structure prediction in order to study several diver-
gent Herpesviridae proteins and outline the molecular
background of their function. The approach was suc-
cessfully applied in the case of the critical invasion
factor glycoprotein L (gL) (Wyrwicz & Rychlewski,
2007b), the Gammaherpesvirinae transcription factor
BcRF1 (Wyrwicz & Rychlewski, 2007c), the Alphaher-
pesvirinae transcriptional regulator ICP4 (Wyrwicz &
Rychlewski, 2007a) and the neurovirulence protein
UL45 (Wyrwicz et al., 2008). Here, we present simi-
lar results of fold recognition and three dimensional
modelling, as applied to Betaherpesviridae gpUL37
domain in order to postulate the molecular function
of this immediate early glycoprotein.

MATERIALS AND METHODS

Assembly of UL37 family. The sequence of
CMV UL37 (gil9625722; strain AD169) was sub-
jected to PSI-BLAST (Altschul et al., 1997) searches
against the NCBI NR (non-redundant) protein da-
tabase (National Center for Biotechnology Informa-
tion; NCBIL; 01/11/2007). The search was conducted
until profile convergence, with the cut-off for inclu-
sion in the profile set equal to 0.001. Subsequently,
the obtained set of UL37 homologues was clustered
at 90% of sequence identity, using the CD-HIT tool
(Li & Godzik, 2006). Finally, the resulting sequences
were aligned with ClustalW (Thompson et al., 1994)
with minor manual corrections of the end result.

Annotation of predicted sequence features.
The positions of potentially glycosylated asparag-
ine residues were assigned using NetNGlyc server



Vol. 55 Modelling of CMV immediate early protein gpUL37

69

(http://www.cbs.dtu.dk/services/NetNGlyc/  (Gupta
& Brunak, 2002)) and literature data (Hayajneh et al.,
2001a). Protein transmembrane segments were anno-
tated with TMHMM tool (Sonnhammer et al., 1998).
The prediction of potential globular regions was per-
formed with GlobPlot (Linding et al., 2003).
Molecular modelling of the UL37 protein.
Sequences of the conserved globular domain of
UL37 were subjected to the Structure Prediction
Meta Server (http://bioinfo.pl/meta (Bujnicki et al.,
2001)). At this stage, secondary structure prediction
was also obtained using PsiPred (Jones, 1999) and
ProfSec (Rost & Sander, 1993), accessed via the Meta

(Sanchez & Sali, 2000)

al., 2003).

The resulting structural alignment was manu-
ally refined according to the quality assessment tool
— Verify3D (Eisenberg ef al.,
ogy models were obtained with Modeller version 6.2

1997). Finally, homol-

and screened with 3D-Jury

— a consensus fold recognition method (Ginalski et

RESULTS AND DISCUSSION

Various advanced distant homology mapping
(Meta-Basic (Ginalski et al.,

2004), FFAS3 (Jarosze-

Server. wski ef al., 2005)) and threading methods (3D-PSSM
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Figure 1. Alignment of UL37 glycoprotein and MHC protein domains.

Corresponding sequences were extracted from GenBank entries (coded with GenBank identifier gi; HCMV, Human her-
pesvirus 5; CCMV, Chimpanzee cytomegalovirus; CHVS, Cercopithecine herpesvirus 8; THV, Tupaia herpesvirus; MHV2, Murid
herpesvirus 2; HHV6, Human herpesvirus 6; MHV1, Murid herpesvirus 1, HHV7, Human herpesvirus 7). Numbers in brackets
refer to the length of removed fragments. Sequences of selected crystallographically solved MHC protein domains are
included. The observed (PDB: 2E7L, chain E) and predicted (PsiPred, predictions for UL37 of CMV and HHV?) second-
ary structure elements are coded with letters (H, a-helix; E, B-strands). Location of potential N-glycosylation sites in
CMV UL37, according to NetNGlyc tool, are marked with asterisk (*). The pairs of cystine residues creating disulphide
bonds are denoted by corresponding numbers above the alignment. The PDB codes correspond to proteins of MHC-like
fold: 2E7L, TCR receptor; INEZ, nonclassical MHC class I (TL protein); 1C16, nonclassical MHC class Ib (T22 protein);
1758, nonclassical MHC class Ib (T10 protein); 2ICN, zinc a-2 glycoprotein; 1A6Z, hemochromatosis protein Hfe; 1FRT,

1EXU, Fc receptor; 1KCG, ULBP3.
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(Kelley et al., 2000), INUB (Fischer, 2003)) identified
a major histocompatibility complex (MHC)-like pro-
tein fold as a potential structure of the investigated
family (SCOP family d.19.1). As shown in Table 1,
the prediction was confirmed with confident scores
in the 3D-Jury method (Ginalski ef al., 2003). A sum-
mary of the top hits obtained for human pathogen-
ic viruses of Betaherpesvirinae is shown in Table 2.
Thus, we conclude that a consistent fold prediction
was achieved for the conserved domain of UL37
proteins.

The predicted MHC fold consists of a (3-sheet
of eight strands and two long helices located at one
side of the sheet in a PPERaBPPPa topology (Gar-
boczi et al., 1996). The resulting domain has a hy-
drophobic ligand-binding cavity (located between
the two helices). Most of the recognized MHC-fold
proteins are involved in the binding of peptides in
order to present either internal (Class I MHC) or ex-
ternal (Class II MHC) antigens in the process of ac-
quired immune response. Here — the MHC domain
is composed of two distinct fragments — referred to
as a-1 and a-2 domains.

However, other ligands were also identified
(Maenaka & Jones, 1999; Natarajan et al., 1999). Al-
though the binding module and the ligands differ
between the observed functional groups of MHC
proteins, a constant feature of this fold is the rela-
tively high instability of the structure in the absence
of the ligand (Garboczi et al., 1996).

The structural alignment constructed on the
basis of distant homology mappings, refined accord-
ing to the predicted and observed secondary struc-
tures of gpUL37 and crystallographically solved pro-
teins of MHC fold, respectively, is shown in Fig. 1.
Although some discrepancy in the predictions of
secondary structure is observed (compare Fig. 1),
the overall topology of the proteins is conserved be-
tween the two protein families. A homology model
of CMV gpUL37 built according to the alignment is
shown in Fig. 2. Of note are the additional two pairs
of conserved cysteine residues (marked with num-
bers above the alignment in Fig. 1), located in the
model in spatial proximity. We postulate that these
residues may stabilize the fold by both tightening
the p-sheet and bridging one a-helix to the core part
of the fold (Fig. 2).

The majority of proteins belonging to the
MHC fold contain an additional all-p immunoglobu-
lin-like domain, spacing the MHC fold from the cell
membrane. In UL37 we also observe an additional
segment located between the discussed domain and
the transmembrane segment (Fig. 3). However, for
this region (sometimes referred to as the basic do-
main (Hayajneh et al., 2001b)), we were unable to
notice homology to any other proteins of known
fold.

The molecular mimicry of viral proteins to
host proteins of defined functions is not unusual
and several such events have been reported (Michel-

Table 1. Summary of fold recognition analysis for CMV UL37 (gil52139223).

The top scoring hits (for each method) are shown in bold font. Hits below 3D-Jury cutoff of 50.0 (corresponding to less
than 5% of prediction error) are shown in italics. Methods were coded according to their common abbreviations: 3DPS,

3D-PSSM; MBAS, MetaBasic; FFA3, FFAS3.

3DJury # Select- Methods PDB iden-

SCOP

score Method ed Hit score tifier Hit name family Organism
69.00 3DPS 3 0.171 1mhcA MHC class I d.19.1 R. norvegicus
68.71 3DPS 7 1.05 lzagA Alpha-2-glycoprotein d.19.1 H. sapiens
65.57 3DPS 1 0.142 1zagA Alpha-2-glycoprotein d.19.1 H. sapiens
62.57 INUB 3 10.93 1zagA Alpha-2-glycoprotein d.19.1 H. sapiens
60.43 3DPS 6 0.93 1duzA MHC class I d.19.1 H. sapiens
60.14 INUB 5 10.19 1kegC ULBP3 protein d.19.1 H. sapiens
59.71 3DPS 4 0.252 lcd1A CD1 protein d.19.1 M. musculus
57.57 3DPS 8 1.46 1ded4A Hemochromatosis protein d.19.1 H. sapiens
55.71 INUB 6 9.4 ifmA NK cell ligand RAE1 Beta d.19.1 M. musculus
55.57 MBAS 2 21.39 1kcgC ULBP3 protein d.19.1 H. sapiens
54.29 INUB 1 14.05 1cd1A CD1 protein d.19.1 M. musculus
53.00 3DPS 9 1.55 lcd1A CD1 protein d.19.1 M. musculus
52.57 MBAS 8 18.44 118jA Endothelial protein C receptor ~ d.19.1 H. sapiens
51.86 FFA3 1 -7.3 1jfmA NK cell ligand RAE1 Beta d.19.1 M. musculus
45.14 INUB 2 12.56 1a6zA Hemochromatosis protein d.19.1 H. sapiens
41.67 3DPS 5 0.757 3fruA Neonatal Fc receptor d.19.1 R. norvegicus
38.43 FFA3 2 -6.1 118jA Endothelial protein C receptor d.19.1 H. sapiens
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Figure 2. A model of CMV UL37 MHC-like domain.
Secondary structure elements are coded with colors: cyan,
a-helix; magenta, B-strands. Location of cysteine residues
creating disulphide bonds is shown in yellow.

son, 2004). Also, the presence of a MHC class I
homologue in the CMV genome, encoded by the
UL18 gene, was previously reported (Beck & Barrell,
1988), further corroborating our present findings.

In the light of our analysis — the challenging
question remains: “can gpUL37 bind any ligand?”.
The modelling performed for such a low sequence
similarity (below 10%) cannot be very helpful in de-
termining the ligand-binding specificity (as this is a
case of quite distant fold mapping).

Another open area is the reason for the wide
preservation of MHC-like proteins in viral genomes
of Betaherpesvirinae. The development of acquired
immune system in early vertebrates, resulted in the
creation of a complex MHC-fold-mediated antigen
presentation and recognition system, based on a set
of specific protein—protein interactions. All analyzed
genomes of Betaherpesvirinae contain a homologue of
UL37 and this subfamily diverged from other Her-

|- e
CCMV

 — R

HHV7

MHV1

MHV2
THV

I Mitochondrial localization [ Transmembrane segment

] vMIA
[ MHC-like

[ Intracellular domain
Il Signal peptide

Bl Unknown funclion (spacer?) I CMV cleavage signal

Figure 3. Overview of domain organization in UL37 or-
thologs (for virus abbreviations refer to Fig. 1).

pesviridae early (when compared to the evolution of
the MHC protein family). Thus, we might speculate
that this particular IE gene was acquired by an an-
cestor of Betaherpesvirinae in the moment of the di-
vergence of MHC-fold proteins in the host genome.

The gene product of UL37 has been suggested
to provide an important anti-apoptotic mechanism,
one active early in the infection. This observation
was consistently proven by several research groups
in various experimental models and the reliability of
this functional assignment is very high (Andoniou &
Degli-Esposti, 2006). The UL37 homologues from the
majority of Betaherpesvirinae genomes have a constant
fragment of the open reading frame (ORF) encoded
by CMYV exon 3 (i.e., gpUL37), with the anti-apoptot-
ic molecule vMIA (encoded by exon 1) restricted to
primates” CMV (HCMV, CCMV — compare Fig. 3).
On this basis, we posit that vMIA was gained in the
recent evolution of this Cytomegalovirus subfamily by
inclusion of an additional exon in the ancestral IE
gene. This information is also partially confirmed by
the fact that both human and chimp CMV retain an
ancestor signal peptide, located in the internal part
of ORF, adjacent to the proposed MHC-like domain.
This signal peptide is processed after the cleavage of
vMIA (Mavinakere & Colberg-Poley, 2004). In such
a situation, the functions of secreted gpUL37 and
vMIA directed to the mitochondriae can be synergic
only in terms of a temporal association during IE
gene expression.

The observed low sequence conservation of
the glycosylated domain of UL37 (gpUL37) can be
a result of viral adaptation to host response fac-
tors. Notably, this adaptation is not only driven
by the host, but may also result from the presence
of specific factors of infected cells (tissues) or vi-
ral pathogenesis. The glycosylated domain of UL37
from the human pathogens analyzed exhibits only
7-9% of sequence identity (in comparison of CMV
versus closely related HHV6 and HHV7 sequences).
This is consistent with the average sequence iden-
tity observed across the whole group of gpUL37 do-
main homologues. Additionally, none of the several
potential N-glycosylation sites throughout the do-
main is conserved in all analyzed species (compare
Fig. 1). This observation is consistent with a study
showing relatively high sequence variance within
primary isolates from clinical samples. A number of
reported polymorphisms were located at potential
N-glycosylation sites (Hayajneh et al., 2001a), but
the majority of these variants occurred at subopti-
mal N-glycosylation sites (according to the results of
NetNGlyc method; not shown).

Since the binding of a ligand in the cavity of
the MHC-like fold of gpUL37 remains disputable
and we posit the existence of cysteine bonds bridg-
ing this unstable protein fold, we suggest that this
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Table 2. Summary of results for fold recognition on the conserved domain of UL37 gene product, according to 3D-

Jury prediction assessment method.

Template codes are Protein Data Bank (PDB) entry identifiers.

Virus GenBank sequence identifier 3D-Jury score Method Template SCOP
CMV gil52139223 69.00 3D-PSSM ImhcA d.19.1
HHV6A gil451942 44.25 MetaBasic 118jA d.19.1
HHV6B gil9633087 43.50 3D-PSSM ThocA d.19.1
HHV7 gi| 51874240 71.50 FFAS3 2e71E d.19.1

protein acts as a viral analog of the cellular proteins
of the MHC complex (Kluczyk et al, 2004). Their
postulated function is to interfere with either class I
or class I MHC proteins, rather than being an active
member of antigen presentation mechanisms. There-
fore, gpUL37 may define a novel robust viral mecha-
nism of inactivation of the cell antiviral response. In
this, it may cooperate with the other CMV proteins
observed in Betaherpesvirinae, e.g.: US3 — a small
protein ligand blocking the antigen presentation by
binding to MHC class II proteins (Johnson & Hegde,
2002). Alternatively, gpUL37 can function similarly
to a different MHC-like protein, encoded by the
CMV gene UL18 (Beck & Barrell, 1988; Lopez-Botet
et al., 2001). The later gene product (pUL18) alter-
nates the activity of NK lymphocytes and dendritic
cells (Wagner ef al., 2008).

In light of the above, further experimental as-
says (focused on mechanisms hypothesized here) are
needed to elucidate the exact role of the glycosylated
domain of UL37 homologues, during pathogenesis
of Betaherpesvirinae infections.
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