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A B S T R A C T

The transporter associated with antigen processing (TAP) directly participates in the immune response as a key
component of the cytosolic peptide to major histocompatibility complex (MHC) class I protein loading ma-
chinery. This makes TAP an important target for viruses avoiding recognition by CD8+ T lymphocytes. Its
activity can be suppressed by the UL49.5 protein produced by bovine herpesvirus 1, although the mechanism of
this inhibition has not been understood so far.

Therefore, the main goal of our study was to investigate the 3D structure of bovine herpesvirus 1 - encoded
UL49.5 protein. The final structure of the inhibitor was established using circular dichroism (CD), 2D nuclear
magnetic resonance (NMR), and molecular dynamics (MD) in membrane mimetic environments. In NMR studies,
UL49.5 was represented by two fragments: the extracellular region (residues 1–35) and the transmembrane-
intracellular fragment (residues 36–75), displaying various functions during viral invasion. After the empirical
structure determination, a molecular docking procedure was used to predict the complex of UL49.5 with the TAP
heterodimer.

Our results revealed that UL49.5 adopted a highly flexible membrane-proximal helical structure in the ex-
tracellular part. In the transmembrane region, we observed two short α-helices. Furthermore, the cytoplasmic
part had an unordered structure. Finally, we propose three different orientations of UL49.5 in the complex with
TAP. Our studies provide, for the first time, the experimental structural information on UL49.5 and structure-
based insight in its mechanism of action which might be helpful in designing new drugs against viral infections.

1. Introduction

Herpesviruses (Herpesviridae) constitute one of the largest viral fa-
milies with more than 100 representatives that have been identified
thus far. They are one of the most prevalent pathogens that infect
various organisms, with several widespread human pathogens, for ex-
ample, herpes simplex virus 1 (HSV-1) and varicella zoster virus (VZV)
[1]. Bovine herpesvirus 1 (BHV-1), related to VZV, is commonly known
as an aggressive pathogen of cattle, causing infections of the respiratory
and reproductive tracts. Consequently, BHV-1 and other veterinary

herpesviruses lead to diseases that markedly affect agricultural incomes
[2].

BHV-1 may affect the host's immune response by downregulation of
the major histocompatibility complex class I (MHC I) molecules, fol-
lowed by suppression of the normal activity of cytotoxic T lymphocytes
[3]. This process is mainly controlled by the UL49.5 gene product of
BHV-1. UL49.5 is a small transmembrane protein composed of 75
amino acid residues [4]. During viral infection, this protein directly
targets the transporter associated with antigen processing (TAP). In
addition to BHV-1, several other related members of the Varicellovirus
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genus encode UL49.5 proteins with similar immune evasion activity
[5]. TAP is a heterodimer consisting of two subunits: TAP1 and TAP2.
In the host's immune system, the TAP heterodimer mediates the ATP-
dependent transport of antigen-derived peptides from the cytoplasm to
the endoplasmic reticulum (ER). Peptide transport by TAP is a bottle-
neck stage in the antigen presentation, thus it constitutes a perfect
target for the UL49.5 protein [5]. Therefore, to design new vaccines or
drugs against BHV-1, or use the virus as a vector in human therapy, it is
very important to understand how the UL49.5 protein affects the TAP
activity and triggers its degradation [6].

Each TAP subunit contains a transmembrane domain and a nu-
cleotide binding domains (NBD) [7]. The NBDs are located on the cy-
tosolic side of the ER membrane. The transmembrane domains of TAP1
and TAP2 are constructed of 10 and 9 helices, respectively, passing
through the membrane [8]. Each transmembrane domain is composed
of an N-terminal domain and a core domain. The N-terminal parts are
responsible for binding tapasin and assembling the peptide loading
complex. The core parts of TAP are responsible for peptide (substrate)
binding and transport, in addition to the formation of the heterodimer
structure [7].

The current mechanistic model for TAP describes three main con-
formations of the transporter: (1) an inward-open conformation, with
the peptide binding site exposed to the cytoplasm and separated NBDs,
(2) an intermediate pre-translocation conformation with the peptide
binding-induced partial NBD closure [9], and (3) an outward-open
conformation with a low-affinity peptide binding site exposed to the ER
lumen and closely interacting NBDs [10,11]. UL49.5 interacts with the
core transmembrane domain of TAP complex and blocks structural re-
arrangements required for the translocation of peptides into the ER
lumen [11]. The conformational arrest of TAP causes sensitization of
TAP proteins for proteasomal degradation. It has been demonstrated
that the presence of both TAP1 and TAP2 is necessary for UL49.5
binding. UL49.5 has three biologically relevant domains: the ER lumen
domain, the transmembrane region, and the C-terminal domain located
on the cytosolic side [4].The membrane-anchored N-terminal UL49.5
domain seems to be crucial for the interaction and TAP inhibition. To
understand the role of UL49.5 and both of the TAP subunits in the
UL49.5–TAP complex, it is necessary to learn the 3D structure of
UL49.5 [5]. Recently, the 3D structure of TAP bound to herpes simplex
virus 1-encoded ICP47 protein was obtained using electron cryomi-
croscopy [12]. To the best of our knowledge, there is no information
regarding the molecular structure of TAP in a complex with other viral
transmembrane proteins, such as the US6 protein of human cytome-
galovirus, the BNLF2a protein of the Epstein–Barr virus, the CPXV012
protein of the cowpox virus (reviewed in [13]), or any of the varicella
virus-encoded UL49.5 [13].

The experimental determination of the UL49.5 structure is ham-
pered by features typical of other transmembrane proteins: their hy-
drophobic properties, insolubility in an aqueous solution, difficulty to
refold into their stable conformation, protein size, protein expression
and purification, and difficulty to form diffraction-quality crystals [15].
In such difficult cases, the experimental results are very often supported
by molecular modeling methods that are powerful tools for structural
determination, the evaluation of protein–protein and protein–ligand
interactions, and protein dynamics in a wide range of time scales.
Therefore, in this study aimed at the understanding of the function of
UL49.5, we determined the structure of the viral protein by using cir-
cular dichroism (CD), multidimensional NMR spectroscopy, and mole-
cular dynamics (MD). For CD and NMR studies, the UL49.5 protein was
divided into two peptides: (i) the ER lumen fragment (residues 1–35)
and (ii) the transmembrane–intracellular fragment (residues 36–75),
displaying various functions related to virus immune evasion. The CD
spectra of these peptides were obtained in dodecylphosphocholine
(DPC) micelles and in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati-
dylcholine (POPC) vesicles, which were chosen as the mimetic models
of the eukaryotic cell membrane [16–19]. The NMR spectra of these

peptides were measured in micellar concentrations of DPC. Then, for
both peptides, we used the NMR data as a set of restraints for an MD
that generated 3D structures of peptides in DPC micelles. We performed
MD simulations in an explicit water/DPC micelle as the biological
membrane environment. On the basis of the structure of peptide frag-
ments 1–35 and 36–75, we built the full structure of the UL49.5 protein
and performed MD studies in the POPC bilayer. Finally, the performed
structure of the UL49.5 was used as a ligand in the molecular docking
procedure with TAP.

2. Materials and methods

2.1. Peptide synthesis and purification

All the peptides were synthesized using the standard solid-phase
synthesis technique (Millipore 9050 Plus PepSynthesizer, Millipore
Corporation, Burlington, VT, USA) at TentaGel R RAM resin (capacity
0.2 mmol/g, Rapp Polymere GmbH. Germany) according to the Fmoc-
chemistry strategy [20,21]. The protected amino acids and the other
chemicals were purchased from NovaBiochem (Nottingham, UK) or
Sigma-Aldrich (Poznan, Poland). The peptides were cleaved from the
resin by using a mixture of trifluoroacetic acid, triisopropylsilane,
phenol, and water (0.8:0.5:0.5:0.2) at room temperature for 3 h with
gentle shaking. After the filtration of the exhausted resin, the solution
was concentrated in vacuum, and the resin was triturated with Et2O.
The precipitate peptide was centrifuged for 15min at 4000 rpm, fol-
lowed by the decantation of the ether phase from the crude peptide (the
process was repeated three times).

To avoid problems related to dimerization by the oxidation of the
sulfhydryl group of cysteine and/or the formation of diastereoisomeric
sulfoxides by the oxidation of the methionine thioether moiety, me-
thionine and cysteine were replaced with isosteric norleucine (Nle) and
(S)-2-aminobutyric acid (Abu), respectively.

Synthetic peptides (an N-terminal fragment of UL49.5 (N.BHV) and
C-terminal fragment of UL49.5 (C.BHV)) were purified using reversed-
phase high-performance liquid chromatography (RP-HPLC) on a system
consisting of two Knauer K1001 pumps and a UV–vis detector-equipped
Gilson fraction collector. N.BHV and C.BHV were purified using a
10mm×250mm Kromasil C-8 column (particle diameter: 5 μm, pore
size: 300 Å). N.BHV was purified using linear gradients of the acet-
onitrile–water mixture (containing 0.1M TEAP, pH=3) as an eluent.
C.BHV was purified using linear gradients of the acetonitrile–water
mixture (containing 0.1% (v/v) TFA) as an eluent. The purification of a
transmembrane-C-terminal fragment of UL49.5 (TMC.BHV) peptide
was performed on a semi-preparative 10×250mm Kromasil C-4
column (particle diameter: 5 μm, pore size: 300 Å), using linear gra-
dients of methanol–water mixture (containing 0.1% (v/v) TFA) as an
eluent. The flow rate was 5mL/min. TMC.BHV was detected at the
wavelength of 223 nm. A transmembrane fragment of UL49.5
(TM.BHV) was purified on a Sephadex LH20 column with methanol.
The purity of all the peptides was higher than 98% as estimated with
RP-HPLC.

The identity of peptides was confirmed by matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF MS; see Table 1S in
Supplementary materials) and electrospray ionization mass spectro-
metry (ESI-MS). The MALDI-TOF MS spectra were acquired on the
Bruker Biflex III MALDI-TOF spectrometer by using an ultraviolet laser
source (nitrogen, 337 nm); α-cyano-4-hydroxycinnamic acid was used
as the matrix. The ESI-MS spectra were recorded on a Shimadzu IT-TOF
mass spectrometer.

2.2. CD spectropolarimetry

CD studies were performed in DPC micelles (25mM and/or
100mM, POCh, Poland) in water (pH=7.0) or PBS (pH=7.4) and
POPC liposomes (0.1, 0.3, and 0.5 mM) in water. The CD spectra of
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TMC.BHV in PBS were not recorded because of its insolubility under
these conditions. The peptide solutions in the DPC micelles were pre-
pared according to the standard procedures [19,22]. POPC (Avanti;
Alabaster, AL) was dissolved in chloroform, which was evaporated by
blowing a slow stream of nitrogen gas and then dried under vacuum
conditions. Afterward, the lipid thin film was hydrated with pure water
and the sample was mixed thoroughly at 40 °C for 2 h to produce MLVs
suspension. Finally, MLVs suspension was sonicated at 40 °C to prepare
SUV liposomes and fully transparent solution.

The CD spectra were recorded for 0.15mg/mL peptides in the range
of 185–260 nm with the Jasco J-815 spectropolarimeter (Jasco, Easton,
USA). For each peptide, the CD spectra were recorded three times, at
30 °C. using a 1-mm cell and showed as the mean residue molar ellip-
ticity (MRME, degree× cm2×dmol−1) against the wavelength λ
(nm). The content of the helix structure in each peptide was calculated
based on the intensity of the band at 222 nm, using the formula from
the literature [23].

2.3. NMR spectroscopy

NMR experiments were performed using 100mM DPC-d38 (POCH
S.A. Poland) in water (90%:10% H2O:D2O). The peptide concentration
was 4.8mM (N.BHV) and 2.7 mM (TMC.BHV). The DPC-d38:peptide
ratio was kept approximately to 40:1, and the pH was adjusted to 5.0
[24]. To improve the micelle formation and the binding of the syn-
thesized peptide to the DPC micelle as well as the homogeneity of this
complex, each sample was sonicated for 10min at room temperature.
All NMR datasets were acquired at 303 K on a Bruker Avance III NMR
System 700 NMR spectrometer (700MHz 1 H. 16.4 T) or on an Agilent
DDR2 800MHz NMR spectrometer (800MHz. 1 H. 18.8 T). Both
spectrometers were equipped with four channels, z-gradient unit, QCI
(1H, 13C, 31P, and 15N), or 1H/13C/15N triple probe head with inverse
detection. Sequential backbone resonance assignments were obtained
according to a standard procedure based on an analysis of the 2D NMR
spectra [25]. In our study, the analyzed NMR datasets included the
following: (i) double-quantum filtered correlation spectroscopy (DQF-
COSY) [26]; (ii) total chemical shift correlation spectroscopy (TOCSY)
[27] acquired at a mixing time of 80ms; (iii) nuclear Overhauser effect
spectroscopy (NOESY) [28] recorded with the mixing times of 100, 200,
and 400ms; and (iv) the rotating-frame Overhauser enhancement
spectroscopy (ROESY) [29] collected with the mixing times of 150 and
200ms. The data were recorded as 1024×512 complex data points
processed with double zero filling and a cosine squared sinebell
weighting function along all the dimensions. The excitation sculpting
the double pulse field gradient spin echo (DPFGSE) pulse block was
used to suppress the signal of the water molecules in all the acquired
data [30], which resulted in perfect suppression and a linear baseline.
Homonuclear experimental datasets were additionally supplemented
with heteronuclear 2D 1He13C HSQC (tuned independently to the ali-
phatic and aromatic regions) as well as the 2D 1He15N HSQC NMR
experiments performed on the basis of natural abundance of the 13C and
15N, nuclei. All the NMR experiments were referenced indirectly with
an external reference, that is, sodium 2.2-dimethyl-2-silapentane-5-
sulfonate (DSS) with the Ξ= 0.251449530 and 0.101329118 coeffi-
cients for 13C and 15N respectively [31,32]. The acquired datasets were
processed with the NMRPipe software [33] and analyzed with the
Sparky [34] program.

2.4. Structural calculation of peptides

The interproton distances were calculated on the basis of the NOE
intensities extracted from the NOESY spectra at a mixing time of
200ms. Here, 485 and 343 distance restraints were provided for N.BHV
and TMC.BHV, respectively. The initial structures of the N.BHV and
TMC.BHV peptides were calculated by the simulated annealing algo-
rithm, which included 10,000 steps of MD in the torsion angle space

(CYANA software) [35]. As a result the calculation protocol initialized
with 200 structures created randomly chosen torsion angles.

2.5. Construction of peptides in DPC micelle and MD simulations

The starting coordinates of the DPC micelle–water system were
taken from simulations conducted by Tieleman et al. [36]. A single
molecule of DPC was constructed on the basis of previously published
parameters [37,38]. The pre-built hydrated DPC micelle consisted of 65
DPC monomers and 6305 water molecules. The DPC topology was
adapted to AMBER [39,40]. Then each peptide was placed in a simu-
lation box with its center of mass coinciding with the DPC micelle. The
3D structures of the N.BHV and TMC.BHV peptides evaluated with
CYANA were used as the starting structure in the MD calculations of the
DPC micelle. The side chains of lysine and arginine were protonated,
and chloride ions were used to neutralize the total charge of the entire
system. The entire system was subjected to energy minimization
(steepest descent method). To eliminate the initial adverse interactions
between the peptide and the micelle core and to prevent the penetra-
tion of water molecules during equilibration, for the first 20,000 steps
of minimization, the peptide and the water were kept under weak
harmonic constraints with a force constant of 10 and 5 kcal/mol, re-
spectively. Then, each system was subjected to NTP MD for 20 ns at
305 K at time steps of 2 fs. During the MD stimulation, a non-bonded
cutoff of 9 Å was chosen. The MD studies for the DPC micelle/water/
peptide complex were performed with the AMBER software [39] by
using a protocol including time-averaged NMR restraints (TAV) derived
from NMR spectroscopy with the force constant for interproton con-
nectivities equal to 50 kcal/(mol×Å2). No torsion angle restraints
were used in the calculations. The geometry of the peptide groups was
kept all trans with the force constant of f= 50 kcal/mol× rad2, ac-
cording to the NMR data. The coordinates were collected every 2000
steps. The 20 structures obtained in the last step of the MD simulation
were considered for further analysis. All the figures were evaluated by
using the MOLMOL [41] or PyMOL [42] program.

The structures of nonstandard amino acid residues (Nle and Abu)
were built based on the bond lengths, valence and torsion angles for the
standard residues in the AMBER library [39,40]. The point charges
were optimized by fitting them to the ab initio molecular electrostatic
potential (GAMESS’04, ab initiomolecular electronic structure program,
[43]) for three different conformations, followed by the consecutive
averaging of the charge over all of the conformations, as recommended
by the RESP protocol [44].

During the MD simulations, both peptides diffused from the hy-
drophobic core of the DPC micelle to an interface, to adopt a more
energetically favorable conformation. The interactions between the
peptide and the micelle were analyzed by the radial distribution func-
tion (RDF) for all the amino acid residues for both peptides using the
Ptraj program from the AMBER 11.0 package [39,40]. The geometric
analyses were performed using the MolProbity [45]. The hydrogen
bonds were analyzed using the MOLMOL program [41]. Salt bridges
were evaluated using the ESBRI software [46].

2.6. MD simulations of UL49.5 in POPC membrane model

The 3D model of UL49.5 was created according to the results ob-
tained from the MD calculations with the NMR restraints. The N.BHV
and TMC.BHV peptides were combined using PyMOL and the standard
AMBER tools [40]. Next, the achieved protein was placed in the fully
hydrated POPC membrane model [17,47]. The periodic box contained
50 POPC lipid molecules, more than 2500 water molecules, and 4 Cl−

counter ions. The system was initially minimized and subsequently
submitted to 90 ns of MD simulations in the AMBER program, using the
particle-mesh Ewald (PME) electrostatic summation [39,48]. For the
first 40 ns of the MD, the flat-bottom soft harmonic-wall restraints were
imposed onto the ϕ and ψ angles (with the force constant f= 40 kcal/
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mol× rad2) of the amino acid residues. For the next 50 ns of the si-
mulation, free MD without any restraints was performed. The final
protein structure was minimized. The trajectories were analyzed using
the Ptraj module from the AMBER package [39]. The distance between
the transmembrane α-helix (V40-M46) and the α-helix (V49-F58) was
measured for the mass centers of the V40 and F58 amino acid residues
by using a Ptraj module. Similarly, in the Ptraj module, the diffusion of
the αC atoms as a mean square displacement was calculated. The chart
was drawn in Gnuplot [48].

2.7. Molecular docking of UL49.5 to TAP

The molecular docking of UL49.5 to TAP was conducted to obtain
the UL49.5/TAP protein complex. The available 3D structure of TAP
heterodimer was used (PDB code: 5u1d, [49]. In the next step, the
substrate (H2N-R1RYQK5STEL9-CONH2 peptide [5,7]) was docked to
the UL49.5/TAP complex. Docking was performed using the ClusPro
v.1.0 [50,52] program. The molecular docking procedure used the final
UL49.5 structure received after MD. The substrate of TAP [5], with the
amino acid sequence H2N-R1RYQK5STEL9-CONH2, was built using
PyMOL [42]. This peptide at the beginning possessed a stretched con-
formation, and then, its structure was optimized using the minimizing
energy in vacuum with the AMBER program [39]. During the molecular
docking of UL49.5 to TAP or the substrate (H2N-R1RYQK5STEL9-
CONH2 peptide) to the UL49.5/TAP complex, a blind docking method
was used.

3. Results and discussion

3.1. Design of peptides for CD and NMR studies

The ER-resident UL49.5 consists of 75 amino acid residues, and thus
far, its structure has not been established because of its strong tendency
to form aggregates. Before this work, an attempt to receive UL49.5
aa17–96 fused to GST as a carrier protein was made to express it in the
bacterial system. We hoped to obtain a soluble protein, similar to the
viral membrane proteins for HIV gp41 (a fragment 677–716) and the
Ebola virus (45-aa long MPER/TM fragment) viral fusion proteins
[53,54]. However, recombinant UL49.5 was fully insoluble, forming
inclusion bodies, and we were unsuccessful in its refolding after the
solubilization of the inclusion bodies by using the descending gradient
of urea. This has discouraged us from performing purification under
denaturing conditions. The tagging of the UL49.5 protein has thus far
affected the UL49.5 activity (unpublished data); hence we did not
proceed with these experiments, even if the tag could be removed by
the protease cleavage. Therefore, we decided to synthesize the UL49.5
fragments chemically. UL49.5 was divided into three protein fragments
on the basis of its predicted structure [55]. The N-terminal fragment
(N.BHV) and the C-terminal fragment (C.BHV) of UL49.5 are located
outside the membrane, while the middle transmembrane one (TM.BHV)
buried inside the hydrophobic core of the cellular of virus envelope
membranes (Table 1) [55].

During the synthesis, we observed that all of the synthesized pep-
tides possessed the expected molecular weight (Table 1S), although the
TM.BHV peptide was insoluble in any of the applied solutions (acetic
acid, dimethyl sulfoxide, 6M urea, water, and methanol). Therefore,

instead of the TM.BHV and C.BHV peptides, another peptide
(TMC.BHV) was prepared, which combined two UL49.5 fragments: the
transmembrane and C-terminal (Table 1).

To overcome the problems related to the dimerization of the sulf-
hydryl groups of cysteine and/or the formation of diastereoisomeric
sulfoxides via the oxidation of the methionine thioether moiety, me-
thionine and cysteine were replaced with isosteric norleucine (Nle)
[56–58] and (S)-2-aminobutyric acid (Abu) [56] in the synthetic pep-
tides, respectively. In addition, cysteine and methionine could nega-
tively influence the cleavage of the protecting groups during the che-
mical synthesis and the subsequent peptide purification. Thus, the
thioether functional group of methionine is susceptible to oxidation,
creating two diastereomeric sulfoxides with sulfone. Note that the
methionine and cysteine residues have a very similar structure (the
volume of the amino acid atoms) and the distribution of partial charges
to Nle and Abu, respectively.

Additionally, our unpublished results indicate that the mutation of
M46 in the UL49.5 protein revealed no significantly effects on the
protein activity (data not shown). Since then, we assumed that the
potential Nle-evoked changes in the protein structure might play an
insignificant role in the further 3D structure. In contrast, the C21 re-
sidue has an important function in the UL49.5 bonding to the viral gM
protein [54,59] and not to TAP. In addition, the C57 residue did not
affect the biological activity of the protein at all [54,59].

3.2. CD measurements of N.BHV and TMC.BHV-1 reveal unstructured
conformation in aqueous and α-helical conformation in DPC and POPC
environments

The CD spectra of N.BHV in water or in PBS exhibited a char-
acteristic negative band at 199 nm, indicating mainly an unordered
structure (Fig. 1A). The CD spectra of TMC.BHV in water exhibited a
characteristic negative band at 215 nm, which is characteristic for beta
structure. The peptide has a predominantly beta conformation in water,
which may be related to some aggregation (Fig. 1B). The CD spectrum
of TMC.BHV in PBS was not recorded because of its insolubility. The
addition of DPC or POPC considerably changed the CD spectra of both
peptides (Fig. 1A–D). The membrane mimetic environment (DPC or
POPC) induced the α-helical structure observed as two negative values
of a molar ellipticity observed around 205 and 222 nm and positive
values around 192 nm. With N.BHV, the intensity of the 206 nm band
increased with an increase in the DPC or POPC concentration (Fig. 1A
and C). In case of TMC.BHV, the changes in the DPC or POPC con-
centrations were insignificant for its CD spectrum (Fig. 1B and D).

The quantitative CD spectral analysis for both peptides show, that at
the 100mM concentration of DPC or at the 0.1 mM concentration of
POPC, the CD spectra of both peptides showed the maximum α-helical
content. The quantitative CD spectral analysis for peptides dissolved in
100mM DPC indicates that the content of the helical structure was 17%
and 26% for N.BHV and TMC.BHV, respectively (Fig. 1S A and B). The
content of the helical structure in 0.1 mM POPC was only 12% for
N.BHV and 44% for TMC.BHV (Fig. 1S A and B). The obtained results
showed that for N.BHV in POPC there is less content of helix than in
DPC, whereas for TMC.BHV in POPC there is more helix content than in
DPC.

The mean residue molar ellipticity (MRME) values observed in the
CD spectra of N.BHV were found to be lower for the studies in water
than in the PBS solution. Also the content of the helical structure of
N.BHV depended on the concentration of the surfactant used (Fig. 1S
A). Thus, we assumed that the conformation of N.BHV was very sen-
sitive to the ionic strength and to the surfactant concentration. This
might indicate that N.BHV was located on the surface of the DPC mi-
celle or POPC membrane.

Table 1
Sequence of UL49.5 peptide fragments.

Symbol Sequence of the native protein peptide fragments

N.BHV R1DPLLDAMRREGAMDFWSAGCYARGVPLSEPPQAL35

TM.BHV V36VFYVALTAVMVAVALYAYGLCF58

C.BHV R59LMGASGPNKKESRGRG75

TMC.BHV V36VFYVALTAVMVAVALYAYGLCFRLMGASGPNKKESRGRG75
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3.3. Assignment of resonances in N.BHV peptide in DPC-d38 micelle
environment

The assignment of the 1H resonances was performed for N.BHV
peptide on the basis of the 2D homonuclear TOCSY (Fig. 2S) and
NOESY (Fig. 3S) spectra in 100mM DPC-d38 micelle environment
(Table 2S, BRMB code: 27728). The sequential assignments were
achieved by using the 2D homonuclear NOESY spectra. In the case of
N.BHV, two distinct sets of proton resonances in the membrane-prox-
imal part of the peptide (residues L28, S29, and A34) were found
(Fig. 2S). The appearance of two conformers might be the result of the
presence of the two proline residues at positions 31 and 32, and con-
sequently, the cis/trans isomerization of the peptide bonds. For the
peptide bonds in which the proline residues were involved, the fol-
lowing NOE signals were observed: αHD2-δHP3, αHV26-δHP27, αHE30-
δHP31, and δHP31-αHP32. This observation together with the lack of
signals characteristic for the cis peptide bond geometry indicated the all
trans bond geometry for the major conformation of N.BHV. The che-
mical shifts of the corresponding protons in the two conformers of
N.BHV were very similar, and the differences were no greater than
0.25 ppm. The NOESY (Fig. 3S) spectrum of N.BHV showed 485 NOE
connectives including 109 intraresidue, 181 sequential, and 195
medium-range signals. The medium and long-range NOE interactions

occurred along the entire peptide's main chain, indicating a stable
secondary structure. The observed NOE effects of αH-NH(i,i+2), αH-
NH(i,i+3), αH-βH(i,i+3), and αH-NH(i,i+4) showed the existence of the
regular α-helical structure in the A7-G20 fragment of N.BHV (Fig. 2A).

3.4. Assignment of resonances in TMC.BHV peptide in DPC-d38 micelle
environment

The 1H resonances were assigned for TMC.BHV peptide on the basis
of the 2D homonuclear TOCSY (Fig. 4S) and NOESY (Fig. 5S) spectra in
the 100mM DPC-d38 micelle environment (Table 3S, BRMB code:
27730). In the case of TMC.BHV, one set of protons was predominantly
found in the DPC micelle environment, except for the two residues N67
and S71 (Fig. 4S). The existence of the P66 residue might explain the
two distinct sets of the proton resonances in the 2D NMR spectra. For
the peptide bond with P66 residue, the NOE signal of αHG65-δHP66,
confirmed the presence of a trans peptide bond geometry. In 100mM
DPC-d38, the NOESY (Fig. 5S) spectrum of TMC.BHV showed 344 NOE
connectives including 2 long-range, 125 intraresidue, 133 sequential,
and 84 medium-range effect. The NOE effects of αH-NH(i,i+3), αH-
βH(i,i+3), and αH-NH(i,i+4) showed an α-helical structure in the V37-
V45 and V48-L60 regions of TMC.BHV (Fig. 2B). The characteristic
NOE interactions αHV47HA-HNV49, HNA48-HNV49, αHA48- HNV49, and

Fig. 1. CD spectra of (A) N.BHV and (B) TMC.BHV peptides in DPC micelles in water or in PBS at pH 7.4. CD spectra of TMC.BHV in PBS were not collected because of
its insolubility under these conditions. CD spectra of (C) N.BHV and (D) TMC.BHV peptides in POPC vesicles in water. All spectra were measured at 30 °C in 1mm
optical path length.
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βHA48-HNV49 indicated the presence of the beta-turn located at posi-
tions 47 and 48 (see Figs. 2B and 5S). During the integration of NOE
signals was raised the level of integration in the NOESY spectrum.
Therefore, we lost the less intense NOE signals, which is the reason for
the lack of NOE signal in some places in Fig. 2. In addition the lack of
certain NOEs in helices in these helical regions is due to the fact that the
signals were strongly overlapping and therefore were not integrated.

3.5. Analysis of 3D structure of N.BHV peptide in DPC micelle

N.BHV (PDB code: 6QAN) adopted a right-handed α-helical struc-
ture in its middle region (A7-G20) with unordered N-(R1-L5) and C-

(Abu21-L35) termini (Fig. 3A). Four salt bridges were formed in the
peptide's structure, the first between the R1–E11 residues, the second
between the D6–R9, next between the D6–R10, and last between
R24–E30 residues. In the α-helical region, the RMSD value for the
backbone atoms was 0.18 Å, while that for heavy atoms was 0.31 Å.
This indicated rigid and stable the α-helical structure. The C-terminal
fragment of N.BHV adopted a disordered structure with a β-turn. Such a
turn was formed in the V26-S29 region (VPLS) and stabilized by the
hydrogen bond between the V26 carbonyl oxygen and the S29 amide
proton. The second turn was formed in the E30-Q33 region (EPPQ) and
stabilized by the hydrogen bond between the E30 carbonyl oxygen and
the Q33 amide proton (Fig. 3A).

Fig. 2. Summary of inter- and intra-residue NOEs between backbone NH, αH, and βH for (A) N.BHV and (B) TMC.BHV peptides, measured in NOESY spectrum
(200ms) in 100mM DPC-d38 H2O/D2O at 30 °C. X and Z correspond to norleucine and aminobutyric acid, respectively.

Fig. 3. High-resolution 3D structures of (A) N.BHV and (B) TMC.BHV in DPC micelle obtained after 20 ns of molecular dynamics simulations using TAV procedure in
AMBER program. DPC micelle is presented as surface. Oxygen atoms are represented in red, and nitrogen atoms are represented in dark blue.
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N.BHV moved out of the DPC micelle core completely after ap-
proximately 12 ns of MD simulations. Thereafter, it remained bound to
the interface for a further subsequent steps of MD simulations. Its RDF
analysis showed that under infectious ongoing processes, the N.BHV
fragments D2-P3, L5-Nle8, A23-G25, and S29-L35 (with the exception
of Q33), and the A19 residues were exposed to an aqueous environ-
ment. The fragments R9-G12, D15-F16, V26-P27 and R1, L4, S18, Q33
residues were located at the micellar surface and mostly interacted with
the hydrophilic heads of the surfactants. The residues (moieties) W17,
L28 and A13-Nle14, G20-Y22 of N.BHV were immersed in the hydro-
phobic micellar core of the DPC micelle (Fig. 6S).

3.6. Analysis of 3D structure of TMC.BHV peptide in DPC micelle

TMC.BHV (PDB code: 6QBJ) formed two α-helical fragments in the
V40-Nle46 and V49-F58 (transmembrane helices 1 and 2) regions
(Fig. 3B). In the hydrophobic part of the micelle, the transmembrane
helices 1 and 2 were connected by β-turn located at positions 47 and 48
(Fig. 3B). The interhelical angle between both the transmembrane he-
lices was approximately 90°. In the α-helical region, the RMSD value of
the backbone atoms was 0.12 Å, while that for heavy atoms was 0,25 Å.
The C-terminal fragment of the peptide was mainly unstructured, with
tendency to a wide bent formation in the Nle61-P66 region. This
structure was stabilized by the salt bridge between the residues R59 and
E70 (Fig. 3B). The C-terminus of TMC.BHV moved out of the DPC mi-
celle completely after approximately 6 ns of MD. In contrast, the re-
maining part of TMC.BHV stayed in the hydrophobic micellar core until
the end of the dynamic study. The RDF analysis showed that the V36-
F38, A44-V45, S64-K68, E70-S71 fragment V40 and V47 residues were
exposed to water (Fig. 7S), while the L42-T43, A48-A63 (with the ex-
ception of R59) fragment and Y39 residue were located inside the hy-
drophobic micellar core. The positively charged centers of the K68, R72
and R74 side chains showed a tendency to be associated with the
phosphate groups of the DPC molecules.

The Ramachandran plots, calculated for both N.BHV and TMC.BHV,
showed that most of the residues were located in the allowed regions of
the plot (Fig. 8S, Table 4S). The Ramachandran plot was calculated for
structures from the last 20 steps of molecular dynamics.

3.7. Structure and dynamics of UL49.5 in POPC membrane

The model of UL49.5 protein was constructed by connecting the C-
terminus of N.BHV and the N-terminus of TMC.BHV, while maintaining
the experimental structure of both the peptides. Both fragments were
joined using the PyMOL program [42] and the standard tools of the
AMBER program [40]. In the construct, the Abu and Nle residues ex-
isting in N.BHV and TMC.BHV were replaced by the Cys and Met re-
sidues, respectively, occurring naturally in the sequence of native
UL49.5, respectively. In the next step, the protein was positioned in a
fully hydrated bilayer of POPC (biological membrane model), followed
by the minimization and MD simulations. During the first 40 ns of MD,
all the helical structures were frozen according to the NMR data, while
the rest of the protein fragments could move freely. For the next 50 ns,
all the restraints were removed.

At the 0 ns time point, the N-terminal helix (helix 1) was partly
submerged in the membrane (Fig. 4). The S18-V37 and R59-G75 re-
gions were located on the polar side of the POPC membrane, while the
rest of the UL49.5 protein was placed in the POPC hydrophobic core.
Both transmembrane helices (helix 2 and 3) were oriented at an angle
of ca. 90° to each other (Fig. 4, 0 ns). After ~30 ns of the MD simulation
(Fig. 4, 30 ns), helix 1 emerged from the POPC membrane. When the
NMR restraints were removed, helix 1 unfolded slightly in its middle
part (Fig. 4, 90 ns) but maintained its overall helical character. Helix 1
could move freely in all the directions above the membrane's surface
(Fig. 4) during MD. These free movements were facilitated by the
presence of the C21-Y39 unstructured protein fragment. During the MD

simulations, both transmembrane helices were displaced and their N-
ends were separated further than in the starting structure, however,
their length remained the same. The interhelical angle between both
transmembrane helices was approximately 110° in the final structure.
The C-terminal fragment of UL49.5 remained in the charged part of the
POPC membrane during the entire MD simulation.

To describe the degree of mobility of a given amino acid residue
during the MD calculations, the values of the root-mean-square fluc-
tuations (RMSFs) were calculated. By analyzing the changes during the
MD simulations, we found that all the RMSF values increased slightly
after the first 40 ns of the MD simulation (Fig. 5). After this time, the
RMSF did not change significantly until the end of simulation (90 ns).
On the basis of the RMSF values, UL49.5 was found to be characterized
by significant mobility in the N-terminal region (residues 1–15), in-
cluding helix 1 (Fig. 5). The rest of the protein exhibited considerably
lower mobility with respect to the N-terminus.

In general, UL49.5 adopted a stable α-helical conformation when
inserted into the POPC membrane during 90 ns of the MD simulation.
The final structure of UL49.5 (Fig. 6A) in the POPC membrane consisted
of three α-helical regions. The first α-helix (helix 1) was located in the
N-terminal fragment (D2-G20, helix 1) (ER lumen domain). The next
two helical fragments were formed in the V40-M46 (helix 2) and V49-
F58 (helix 3) regions. Most of the hydrogen bonds and salt bridges
observed in N.BHV and TMC.BHV studied separately were preserved in
the structure of the construct of the UL49.5 protein located in the POPC
membrane. The characteristic salt bridges existing in the N-terminus of
UL49.5 were clustered in its very beginning, namely residues R1DPLL-
DAMRRE11, where three positively and three negatively charged amino
acids are present. Three salt bridges were observed between R9-D2, R9/
R10-D6, and R10-E11. A fourth salt bridge was formed by residues from
the C-terminal fragment of the N.BHV domain, i.e. R24 and E30, re-
spectively. These salt bridges stabilized the bend structure of the N-end
of the protein.

The structurally undefined fragment between helix 1 and helix 2 of
UL49.5 had two β-turns of type I in the V26-S29 and E30-Q33 regions.
Proline residues participated in the formation of both β-turns. Pro re-
sidues could be found very often in the turn structures [60]. Proline is a
special residue because it is rigid and pre-bent, thus suites very well for
the β-turn format. Furthermore, two or three Pro residues present in an
nascent amino acid sequence could act as a specific switch or the hinge
[61,62] and thus, might regulate the structure and/or activity of the
protein [63–65]. Verweij et al. [55] hypothesized that because the P27
residue was conserved among all the functional UL49.5 inhibitors, it
could be responsible for the TAP inhibition. However, their data in-
dicated that the P27 residue did not contribute essentially to the
UL49.5-induced inhibition or degradation of TAP. In our structure of
UL49.5, the P27 residue was responsible for the turn formation and was
located on the surface of the POPC membrane. The other two proline
residues, namely P31 and P32, also formed the turn conformation in the
E30-Q33 region. They were also located on the surface of the POPC
membrane (Fig. 6A) and could be responsible for the appropriate or-
ientation of helix 2 in the membrane. Both the P31 and P32 residues
could act as a switch, which allowed the reorientation of the N-terminal
domain (ER lumen domain) of the protein. The molecular dynamics of
the entire protein, run with the NMR restraints, showed that the N-
terminal fragment of the protein adopted a stable helical structure. In
turn, the removal of NMR restrains in MD calculations, caused that the
helical structure of the N-terminal part was slightly deformed and un-
folded. This fragment of the protein maintains a helical character but
the helix is probably less stable.

In the transmembrane domain of UL49.5, between helices 2 and 3,
characteristic β-turn, stabilized by a hydrogen bond between the M46
carbonyl group and the V49 amide group (Fig. 9S), was observed in the
M46-V49 fragment. Side chains of residues M46, V47, A48 and V49
protrude outward the turn. The side chains of these residues possess a
strong hydrophobic character and can interact with the hydrophobic
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part of the POPC membrane (Fig. 6A and C). The hydrophilic parts of
these residues were directed inside of the bend (Fig. 9S). Thus, no un-
favorable effects between the hydrophilic oxygen atoms and the hy-
drophobic part of the POPC membrane have been observed. Therefore,
the transmembrane domain of UL49.5 created the helix-turn-helix
motif. A similar, bent structure in the same region was previously
predicted using the I-TASSER program [55]. This characteristic bend, or
α-helix break, might be necessary for the appropriate orientation of the

protein in the biological membrane or during its interactions with the
viral transmembrane glycoprotein M (gM, the UL49.5 partner in the
late phase of infection), with another UL49.5 molecule in a homodimer,
or with the mammalian TAP complex. The TM helices of other trans-
membrane proteins can also form helix kinks or bends in their α-helical
structures. In most examples, the Pro residues are found in these
structures [55].

In the C-terminal cytosolic domain of UL49.5, β-type turn was

Fig. 4. Snapshots from MD simulations of UL49.5 with NMR (0–40 ns) and no NMR (40–90 ns) restraints.

Fig. 5. Movement of Cα atoms of individual amino acid residues of UL49.5 during MD simulation. NMR restraints were kept only between 0 and 40 ns of MD.
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observed in the S64-N67 (SGPN) region. This conformation probably
allowed for the appropriate orientation of this region in the POPC
membrane. This characteristic bend was stabilized by a salt bridge
between the R72 and the E70 residues.

By analyzing the arrangement of UL49.5 in the POPC membrane, we
found that the fragment R1-C21 was primarily immersed in water en-
vironment (Fig. 6C), whereas the fragment Y22-F58 was mainly buried
in the hydrophobic part of the POPC membrane. However, some amino
acid residues (P31, P32, A34, L35, V40, T43) preferred to locate in the
hydrophilic part of the POPC membrane. The F16 and W17 aromatic
amino acid side chains were located on the same α-helix surface and
could together potentially interact with gM as was previously suggested
by Wei et al. [66]. The UL49.5/gM complex was implicated in such
processes as the maturation of virions and the control of membrane
fusion.

The C-terminal fragment of UL49.5 (R59-R72) was immersed in the
hydrophilic portion of the membrane. The last three amino acid re-
sidues G73-R74-G75 (Fig. 6C) were strongly exposed to the auqeous
environment. The C-terminal part of UL49.5 was previously implicated
in triggering TAP degradation by the proteasome. Viruses frequently
utilize the ubiquitin pathway for immune evasion [67], where ubiquitin
can be attached not only to the lysine residues but also to the cysteine,
serine, and threonine [68]. Therefore, Verweij et al. [55] investigated
the role of the potential ubiquitination sites of bovine UL49.5 in TAP
degradation by using three different mutants of the viral protein. They
found that all the mutants had the same effect on TAP stability as the
native protein [11]. This implied that the K68, K69, and S71 residues
were buried in the biological membrane, making them unaccessible to a
(still unknown) E3 ligase that catalyzes UL49.5 Lys or Ser ubiquitina-
tion. Our structural analysis is in line with these results indicating low
accessibility of potential C-terminal ubiquitination sites. Residues
E70–S71 were immersed in the hydrophilic part of the POPC membrane
and were not easily accessible to the water molecules and to other
cytosolic proteins. Furthermore, the UL49.5 residues R72-G73-R74-G75
were suggested by Verweij et al. [55] as a motif responsible for the
proteasomal degradation of TAP. The sequence of the RGRG region was

strongly sensitive to mutations, especially substitutions of a charged
amino acid residue (Arg), which prevented TAP degradation. In parti-
cular, Arg at position 72 had a strong effect of this process. Our
structural analysis showed that R72 interacted with the hydrophilic
part of the POPC membrane, whereas Arg74 was fully accessible to the
water molecules. The RGRG motif of UL49.5, extending from the bio-
logical membrane, might act as an allosteric proteasome activator in
TAP degradation. It might interact with TAP and modify its structure,
directing the transporter to ubiquitination pathway and then protea-
somal degradation. The RGRG motif with sequences similar to glycine
and arginine-rich motifs in proteins interacting with RNA, was effi-
ciently recognized by methyltransferase(s), modifying arginine in nu-
merous proteins [69]. The RG repeats represented targets for type-I
protein arginine N-methyltransferase. A glycine residue at the n-1 po-
sition from arginine was highly conserved among the substrates tested
for arginine methylation [69–71]. The asymmetrical dimethylation of
the arginine residues within these RG repeats could dramatically
change protein binding [59]. However, this hypothesis needs to be
confirmed by additional experiments.

Looking at the electrostatic potential of the protein, calculated on
the surface of the van der Waals complexes (Fig. 6B and C), we con-
cluded that helix 1 was mostly hydrophilic and the most strongly ex-
posed to the water environment. Helix 2 had an amphipathic character,
whereas helix 3 was mainly hydrophobic. The electrostatic properties of
the individual structural elements of UL49.5 determined the arrange-
ment of these structural elements in the biological POPC membrane.

The final model of the UL49.5 protein was submitted to the Protein
Model Database and has been assigned the following ID code:
PM0081903.

3.8. Possible structures of UL49.5/TAP/substrate complex

In the first step, UL49.5 was docked to the TAP protein. In this
experiment, 30 models of the UL49.5/TAP complexes were generated
by the ClusPro program (Fig. 10S) [48,52,50]. Of these, for further
analysis only three models (11, 28 and 30) displaying the correct

Fig. 6. (A) Structure of UL49.5 obtained after 90 ns of MD simulation in POPC membrane. Protein backbone structure is depicted in ribbon projection. Amino acids
are shown in stick projection. (B) Electrostatic potential on van der Waals surface of UL49.5 calculated for the final structure in the POPC membrane. Hydrophobic
core of the membrane is shown by light gray lines, and hydrophilic part of the membrane is shown as gray spheres. (C) Surface of charged amino acid residues (Arg,
Lys, Asp, and Glu) in UL49.5 protein (orange).
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location and orientation of UL49.5 in the membrane (Fig. 7), and the
possible interaction of the N-terminal UL49.5 fragment with the TAP
protein loop on the ER lumen side, as it was proposed in the literature
[12], were selected. In each of the selected models, UL49.5 was bound
to TAP at different locations. The UL49.5 luminal domain residues 7–11
were previously found as crucial inhibition of the human TAP and
downregulation of MHC I surface expression [6]. Other studies by Wei
et al. [66] also showed a very important role of the R9R10E11 residues
from the ER lumen, what was explained by the presence of electrostatic
interactions between the two positively charged amino acid residues
from UL49.5 and the negatively charged amino acids located in the TAP
protein loops from the ER lumen side. In our three models 11, 28 and
30, the RRE motif of UL49.5 could interact with the ER loops of TAP.
The most favorable electrostatic interactions were observed in Model
30, where R9 residue interacts with aspartic acid and serine from the ER
luminal loop of TAP1.

In addition, in the three selected models, UL49.5 interacted si-
multaneously with TAP1 and TAP2, which was in agreement with the
literature data. The optimal binding of UL49.5 to TAP required both
TAP subunits [5], what could be seen in Models 11 and 30, where
UL49.5 interacted with the wide surface of TAP. In the case of Model
28, UL49.5 could interact primarily with the TAP protein and only the
C-terminus of UL49.5 interacts with TAP2. UL49.5 can cause the
downregulation of the MHC I surface expression and interact with the
TAP complex in the absence of the N-terminal domains of TAP1 and
TAP2. However, deletion of the N-terminal part of TAP2 negatively
influenced the binding of UL49.5 and the efficiency of the TAP in-
hibition. Probably, UL49.5 mainly targets the 6+6 TM core of TAP,
but requires also the N-terminal region of TAP2 for the optimal in-
hibition of TAP. Presumably this TAP domain could stabilize the TAP
complex in a conformation that favors the UL49.5-TAP interaction [11].
In our theoretical models, UL49.5 interacted with the N-terminal region
of the TAP2 protein and with the loop between TM2 and TM3 of TAP2
only in Models 11 and 30. In Model 28, the interactions of UL49.5 with
TAP2 were weak. The analysis of the interactions between the C-

terminal R72GRG75 motif showed the presence of electrostatic interac-
tions between UL49.5 and TAP only in Model 11. The C-terminal RGRG
motif of UL49.5 might be responsible for the appropriate orientation of
UL49.5 in biological membranes, driven by strong electrostatic inter-
actions between the arginine side chains and the lipid heads.

Because UL49.5 interacts with TAP and inhibits peptide (substrate)
transport, in the next step, three models of UL49.5/TAP complexes
were used to analyze the substrate molecular docking. In this experi-
ment, the peptide substrate (H2N-R1RYQK5STEL9-CONH2) [5,7] of TAP
was docked into each of the three selected models of the UL49.5/TAP
complex. Thus, for Models 11, 28, and 30, eight, seven and eleven
UL49.5/TAP/substrate complexes were generated, respectively. In
total, 26 UL49.5/TAP/substrate complexes were obtained and subse-
quently analyzed. In all complexes, the substrate interacted almost
identically with the upper part of the inward-open TAP conformation
and located inside of TAP. In Fig. 7 we show only three examples of
UL49.5/TAP/substrate complexes. In these three models, UL49.5 is
located on the outside of TAP. The N-terminal domain of UL49.5 is
located at ER lumen, and the C-terminal domain is exposed to the in-
tracellular space. Unfortunately, in all obtained complexes the substrate
did not bound to its canonical binding pocket described previously in
the literature [12].

In this study, we used the only accessible TAP protein model from
the PDB data bank (PDB code: 5u1d) [12]. This structure is shown to
adopt the inward-open conformation, which was unlikely to be char-
acteristic of a UL49.5-bound transporter. According to the literature,
UL49.5 freezes TAP in a conformation that can bind both the substrate
and ATP, but it is unable to translocate the peptide [73]. Although the
available TAP structure the most likely does not take the correct ar-
rangement of the transporter bound to UL49.5 into account, it may
reveal various possibilities for the interaction with UL49.5. Our results
show that Model 11, with an interesting orientation and localization of
the P27, P31, and P32 residues of UL49.5, exhibited the most optimal
interaction potential with TAP (Fig. 7). These observations are very
interesting in light of the previous studies, which suggested that P31 or

Fig. 7. Structures of UL49.5/TAP/substrate complexes that fulfill the selection criteria. TAP (light gray) and UL49.5 (cyan) are shown in the cartoon projection.
Substrate (peptide) is indicated in the stick projection (red). (A) top view, (B) side view of the models.
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P32 were important for the appropriate folding of UL49.5 and for the
appropriate interaction of UL49.5 with TAP [55]. The orientation of
UL49.5 in the UL49.5/TAP complex and the role of the P27, P31, and
P32 amino acids in the interaction with TAP should be investigated in
future studies by using molecular biology tools.

4. Conclusions

BHV-1-encoded UL49.5 is a member of the family of varicellovirus-
encoded TAP inhibitors. Thus far, other TAP-inhibiting UL49.5 proteins
have been found in bovine herpesvirus 5, pseudorabies virus, equine
herpesvirus 1 and 4, cervid herpesvirus 1, feline herpesvirus 1, and
canine herpesvirus. These proteins efficiently block the peptide trans-
port by TAP, thereby preventing the MHC I-mediated presentation of
viral peptides and the subsequent elimination of the infected cells by
specific cytotoxic T lymphocytes [11,73]. UL49.5 demonstrates direct
interactions with membrane lipids and membrane viral or cellular
proteins. In this study, we determined the structure of BHV-1 UL49.5 to
find its contribution to the interaction with TAP and to the induced
immune evasion. To the best of our knowledge, thus far, no studies on
the experimental determination of the structure of UL49.5 have been
reported. Knowledge about the 3D structure of this protein can help to
explain its interactions and the modulation of TAP during immune in-
hibition.

As the UL49.5 protein has 75 residues, for our NMR studies, UL49.5
was analyzed as two independent protein fragments. This approach let
us record the UL45.9 structure under NMR conditions similar to those
occurring naturally in an ongoing infectious process. The first fragment
of the protein contained 35 amino acid residues, and the second one
contained 40 amino acid residues. A similar approach to the determi-
nation of the spatial structure of a membrane protein was used by
Mahajan et al. [74], who divided the SARS-CoV fusion protein into two
fragments to measure the NMR spectra and establish their structures.

Several CD studies using DPC or POPC have suggested that trans-
membrane proteins derived from pathogenic microorganisms might
have a helical intramembrane structure [19]. Our CD data showed that
the N-terminal (N.BHV) and the transmembrane–cytoplasmic
(TMC.BHV) fragments of UL49.5 adopted helical structures induced by
the biological membrane environment. The CD spectra of these two
fragments in PBS or in water showed a high content of unordered
conformation. Similar studies were performed for the N-terminal half of
the ICP47 protein, another TAP viral inhibitor [75]. This peptide was as
active in the inhibition of human TAP as the full-length protein. The CD
studies of this peptide showed that the viral inhibitor of TAP appeared
to be primarily unstructured in an aqueous solution. However, in the
presence of membrane mimetics or lipid membranes, an α-helical
structure was formed [75]. In this study, the helical structure of the
protein fragments was also confirmed by NMR spectra, which showed
the backbone and side-chain NOE effects characteristic of helix struc-
tures in the short regions of the investigated peptides. In this paper, the
NMR-calculated structure of the N.BHV peptide consisted primarily of a
right-handed α-helix in the A7-G20 regions, whereas TMC.BHV con-
sisted primarily of a right-handed α-helix in the V40-Nle46 and V49-
F58 regions. The regions forming helical structures in the presence of
DPC micelles were almost similar to those predicted for the UL45.9
protein in the POPC membrane environment. The final structure of
UL49.5 in the POPC membrane consisted of three α-helical regions.
Helix 1 (D2-G20) was located at the N-terminal fragment region (ER
lumen domain), helix 2 (V40-M46) and helix 3 (V49-M61) in the
middle transmembrane region of UL49.5.

This UL49.5 structure remained significantly different from that
proposed using a theoretical approach [15]. Similarly, our data showed
the helices inside the cellular membrane (Fig. 6A) [13]. According to
our results, the ER luminal domain consisting of 1–21 residues was
exposed to the aqueous medium and the rest of the domain was im-
mersed in the charged or hydrophobic portion of the POPC membrane.

However, in the theoretical structure of UL49.5 [13], the N-terminal
domain (1–40) is fully exposed to the water environment. The predicted
3D structure of UL49.5 from BHV-1 revealed a characteristic bend in
the ER luminal domain that was facilitated by P27, whereas according
to our results, two β-turns were observed in this domain in the regions
V26-P27-L28-S29 and E30-P31-P32-Q33. Both β-turns engaged the Pro
residues, which might be important for the specific folding of UL49.5
and the interaction between UL49.5 and TAP and, consequently, the
inhibition of peptide transport. Remarkably, P30/P32 were conserved
among the TAP-inhibiting UL49.5 homologs. The substitution of these
residues by alanine influenced the TAP activity, implying that the
structure facilitated by the Pro residues was crucial for the BHV-1
UL49.5 function [unpublished data].

Our structure had two transmembrane helices whose continuity was
interrupted by β-turn in the M46-V49 region. Helices 2 and 3 of the
transmembrane domain were stacked at an angle of approximately 110°
and together with the turn structure formed the helix-turn-helix motif.
In the theoretically predicted structure, the transmembrane domain
also formed two helical regions connected by a shorter unordered re-
gion; the helices were arranged at an angle of approximately 110° to
each other. In our structure, helix 3 had the amphipathic character and
could partly interact with the head groups of the POPC membrane.
Similar localization in the biological membrane and similar structure,
also containing the helix-turn-helix motif, with interaction of a short
helix interaction with the polar groups of lipids was found in the Ebola
virus envelope protein [53]. This protein also had an N-terminal do-
main exposed to the outside of the membrane.

In this study, the C-terminal domain of UL49.5 was primarily im-
mersed in the charged portion of the membrane and only the three last
amino acid residues were strongly exposed to the solvent, whereas in
the predicted structure. The cytosolic domain (R59–G75 fragment) was
fully exposed to the water molecules. In both structures (this study and
predicted), the C-terminus is unstructured with the characteristic bend
facilitated by P66. Of note that in the structure we obtained, the RGRG
fragment of the cytosolic C-terminal domain protruded from the
membrane and thus, could potentially interact with other proteins and
modulate their functions.

In this study, we also obtained three possible structures of the
UL49.5/TAP complexes, UL49.5 in these complexes was located on the
outside of TAP, with the most probable structure represented by very
similar Models 11 and 30. This is the first known structure of the
UL49.5/TAP protein complex. Because of the lack of experimental
evidence for the specific binding site of the UL49.5 to TAP, which of the
proposed complexes is most closely related to the real structure is un-
known. Furthermore, experimental research related to the mutagenesis
of the TAP protein is highly warranted.
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