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Abstract

Background: Human Cytomegalovirus (HCMV) is a widespread herpesvirus that establishes persistent infections by evading host immune surveillance. A
critical strategy involves the disruption of antigen presentation via Class | Major Histocompatibility Complex (MHC-I) molecules, thereby impairing cytotoxic
T lymphocyte (CTL) recognition. This immune evasion is facilitated by a group of HCMV-encoded glycoproteins, US2, US3, US6, US10, and US11, which
target distinct stages of the MHC-1 processing and presentation pathway.

Materials and Methods: A comprehensive bioinformatics workflow was employed to characterize the structure and function of key HCMV proteins. Protein
sequences were sourced from NCBI, and domain structures were analyzed using the Conserved Domain Database (CDD). Coding potential was assessed
through reverse translation and ORF prediction. Structural modelling and homology were evaluated via Phyre2, PSI-BLAST, and Clustal Omega.
Physicochemical properties were determined using EXPASy ProtParam, and transmembrane regions were predicted with TMHMM. Model validation involved
RCSB-PDB, PDBsum, Ramachandran plots, and TM-align. Protein-MHC interactions were visualized using Discovery Studio and PyMOL.

Results: US2 and US3 mimic MHC-I structures to bind and retain them within the endoplasmic reticulum, while US6 inhibits TAP-mediated peptide
translocation. US10, with its dual transmembrane topology, disrupts HLA-G trafficking, impacting both CTL and NK cell responses.

Conclusion: This study demonstrates how HCMV proteins interfere with MHC-I antigen presentation, emphasizing their roles in immune evasion. US10
emerges as a key therapeutic target. The findings offer novel insights into HCMV’s molecular strategies, paving the way for the development of targeted
antiviral treatments and vaccine design.
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infection® HCMV can also severely impact

o _ . immunocompromised individuals and is spread through
HCMV, a member of the Herpesviridae family, establishes  pogily fluids such as saliva and blood.”®

lifelong infections and often remains asymptomatic or causes

mild symptoms like fever and body aches. After primary The HCMV genome is approximately 235 kb of linear
infection, HCMV enters a latent phase within host cells,  double-stranded DNA, the largest among human
remaining dormant until reactivation triggers replication and ~ herpesviruses, encoding over 200 open reading frames
symptoms.X? Neonatal infections result from exposure during (ORFs) and containing unique long (UL) and unique short
delivery, with congenital infections affecting 10 in 100,000  (US) gene families. A study indicated that 282 viral
live births globally.3# The risk of congenital CMV (cCMV)  transcripts were actively translated into proteins, reflecting a
infections is highest through vertical transmission, occurring  significant protein-coding potential. HCMV encodes major
in 0.3-1.2% of births, often due to maternal primary  long non-coding RNAs (RNA1.2, RNAZ2.7, RNAA4.9,
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RNAA5.0) and numerous miRNAs, which are vital for gene
expression and viral pathogenesis.*!® The mature HCMV
envelope features a lipid bilayer with eleven viral
glycoproteins, alongside intrinsic membrane proteins and a
capsid covered by a tegument that aids replication.
Glycoproteins such as gB, gH, gL, gN, and gM are crucial for
host cell penetration, acting like keys that fit specific
receptors on host surfaces.!12 HCMV replicates in various
cell types, including epithelial and renal cells. Class | Major
Histocompatibility Complex (MHC-I) molecules are
essential for activating cytotoxic cells like NK and CD8+ T
cells. HCMV evades immune detection by downregulating
MHC-I molecules and impairing antigen presentation, which
is critical for the immune response.’®** HCMV proteins
(US2, US3, US6, US10, US11) target MHC-I pathways for
immune evasion. US2 directs MHC-I to degradation
pathways, diminishing its presence on the cell surface.!>'6
US3 prevents MHC-I transport to the Golgi, blocking
maturation and presentation. US6 binds MHC-I in the ER,
hindering its transport. US10 internalizes mature MHC-I via
endocytosis, and US11 inhibits MHC-I assembly with
peptides, collectively diminishing MHC-1 availability,
allowing HCMV to evade immune detection [17-19]. This
study employs bioinformatics to analyze the properties of key
HCMV proteins, focusing on their affinities to MHC-I,
providing insights relevant to vaccine design, particularly
concerning US10. Multiple viral protein groups of HCMV
are summarized in Table 1.

2. Materials and Methods
2.1. Sequence retrieval and analysis of biological roles

HCMV encodes US2, US3, US6, US10, and US11; and
sequences from human class I MHC molecules were
retriecved from the National Centre for Biotechnology
Information (NCBI) protein database
(https://www.ncbi.nlm.nih.gov/). These sequences were
acquired in FASTA format, a standard format for nucleotide
or protein sequences. These sequences were compared using
the NCBI Conserved Domains Database (NCBI-CDD) to
identify conserved domains- regions of proteins that are
structurally and functionally conserved across species
(https://www.ncbi.nlm.nih.gov/cdd/). The protein sequences
were reverse-translated into nucleotide sequences using
Reverse Translate, and potential protein-coding regions were
identified using ORF Finder. This analysis also highlighted
the genetic makeup of the sequences
(https://www.ncbi.nlm.nih.gov/orffinder/).2

2.2. Protein secondary structure prediction and analysis

Protein sequences were analyzed using the Phyre2 Protein
Fold Recognition Server, which predicts three-dimensional
structures, domain architecture, and functional annotations
based on homology modelling.?* Phyre2 also identified
intrinsically disordered regions and associated protein
families and superfamilies. To investigate evolutionary

relationships and conserved motifs, multiple sequence
alignment (MSA) was performed using Clustal Omega
version 1.2.4.22 Homologous sequences were identified using
PSI-BLAST, facilitating comparative analysis of structural
similarities and variations. Physicochemical properties such
as sequence length, molecular weight, theoretical isoelectric
point (pl), instability index, aliphatic index, and GRAVY
(grand average of hydropathicity) were computed using the
ExPASy ProtParam tool.??2® These parameters provided
critical insights into each protein’s solubility, stability, and
hydrophobicity. A phylogenetic tree was generated from
Clustal Omega alignment data to visualize evolutionary
relationships. Transmembrane helices were predicted using
TMHMM 2.0, which applies a hidden Markov model to
identify membrane-spanning  regions, essential  for
understanding  epitope  accessibility and membrane
association.?* Additionally, FASTA sequences of MHC Class
I molecules obtained from the NCBI database were analyzed
using GeneThreader. This analysis included pH profiles and
amino acid composition, offering further insight into the
structural stability and functional features of MHC Class |
proteins.?

2.3. Protein structure validation and property analysis

Protein sequences were submitted to the Research
Collaboratory for Structural Bioinformatics Protein Data
Bank (RCSB-PDB) to retrieve detailed structural
information, including three-dimensional atomic coordinates,
ligand interactions, water molecules, and experimental
conditions such as crystallization and X-ray diffraction
data.?® The resulting PDB files were further analyzed using
PDBsum, which provides functional annotations and
structural summaries, including information on secondary
structure elements, active sites, ligand binding, and structural
motifs such as pores and tunnels, key features for identifying
potential epitope regions.?” Ramachandran plots generated
through PDBsum were used to evaluate the phi (¢) and psi
(v) torsion angles of the backbone atoms, allowing
assessment of stereochemical quality and identification of
residues in disallowed regions, which could compromise
protein stability.?® Bond lengths and bond angles were also
examined to ensure structural integrity. To assess structural
similarity and evolutionary conservation, TM-align was
applied to compare modelled HCMV proteins with
homologous structures identified via PSI-BLAST. TM-align
outputs included TM-score and RMSD (Root Mean Square
Deviation), with higher TM-scores and lower RMSD values
indicating a high degree of structural similarity and potential
functional relevance.?® Discovery Studio 2024 Client was
then used to refine and visualize the structural alignments,
including the interaction interfaces between HCMV proteins
and human MHC molecules.® TM-align was also employed
to predict binding affinities with MHC Class | proteins,
supporting epitope mapping and immunological relevance.
Final structural validation and visualization were performed
using PyMOL, which confirmed the alignment results and
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provided high-resolution images for accurate interpretation
of epitope positioning and structural features.3!

3. Results

HCMV employs a set of viral proteins, US2, US3, US6,
US10, and US11, to evade immune detection by interfering
with MHC Class I-mediated antigen presentation. These
proteins act as immune modulators, enabling the virus to
escape cytotoxic T cell responses. MHC Class | protein
sequences were retrieved from NCBI and analyzed using
Gene Threader, revealing that these immune molecules are
highly acidic.? Alanine was the most abundant amino acid
(9.39-10.84%), supporting structural stability and
adaptability, while asparagine, cysteine, and methionine were
least represented, yet likely play critical roles in function and
binding.®*3* Domain architecture analysis via NCBI-CDD
showed that each HCMYV protein possesses distinct structural
features tailored for immune evasion. US2 and US3, part of
the same family (pfam05963), are ER-resident proteins that
bind MHC-I molecules directly, preventing their surface
expression. Structural modelling based on US2-HLA-A2/tax
crystal structures confirmed high-confidence interactions,
with significant TM-align scores and e-values (US2: 294.76,
e-value 1.32e-102; US3: 248.54, e-value 1.25e-84). These
findings are consistent with earlier studies by Lee et al. and
Gewurz et al., which showed US2 and US3 trap MHC-I in
the ER, disrupting immune surveillance during early
infection stages.3**

3.1. Functional and structural diversification of HCMV
immune evasion proteins:

HCMV proteins US6 and US10 exhibit unique mechanisms
for evading the immune response and are categorized into
separate PFAM families, with e-values of 3.35e-111 and
1.67e-125, respectively. While they are comparable in size,
with US6 comprising residues 25-183 and US10 consisting
of residues 25-185, their functional roles are markedly
different. US6 is involved in inhibiting the transporter-
associated protein (TAP), disrupting the translocation of
peptides into the endoplasmic reticulum (ER) and preventing
the loading of antigens onto MHC-1.3¢ Conversely, US10
targets the tri-leucine motif within MHC-I molecules,
impacting their surface trafficking and resulting in
downregulation of HLA-G expression through its
cytoplasmic tail, distinguishing it from other viral immune
modulators.%

Additionally, US11, associated with a lower-confidence
domain assignment (bit score 51.73, e-value 4.81e-08), also
interferes with antigen presentation. These immune-
modulating proteins are encoded by distinct ORFs and

identified as US2: ORF 3, US3: ORF 4, US6: ORF 1, US10:
ORF 2, and US11: ORF 2. The region extending from US2
to US11 is organized as an immune evasion module.383°

Biochemical analyses performed via the EXPASy-Swiss
Bioinformatics Resource Portal reveal that these
transmembrane proteins, ranging from 183 to 215 amino
acids and possessing molecular weights between 20,611.96
and 25,288.44 Da, display diverse physicochemical
properties. Their isoelectric points (pl) range from 5.46 to
8.73, with US2 exhibiting the greatest stability (instability
index of 28.71) and US11 the least stable (56.46). The
aliphatic indices, varying between 92.73 and 100.97, indicate
high thermal stability among these proteins. The GRAVY
scores highlight their hydrophobicity profiles; for example,
US2 (0.131) is associated with membranes, while US6
(—0.138) is more suited to aqueous environments (Figure 1
C, D). These variances mirror their functional specialization;
membrane-anchored proteins such as US2 disrupt host
signalling pathways, whereas hydrophilic proteins like US6
affect intracellular processing. Such distinctions also offer
critical insights into protein purification, solubility, and
therapeutic targeting strategies.18404!

3.2. Template-based structural modelling and membrane
integration of HCMV proteins

Template-based structural modelling with Phyre2 identified
various fold types and secondary structure profiles in HCMV
transmembrane proteins. US2 and US3 showed 100%
confidence with immunoglobulin-like B-sandwich folds,
covering 48% and 47% of their sequences, respectively, and
had significant B-strand content (46% for US2 and 39% for
US3) alongside a-helical regions (19% for US2 and 31% for
US3). US6 was modelled on a phospholipase A2 template
(15.2% confidence, 52% coverage), showing 46% a-helical
content and 27% disordered regions. US10 used a PMMO
template (45% coverage, 6.1% confidence) with 34% a-helix
and 23% p-strand. US11 aligned with yeast autophagy
protein Atg3 (40% coverage, 12.6% confidence), showing
28% a-helix and 32% B-strands. Structural templates from
the RCSB Protein Data Bank provided insights into the
architecture and therapeutic strategies for HCMV immune
evasion proteins. US2 and US11 share a single
transmembrane domain (residues 181-203), impacting MHC
Class | trafficking.#>** US3 and US6 have single
transmembrane helices at residues 161-183 and 147-169,
respectively, while US10 has a dual transmembrane topology
(residues 127-149 and 159-181), possibly enhancing
membrane anchoring and interactions with host cell
machinery.
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Table 1: Lists HCMV proteins identified in virions and dense bodies via LC-MS/MS and FTICR mass spectrometry. Proteins

with lower LC-MS/MS confidence but confirmed by FTICR are marked with asterisks

Viral protein group HCMV ORF LC-MS/MS FTICR Coverage (%)
No. of peptides Max Xcorr No. of peptides
Virion proteins
Capsid UL46 20 5.30 14 44.8
UL48-49 8 6.52 5 54.7
uL80 37 6.36 30 35.6
uUL85 21 6.73 22 63.1
UL86 149 3.97 123 71.0
Tegument uL24 8 5.06 9 38.3
UL25 60 7.04 59 59.2
UL26 9 4.77 10 53.7
UL32 135 3.01 100 70.5
uL43 7 5.50 10 28.1
uL47 53 6.10 64 57.5
uL48 111 4.29 109 56.8
uL82 70 6.39 47 69.3
uUL83 123 5.44 86 92.0
uL94 10 5.08 12 26.4
UL99 8 5.87 9 64.7
us22 2 3.16 2 5.4
us23 1 2.61 1 4.6
us24 1 4.83 2 7.0
Glycoproteins RL10 5 2.36 4 22.8
TRL14 *a 1 7.5
UL5 * 1 5.4
UL22A 1 5.04 1 19.4
UL33 4 6.11 4 14.1
uL38 * 1 5.7
UL41A 2 5.72 2 25.6
UL50 1 2.82 4 10.6
UL55 21 6.16 23 24.8
UL73 2 3.47 2 6.5
UL74 4 5.07 4 135
UL75 21 6.15 22 35.7
UL77 14 5.65 12 31.2
uL93 15 5.35 14 31.7
UL100 13 5.24 7 15.9
UL115 11 4.73 9 47.1
UL119 2 2.23 1 4.6
uUL132 8 5.89 8 47.0
us27 4 4.25 2 7.7
Transcription-replication IRS1 15 6.01 17 25.8
machinery TRS1 10 6.92 23 34.7
uL44 1 4.32 9 31.0
uL45 43 5.85 52 52.2
uL54 * 1 1.6
UL57 * 1 0.4
UL69 6 4.17 7 19.0
UL72 * 1 4.6
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uLs4 1 2.50 3 12.8
uL89 * 1 3.1
uL97 13 5.95 9 321
uL122 2 4.26 4 11.7
Uncharacterized UL35 42 6.27 40 56.1
UL51 * 1 3.2
UL71 12 6.32 11 404
UL79 * 1 10.9
uLs8 14 6.8 17 33.6
UL96 1 4.46 1 19.7
UL103 8 5.18 8 37.0
UL104 9 4.68 9 23.0
UL112 1 3.30 4 4.7
Dense body proteins
Capsid UL46 1 3.6 6
UL48-49 2 5.8 1
uUL80 1 6.1 2
uL85 4 5.0 4
UL86 22 5.0 19
Tegument UL25 17 6.3 13
UL26 3 3.6 3
UL32 11 5.4 15
UL35 5 5.6 9
uL47 2 4.3 6
uL48 7 5.4 12
uL82 9 51 6
uL83 40 6.3 14
UL75 4 5.6 2
Transcription-replication uL45 2 4.3 6
machinery IRS1 3 5.6 2
TRS1 1 4.7 5

Table 2: Shows physicochemical properties of MHC Class | proteins, highlighting their acidic nature (pl -11.08 to -4.96) and

a high alanine content linked to structural stability; asparagine, cysteine, and methionine are less abundant

S. No. Protein pH Highest Value Lowest Value
1. ACR55720.1 -6.06 Alanine 10.14 Asparagine 11
2. CAL85437.2 -9.47 Alanine 10.84 Asparagine 10.84
3. UPW16506.1 -6.63 Alanine 9.94 Cysteine 1.38
4, BDU99860.1 -7.86 Alanine 10.66 Methionine Asparagine 1.37
5. BDU99859.1 -5.64 Alanine 10.22 Asparagine Cysteine 1.38
6. BDU99858.1 -4.96 Alanine 9.39 Methionine 11
7. BDU99857.1 -7.64 Alanine 9.86 Asparagine 11
8. BDU49430.1 -11.08 Alanine 10.11 Asparagine 1.37
9. BDU18538.1 -5.68 Alanine 9.39 Methionine 11
10. BDU18537.1 -5.64 Alanine 9.94 Cysteine 1.38
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Table 3: Summarizes key properties of five HCMV proteins, noting US2 and US11’s acidity, US2’s high stability and
hydrophobicity, and variability in extinction coefficients related to disulphide bonds

Protein NCBI No. of | Molecular | Theoretical | Instability | Gravy | Total Extinction Extinction
(s) Reference Amino Weight pl Index Atom | Coefficient Coefficient
Sequence Acids (Da) Nos. (Cys-Cys) (Reduced
Cys)
US2 QNT12687.1 199 23110.95 6.82 28.71 0.131 3236 68660 68410
US3 AAS49002.1 186 21514.98 8.59 44.20 0.076 3032 39545 39420
USe AAS49004.1 183 20611.96 8.73 45.66 -0.138 | 2889 17710 16960
US10 YP 081595.1 185 20771.09 8.1 47.21 0.051 2918 40380 39880
Us11 YP_081596.1 215 25288.44 5.46 56.46 -0.029 | 3558 70610 70360

Table 4: Presents structural alignment results of HCMV proteins using TM-align, with US3 and US10 showing the highest
similarity (US10 perfectly aligned), moderate similarity for US6 and US2, and the lowest for US11

Proteins Sample Control Length Length Aligned | RMSD | Seq.ID | TM-score | TM-score

Acc. No. | Acc. No. of of Length (Chain_1) | (Chain_2)
Chain_1 | Chain_2

US2 A398799 | B398799 275 613 159 6.55 0.031 0.32891 0.18085

US3 A768951 | B768951 275 275 275 0.00 1.000 1.00000 1.00000

USeé6 A627561 | B627561 119 738 90 4.86 0.056 0.41385 0.09977

US10 A456694 | B456694 362 362 362 0.00 1.000 1.00000 1.00000

USs11 A342978 | B342978 119 213 62 4.70 0.065 0.30271 0.19793

Table 5: Details superimposition of HCMV proteins on ten MHC Class | molecules, identifying closest structural matches
(e.g., US2/US3 with 1m3), illustrating molecular mimicry and potential immune interactions

S.No. | MHC CLASS | HCMV Chain 1 Chain 2 Aligned RMSD TM- TM-
molecules proteins Length Score 1 Score 2
1. 8rbu 1im3 A39262 B39262 275 1.09 0.97375 0.97375
8rbu 2not A43136 B43136 87 4.52 0.22385 0.41101
8rbu 3chx AT775119 B775119 125 6.17 0.26921 0.22068
8rbu 2dyt A225357 B225357 93 5.54 0.21168 0.253
2. 6at5 1im3 A915955 B915955 275 0.93 0.97831 0.97831
6at5 2not A76528 B76528 62 4.12 0.16994 0.32446
6at5 3chx A375128 B375128 125 6.26 0.26725 0.21876
6at5 2dyt A938623 B938623 94 5.84 0.20983 0.25083
3. 8rh6 1im3 A830088 B830088 275 1.07 0.97431 0.97431
8rh6 2not A265052 B265052 84 4.97 0.20479 0.36051
8rh6 3chx A770980 B770980 128 6.7 0.25794 0.21251
8rh6 2dyt A614219 B614219 94 5.79 0.21694 0.26199
4. Bavf 1im3 A995997 B995997 91 1.98 0.80504 0.30499
Bavf 2not A823717 B823717 49 4.38 0.27706 0.23798
Bavf 3chx Al162769 B162769 86 3.95 0.52829 0.1888
Bavf 2dyt A849825 B849825 73 4.34 0.43199 0.23963
5. 8rcv 1im3 A567132 B567132 275 0.97 0.97318 0.97665
8rcv 2not A710917 B710917 84 511 0.20065 0.34949
8rcv 3chx A206273 B206273 125 6.16 0.26646 0.21923
8rcv 2dyt A261797 B261797 96 5.59 0.22061 0.26591
6. 8ref 1im3 A38683 B38683 275 0.87 0.97754 0.98104
8ref 2not A657214 B657214 83 5.02 0.19822 0.34421
8ref 3chx A651801 B651801 125 6.1 0.26846 0.22067
8ref 2dyt A845288 B845288 94 5.46 0.21787 0.26214
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7. Ttlt 1im3 A790795 B790795 272 0.89 0.97686 0.96987
Ttlt 2not A643556 B643556 77 5.31 0.18021 0.30753
Ttlt 3chx A272931 B272931 132 6.67 0.26233 0.21609
Ttlt 2dyt A736837 B736837 96 59 0.21743 0.25974

8. 6avg 1im3 A319539 B319539 94 2.16 0.79055 0.31365
6avg 2not A665036 B665036 52 481 0.25042 0.22573
6avg 3chx A103048 B103048 90 3.94 0.53554 0.19852
6avg 2dyt A7491 B7491 72 4.24 0.42602 0.24219

9. Ttlt 1im3 A893416 B893416 275 0.95 0.97705 0.97705
Ttlt 2not A267335 B267335 82 491 0.20548 0.3755
Ttlt 3chx A269864 B269864 126 6.24 0.27106 0.22162
Ttlt 2dyt A521269 B521269 94 5.88 0.21576 0.26075

10. 7rtd 1im3 A549898 B549898 274 0.73 0.98646 0.98292
7rtd 2not A424143 B424143 84 5.03 0.20322 0.35317
7rtd 3chx A510367 B510367 122 6.1 0.26341 0.21552
7rtd 2dyt Al72716 B172716 100 5.76 0.22927 0.27483
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Figure 1: Sequence alignment and hydropathicity of HCMV proteins. (A): US2 shows a conserved core region modelled on
1im3.1, with colour-coded domains. (B): US3 has lower alignment and more gaps than US2. (C): US6 exhibits the lowest
hydropathicity (—0.138), highlighting possible membrane interaction sites. (D): US2 has the highest hydropathicity (0.131),

dominated by hydrophilic residues
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Figure 2: Domain annotations and 3D models of HCMV proteins. US2 & US3 belong to Cytomega_US3 family. US6 models
to US6 superfamily; US10 to US10 domain; US11 to CMV_US superfamily. Homology modelling shows US2 complexed
with MHC-I, US6 related to neurotoxic phospholipase A2, US10 to methane monooxygenase, and US11 to autophagy protein

Atg3
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Figure 3: Transmembrane helix predictions and Ramachandran plots. US2 and US3: single TM helix (~161-184). US6 &
US11: one TM helix each (147-169 and 181-203, respectively). US10: two TM helices (127-149 and 159-181). Ramachandran
plots show >88% residues in favoured regions for all proteins, indicating stable folds
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Figure 4: Multiple sequence alignment (MSA) and phylogeny of US2, US3, US6, US10, and US11. (A): US2, US3, and US6
share conserved regions; US10 has many indels and the shortest N-terminus. (B): Phylogenetic tree groups US2 and US3
closely; US6 and US11 cluster separately; US10 is a distant outlier
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Figure 5: Structural comparison of HCMV protein models. US2 and US3: B-helix rich. US6: compact a-helical globular
structure. US10: largest, complex with a-helices and B-sheets. US11: extended, flexible conformation

Figure 6: Superimposition of HCMV proteins with MHC Class | molecules. (A): US2 and US3 are closely aligned with MHC-
I. (B): US6 fits tightly in the MHC core. (C): US10 shows poor alignment, weak interaction. (D): US11 moderate alignment,
less stable interaction
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4, Discussion

4.1. Structural quality and evolutionary analysis of HCMV
immune evasion proteins

Ramachandran plot analysis demonstrated that most HCMV
proteins are well-folded and structurally stable. US6 and
US11 exhibited exceptional structural quality, with over 91%
of residues residing in favoured conformational regions. US2
and US3 also showed high-quality folding, with
approximately 90% of residues in favourable geometries.
These proteins benefit from the strategic distribution of
glycine and proline residues, glycine conferring flexibility
through hinge-like regions, and proline introducing rigidity
that stabilizes protein folds.***® In contrast, US10 displayed
comparatively lower structural regularity, with only 88.4% of
residues in favoured regions and a negative G-factor score,
indicating atypical geometric features.

Multiple sequence alignment (MSA\) revealed conserved
domains primarily between residues 60-70 and 120-140
across the proteins, implicating these regions in essential
functional roles. US2, US3, and US6 share notable sequence
conservation and structural similarity, supporting a common
evolutionary origin and coordinated functional mechanisms.
Phylogenetic  analysis  further  corroborated these
relationships, US2 and US3 formed a sister clade, closely
associated with US6, reflecting their cooperative roles in
MHC Class I modulation. US11 clustered more distantly yet
remained related, while US10 emerged as a distinct outlier,
underscoring its evolutionary divergence and unique
functional specialization. TM-align structural analysis
provided quantitative measurements of structural similarity
among HCMV proteins, with results summarized in Table 4.
The most striking finding was that US2 and US10 exhibited
perfect structural alignment with TM-scores of 1.000 and
RMSD values of 0.00, indicating identical three-dimensional
structures. This analysis suggested these proteins share high
structural conservation despite their evolutionary distance,
though this finding may reflect limitations in structural
prediction models rather than true structural identity.

4.2. Structural comparison of HCMV immune evasion
proteins

Complementing these findings, TM-align structural
comparisons quantified protein similarities (Table 4).
Notably, US2 and US10 exhibited perfect structural
alignment with TM-scores of 1.000 and RMSD values of
0.00, suggesting identical predicted three-dimensional
conformations. This high degree of structural similarity,
despite their evolutionary distance, may reflect inherent
limitations in predictive modelling rather than true structural
identity. In contrast, US2, US6, and US11 displayed
moderate to low structural similarity, consistent with their
evolutionary divergence and distinct functional roles. Figure
5 illustrates detailed structural comparisons: US2 and US3
share a combined fold dominated by beta-barrel elements,

likely conferring stability essential for their trafficking and
interaction with MHC Class | molecules. US6 adopts a
compact, globular structure rich in alpha-helices, facilitating
its role in molecular recognition and regulatory interactions.
US10’s structure is notably complex, integrating extensive
alpha-helical and beta-sheet content, reflective of its dual
transmembrane domains and specialized targeting of HLA-G
molecules. Finally, US11 exhibits an extended alpha-helical
conformation that provides conformational flexibility,
enabling versatile binding to diverse host targets, a feature
critical for dynamic immune evasion.

4.3. Comparative structural analysis of HCMV proteins and
MHC class | molecules

The comparative structural analysis between HCMV proteins
and MHC Class | molecules (Table 5) revealed variable
degrees of similarity corresponding to their functional roles.
MHC molecules exhibited high structural conservation both
among themselves and with the US2/US3 complex (PDB ID:
1IM3), with TM-scores consistently above 0.9 and minimal
RMSD values. This strong resemblance underscores a
sophisticated molecular mimicry by US2 and US3, enabling
their integration into the host MHC processing pathway. US6
displayed moderate similarity to MHC molecules, with TM-
scores indicative of complementary but not identical
structural features, reflecting an evolutionary strategy distinct
from direct mimicry. In contrast, US10 demonstrated the
lowest structural similarity, with RMSD values generally
exceeding 6A, highlighting its specialized targeting of
alternative immune recognition components. US11 showed
slightly better alignment than US10, but low TM-scores and
RMSD values above 5 A confirmed its divergence from
MHC-like structures, consistent with its unique functional
adaptations. Alignments were performed between ten MHC
Class | variants and four HCMV proteins (US2, US6, US10,
US11), yielding 40 interaction models. The TM and RMSD
metrics were consistent across different MHC variants for
each viral protein, indicating stable structural relationships
independent of the MHC allele. Representative alignment
examples for each protein-MHC pair are illustrated in Figure
6, effectively capturing characteristic interaction patterns
while minimizing redundancy.US2 and US3 proteins
demonstrate  exceptional structural confidence and
therapeutic potential. Both belong to the pfam05963 domain
family and achieved 100% confidence in Phyre2 modelling
with 48% and 47% coverage, respectively, using
immunoglobulin-like beta-sandwich fold templates (Figure
1 A, B). RCSB modelling with 1im3 revealed hetero-trimer
(1-1-1-mer) configurations involving identical ligands: LEU-
LEU-PHE-GLY-TYR-PRO-VAL-TYR-VAL.
Ramachandran plot analysis showed 90.3% of residues in
favoured regions with single transmembrane helix
architecture and high TM scores compared to 1im3 (Figure
3 E). These characteristics position US2 and US3 as prime
candidates for epitope-based vaccine design and therapeutic
applications.
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4.4. Conserved domains and vaccine potential of HCMV
immune evasion proteins

Multiple sequence alignment and phylogenetic analyses
revealed conserved regions among US2, US3, and US6,
particularly between residues 60-140, reflecting strong
evolutionary conservation and functional importance in
disrupting MHC-I antigen presentation (Figure 4 A, B).
These ER-resident glycoproteins’ conserved domains make
them promising targets for epitope-based vaccine
development. The high structural similarity of US2 and US3
to MHC-I (PDB: 1IM3), coupled with stable modelling
results, supports their potential use as subunit vaccine
antigens to prime immune responses against early viral
immune evasion. US10, although showing low structural
similarity to MHC-I, possesses unique immunomodulatory
functions via its conserved tri-leucine motif and complex
dual transmembrane topology. It specifically downregulates
HLA-G, modulating NK cell responses and expanding the
immunogenic scope of potential vaccines to include both T
cell and NK cell evasion mechanisms.*®  Incorporating
proteins like US10 could enhance vaccine breadth by
targeting multiple immune evasion pathways. US10 is a
distinctive and less-characterised HCMV protein expressed
early during infection.®®* Unlike other US proteins that
degrade MHC-I, US10 delays HLA-G trafficking through its
tri-leucine motif in the cytoplasmic tail, enabling NK cell
evasion.®® Structurally, US10 is a 185-residue protein
containing a conserved Pfam17617 domain (residues 25-
185). Phyre2 modelling yielded low confidence (6.1%) with
partial coverage (45%), reflecting structural complexity and
unusual conformations. Ramachandran analysis showed
significant deviations in allowed regions, suggesting
structural features challenging current prediction methods.

4.5. Clinical and therapeutic implications

Given their early expression and roles in immune evasion,
these HCMV proteins offer valuable targets for diagnostics
and therapeutics, especially in immunocompromised patients
and congenital infections.!? Assays targeting specific
transcripts or epitopes (e.g., via ELISA or qPCR) could
improve detection sensitivity. US10’s modulation of HLA-G
makes it a particularly important biomarker for assessing NK
cell-related immune dysfunction in vulnerable populations.®
Therapeutically, US6 and US10 represent promising targets
to counteract immune evasion. US6 inhibits antigen
processing by blocking TAP-mediated peptide transport,
while US10 internalizes MHC-1 molecules through its tri-
leucine motif, impacting both T cell and NK cell responses.®’
Structural analyses characterize US6 as hydrophilic and
thermally stable, whereas US10’s dual transmembrane
helices and disordered regions highlight its structural
divergence and poor alignment with MHC-1 molecules
(Figure 3;

Table 3, Table 5), suggesting novel mechanisms suitable for
targeted intervention.

5. Conclusion

This study outlines the roles of HCMV immune evasion
proteins US2, US3, US6, US10, and US11 about MHC-I
molecules. US2 and US3 show strong alignment and stability
with  MHC-I, suggesting their potential as vaccine or
therapeutic candidates. US6 and US11 effectively disrupt
antigen presentation but vary in stability and interaction.
US10 features dual transmembrane helices and targets the
non-classical MHC-I molecule HLA-G, indicating a
specialized mechanism against NK cell responses. This
underscores the need for further validation. Overall, these
findings highlight US10 and other viral proteins as targets for
diagnostics, therapies, and vaccines.
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