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Background: UL36 is a large multifunctional protein that is conserved across herpesviridae.

Results: The 970 central residues of UL36 have been analyzed by several biophysical and structural methods.
Conclusion: These UL36 residues constitute an elongated fiber that is able to form monomers and dimers.
Significance: This provides a framework for understanding how UL36 fulfills its functions.

The tegument of all herpesviruses contains a capsid-bound
large protein that is essential for multiple viral processes, includ-
ing capsid transport, decapsidation at the nuclear pore complex,
particle assembly, and secondary envelopment, through mecha-
nisms that are still incompletely understood. We report here a
structural characterization of the central 970 residues of this
protein for herpes simplex virus type 1 (HSV-1 UL36, 3164 res-
idues). This large fragment is essentially a 34-nm-long mono-
meric fiber. The crystal structure of its C terminus shows an
elongated domain-swapped dimer. Modeling and molecular
dynamics simulations give a likely molecular organization for
the monomeric form and extend our findings to alphaherpes-
virinae. Hence, we propose that an essential feature of UL36 is
the existence in its central region of a stalk capable of connecting
capsid and membrane across the tegument and that the ability
to switch between monomeric and dimeric forms may help
UL36 fulfill its multiple functions.

Herpesviruses, such as herpes simplex virus type 1 (HSV-1),
share a common four-layer organization. Their double-stranded
DNA genome is contained within a T = 16 icosahedral capsid,
surrounded by an intermediate proteinaceous tegument and
finally an external lipid envelope. The tegument is asymmetric
with a minimal thickness of 15 nm and a maximal thickness of
50 nm in extracellular virions. It is subdivided in an “inner”
tegument that is tightly bound to the capsid and an “outer”
tegument that is connected to the viral envelope (1-4). The
HSV-1 tegument is made of more than 20 proteins. Three of
them, US3, UL36, and UL37, have been identified as inner teg-
ument proteins according to their localization during fraction-
ation of viral particles and to their association with capsids or
membranes during particle assembly and disassembly (5-8).

The atomic coordinates and structure factors (codes 4TT0 and 4TT1) have been
deposited in the Protein Data Bank (http://wwpdb.org/).
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Two of them, UL36 and UL37, form a complex of unknown
stoichiometry (9, 10).

The essential tegument protein UL36 is tightly bound to the
capsid vertices through an interaction with the vertices’ specific
component UL25 (11-13). UL36 is involved in several pro-
cesses during the virus cycle. After fusion of the viral membrane
with the plasma membrane during herpesvirus entry, most of
the viral tegument is detached, whereas UL36 is one of the few
proteins that remain associated with the capsid (14). UL36
together with UL37 play an essential role during entry. It is
necessary for capsid transport toward the nucleus during the
entry phase and toward the final viral particle assembly sites
during egress. Both transports are abolished in the absence of
UL36, and they are strongly impaired in the absence of
UL37(15-18). Viral capsids are transported along the microtu-
bule network, and several cellular proteins are recruited to this
end, including molecular motors kinesin 1 and 2, dynein, and its
dynactin cofactor as well as the dystonin/BPAG1, a cross-linker
of cytoskeleton elements (14, 18 -20).

Besides capsid transport, UL36 is required for capsid routing
at the nuclear pore complex (21) and subsequent uncoating
(22—24).In contrast, UL37 is not required for this final step (24).
The docking process also involves the capsid protein UL25 that
is able to bind the cellular nucleoporins CAN/Nup214 and
HCG1 (13). These nucleoporins are localized on the cytoplas-
mic side of the nuclear pore complex and could thus act as a
nuclear receptor for the capsid. Finally, an antibody directed
against Nup358, a component of the cytoplasmic fibrils of the
nuclear pore complex, is also able to block this association.
Although several proteins involved in this process have been
identified, the detailed mechanisms triggering the DNA ejec-
tion and the precise role of UL36 are still unknown (22).

Finally, UL36 has been involved in the last stages of viral
assembly. A null mutation in the {/L36 gene leads to an accu-
mulation of unenveloped DNA-filled capsids in the cytoplasm
and a massive production of defective “light particles” lacking
capsid, thus suggesting that UL36 is necessary for associating
the preassembled outer viral layers to the capsids (25, 26). The
outer tegument protein UL48 has been shown to interact with
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UL36 (10, 27). However, disrupting this interaction reduces the
incorporation of UL48 in viral particles, but it is not sufficient
for preventing the formation of viral particles, thus suggesting
that other unidentified direct or indirect interactions between
UL36 and outer tegument proteins might be involved (28).
Recently, the disruption of interactions between UL37 and the
envelope proteins gK and UL20 has been shown to impair sec-
ondary envelopment (29). The absence of UL36 would thus
abolish the recruitment of UL37 and, as a consequence, of the
viral envelope as well.

In addition to these roles in the virus cycle, UL36 has a deu-
biquitinase domain that is active on both Lys-48 and Lys-63
ubiquitinylations (30, 31). It is able to deubiquitinylate several
substrates, including TRAF3 and UL36 itself (32, 33).

Despite the large amount of available functional data, the way
by which UL36 fulfills its functions is still elusive. The large size
of the protein (336 kDa) and the scarcity of structural data are
hindering the study of these mechanisms. Fibrous structures
extending radially from the capsid vertices are observed in
“T36” capsids, i.e. capsids with the inner tegument still bound,
but it is unclear whether these fibers are made of UL36, UL37,
or both proteins (3). Except for the human cytomegalovirus
N-terminal deubiquitinase domain (34), no high resolution
data are available for any herpesvirus UL36 proteins, and the
structural domains of the protein have not been identified. In
silico analyses suggest the presence of several coiled coil motifs
between amino acids 980 and 1740. Here, we were able to pro-
duce in a recombinant system a large fragment (residues 760 —
1733) of UL36 containing almost one-third of the protein,
including these putative coiled coils. Biophysical analyses
establish that this central part of UL36 forms a monomeric fiber
sufficiently extended to bridge the capsid and membrane. We
solved the atomic structure of the C-terminal part of this fiber
that surprisingly crystallized as a domain-swapped antiparallel
dimer. Molecular dynamics simulations explain how a transi-
tion from a monomeric to a dimeric state could occur. Homol-
ogy modeling suggests that these properties are conserved
among alphaherpesvirinae. We discuss what roles extended
monomeric and antiparallel dimeric forms of UL36 could have
in the virus cycle.

EXPERIMENTAL PROCEDURES

Sequence Analyses—The protein sequence alignments of
HSV-1, HSV-2, PRV,®> VZV, GHV-2, and CHV-1 UL36 were
performed using Clustal W and were displayed with ESPRIPT.
The coiled coils were predicted with PCOILS. The secondary
structure predictions were performed using SOPMA.

Cloning, Expression, and Purification of UL36 Fragments—
Amino acids 1600-1733 and 760-1733 of strain 17 HSV-1
UL36 (accession number FJ593289.1) were cloned between the
BamHI and EcoRI restriction sites of the pGEX-6P1 (GE-
Healthcare) expression vector, resulting in fusions of these
fragments with an N-terminal cleavable glutathione S-transfer-
ase. Both fragments were produced in Escherichia coli BL21

3 The abbreviations used are: PRV, pseudorabies virus; r.m.s.d., root mean
square deviation; SEC-MALLS, multi-angle laser light scattering; VZV, vari-
cella zoster virus.
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(DE3) cells (Stratagene). Freshly transformed cells were incu-
bated overnight in 5 ml of LB supplemented by ampicillin at
37 °C. These cultures were diluted in 1 liter of LB supplemented
by 50 wg/ml ampicillin and grown at 37 °C up to an absorbance
of 0.6. The temperature was then lowered to 18°, and the pro-
tein expression was induced by the addition of 1 mm isopropyl
B-p-thiogalactopyranoside. Cells were harvested 16 h after
induction.

Cells expressing construct 760—-1733 were pelleted by cen-
trifugation at 5000 X g for 20 min in a JLA9.1,000 rotor (Beck-
man Coulter). The pellet was resuspended in 50 mm HEPES, pH
7.0, 500 mm NaCl, 10% glycerol, 1 mm DTT supplemented by a
tablet of EDTA-free “Complete” protease inhibitor mixture
tablet (Roche Diagnostics) and lysed by sonication at 4 °C. The
lysate was then centrifuged at 4 °C for 5 min at 2700 X g. The
supernatant was recovered and centrifuged at 4 °C for 30 min at
48,000 X gin a JA25.50 rotor (Beckman Coulter). The soluble
lysate was loaded on Protino glutathione-agarose 4B beads
(Macherey Nagel). The column was washed with 20 volumes of
20 mm HEPES, pH 7.0, 200 mm NaCl, 1 mm DTT and eluted
with 20 mm HEPES, pH 7.0, 200 mMm NaCl, 1 mm DTT, 20 mm
glutathione. The GST tag was then removed by the addition of
120 pg of PreScission protease for 150 min at 20 °C. The frag-
ment was then purified by size exclusion chromatography on a
Superose 6 10/300 GL pre-equilibrated in 20 mm HEPES, pH
7.0, 200 mm NaCl, 1 mm DTT. Finally, it was loaded again on
glutathione beads, and the flow-through containing the frag-
ment of interest was concentrated to 1 mg/ml and stored at
—80°C.

Similarly, cells expressing construct 1600-1733 were lysed
in 50 mm HEPES, pH 7.0, 500 mMm NaCl, 1 mm DTT supple-
mented by a tablet of EDTA-free Complete protease inhibitor
mixture tablet. After two successive centrifugations at 2700 X g
for 5 min then 48,000 X g for 30 min, the soluble lysate was
loaded on a GSTrap FF affinity column (GE Healthcare). The
column was washed with 20 volumes of 20 mm HEPES, pH 7.0,
200 mm NaCl and eluted with 20 mm HEPES, pH 7.0, 200 mm
NaCl, 20 mm glutathione. After removal of the GST tag by the
addition of 50 g of PreScission protease for 2 h at 20 °C, the
protein was purified on a Superdex 200 10/300 GL column and
finally loaded on a second GSTrap FF column. The flow-
through containing the fragment of interest was concentrated
to 1 mg/ml and flash-frozen in liquid nitrogen.

SEC-MALLS Measurements—The experiments were per-
formed with a Wyatt Technology instrument (mini DAWN
TREOS + QELS + OPTILab T-rEX) coupled to a Shimadzu
HPLC system. For all samples, 30 ul of samples were used.
Fragment 1600-1733 in a 20 mm HEPES, pH 7.0, 500 mm NaCl
buffer was injected at an initial concentration of 2 mg/ml in a
KW-803 column. Fragment 760-1733 in a 20 mm HEPES, pH
7.0, 200 mMm NaCl, 1 mm DTT buffer was injected at an initial
concentration of 2 mg/ml in a Biosec-3 column.

Analytical Ultracentrifugation—Sedimentation velocity and
equilibrium analyses were performed at 20 °C using an An-60Ti
rotor in an XLA70 Beckman Coulter centrifuge. For sedimen-
tation velocity, 360 ul of a 5 um or 9.4 uM solution of the frag-
ment 760-1733 in 20 mm HEPES, pH 7.0, 200 mMm NaCl, 1 mm
DTT were introduced in a cuvette with a 12-mm optical path-
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way and centrifuged at 40,000 rpm (116,370 X g). A,q, mea-
surements were performed each 5 min. The results were ana-
lyzed by SEDFIT. For equilibrium analyses, 110 ul of a 3.3, 5.4,
or 8.6 uM solution of the fragment 7601733 in 20 mm HEPES,
pH 7.0, 200 mm NaCl, 1 mm DTT was introduced in a cuvette
with a 12-mm pathway and centrifuged successively at 8200,
9800, and 14,200 rpm (corresponding to 4890 X g, 6985 X g,
and 14,665 X g). The results were analyzed using SEDPHAT.

Electron Microscopy—The purified 760-1733 fragment was
diluted to 0.1 mg/ml in 2 mm HEPES, pH 7, 20 mm NaCl, 50 mm
ammonium acetate. The sample was then adsorbed onto air-
glow discharge carbon-coated grids and stained with sodium
phospho-tungstic acid adjusted to the sample, pH 7.5. The
images were recorded in an electron microscope (model CM12;
Philips) operated at 80 kV, with a nominal magnification of
35,000. The length and width of the objects were measured
using Image].

Crystallization, Structure Determination, and Analysis—The
1600-1733 fragment was concentrated to 5 mg/ml. Crystals
were grown by vapor diffusion at 20 °C in hanging drops using
0.1 pl of protein and 0.1 ul of the well solution containing 0.2 M
(NH,),HPO,, 20% PEG 3350 (native dataset), or 100 mm
HEPES, pH 7.5, and 2 M ammonium formate (KI soak dataset).
In both cases, small hexagonal crystals grew within 1-4 days
and were harvested 2 weeks later. The native crystals were
flash-cooled in 0.2 m (NH,),HPO,, 20% PEG 3350, 20% glyc-
erol, although the derivative crystals were incubated for 10 min
in HEPES, pH 7.5, 1 M ammonium formate, 0.8 M potassium
iodide, 25% glycerol before flash-freezing.

A native dataset was collected at 100 K on a single crystal at
the PROXIMA 1 beamline at the Soleil synchrotron. A highly
redundantiodine SAD dataset was collected at 100 K on a single
crystal at a wavelength of 1.90745 A at the ID23-1 beamline of
the European Synchrotron Radiation Facility. Both datasets
were processed using the XDS package (35) and were found to
belong to the same crystal form despite the different crystalli-
zation conditions. SIRAS phasing was not attempted due to
nonisomorphism. The structure was solved by SAD phasing
with the KI soak dataset. SHELXD (36) could localize eight
iodine atoms per asymmetric unit. After density modification
using SHELXE, interpretable density maps were obtained, ini-
tially to 2.8 A resolution. The structure was refined and ana-
lyzed using the PHENIX (37) and CCP4 (38) suites and built
using COOT (39). Phenix.autobuild was able to place about
50% of the amino acids in the initial map. Despite significant
data anisotropy, we gradually extended refinement resolution
for subsequent refinement and building, following the current
best practice (40). Thus, we included data according to CCy,
and validated this choice by comparing CC(work) and CC(free)
to CC* (Table 1). Coordinates were refined for the two 1600 —
1733 molecules in the asymmetric unit with local NCS
restraints. TLS and individual B-factors were refined with three
TLS groups as follows: residues 1628 —1723 of both molecules,
residues 1595-1627 of molecule B and residues 1597-1627 of
molecule A (residues N-terminal to 1600 represent the residual
affinity tag). In later stages of refinement, all iodine ions were
identified in log-likelihood gradient maps. The asymmetric unit
contains 42 jodine atoms (23 with occupancy of at least 50%).
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The final refined protein model was used as the starting point
for refinement against the native dataset keeping the same test
set. After rigid body refinement, the same refinement protocol
was used as for the KI soak. There is additional weak density in
the KI soak that could be ascribed to residues 17241725 sta-
bilized by an iodine ion site. We did not include these residues
in the final models as no density is apparent in the native data-
set. The KI soak (respectively native) models have no Ram-
achandran outliers, and 98% (respectively, 97%) of residues are
in the favored region of the Ramachandran plot. CC* (40) is 0.86
(respectively 0.91) in the highest resolution shell. Crystal pack-
ing and interfaces were analyzed with PISA (41) and the NOX-
class server (42). Structure visualization was performed and
structural figures made with PyMOL. Atomic coordinates and
structure factors have been deposited to the RCSB Protein Data
Bank under accession number 4TTO (potassium iodide deriva-
tive) and 4TT1 (native crystals).

Tryptophan Fluorescence—The fragment 1600-1733 was
diluted to 100 ug/ml in 20 mm HEPES, pH 7, 200 mm NaCl.
Identical spectra obtained with other buffers ranging from pH 6
to pH 8 and from 20 mm to 1 M NaCl were also tested. Emission
spectra were recorded at 25 °C on a PerkinElmer Life Sciences
LS50B fluorimeter. Excitation was performed at 290 nm (slit
width 2.5 nm), and the emission was measured between 310
and 400 nm (slit width 2.5 nm) at a speed of 60 nm per min. The
displayed spectrum is the average of 10 spectra.

Modeling and Molecular Dynamics Simulations—A putative
folded-back 1600-1723 monomer was modeled by including
residues 1600 —1675 from one crystallographic molecule (chain
B) and residues 1680-1723 of the other (chain A). The four
intervening residues 1676 —1679 were added so as to be stereo-
chemically reasonable. Homology modeling was performed
with program MODELLER (43) release 9.14 with default
parameters using the alignments shown in Fig. 5A. Molecular
dynamics simulations of a crystallographic monomer (residues
1600-1722 of chain B) of the modeled folded-back monomer
and of homology models corresponding to HSV-1 UL36 resi-
dues 1632-1723 were performed using the AMBER 9 program
suite (44) with the Parm99SB force field. Hydrogen atoms were
added, and proteins were neutralized with 2—4 Na* cations and
immersed in an explicit TIP3P water box with a solvation shell
at least 12 A-deep using the LEaP program. The systems were
then minimized and used to initiate molecular dynamics. All
simulations were performed in the isothermal isobaric ensem-
ble (p = 1 atm, T = 300 K), regulated with the Berendsen
barostat and thermostat (45), using periodic boundary condi-
tions and Ewald sums for treating long range electrostatic inter-
actions (46). The hydrogen atoms were constrained to the equi-
librium bond length using the SHAKE algorithm (47). A 2-fs
time step for the integration of Newton’s equations was used.
The nonbonded cutoff radius of 10 A was used. For targeted
molecular dynamics simulations, the starting and target sys-
tems were built so as to be chemically identical (same protein
residues, same number of water molecules). Targeted molecu-
lar dynamics adds an additional term to the energy function as
shown in Equation 1,

E(t) = /2Ktoree * Natom (r-m.s.d.; — rm.s.d.o)®  (Eq.1)
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where k.. corresponds to the force constant applied during
the simulation (kcal/mol-A2); Nis the number of atoms; r.m.s.d.
is the mass weighted root mean square deviation of the posi-
tions of protein Ca atoms at time ¢ from the corresponding
positions in the target structure. r.m.s.d. is the target r.m.s.d.
that was set to 0 here. All simulations were run with the
SANDER module of the AMBER package.

RESULTS

Biophysical Characterization of UL36 Fragments—The bound-
aries of the structural domains of UL36 are so far unknown.
Sequence analysis software predicts that several segments of
UL36 (981-1035, 1292-1328, 1503-1532, 1586-1613, and
1710-1737) organize as coiled coils. All of them are localized
within a 760-amino acid segment, suggesting it could corre-
spond to a structural element. Consistent with this, we were
able to express and purify a fragment of UL36 composed of
residues 760-1733 in E. coli (Fig. 1A) containing these pre-
dicted coiled coil regions. The C-terminal part of this fragment
1600-1733 containing the last two repeats of a predicted helix-
turn-helix motif could also be produced (Fig. 14).

Coiled coils can be made of helices belonging to a single poly-
peptide, but they frequently constitute oligomerization regions.
To check for a possible oligomerization, these fragments were
analyzed by size exclusion chromatography associated with
SEC-MALLS. Although 1600-1733 was less well behaved than
760-1733 and was not recovered quantitatively in SEC, it
eluted as a single monomeric species (12.8 = 0.2 kDa for an
expected 14.8 kDa calculated from the fragment sequence) at
an effective concentration of 30 ng/ml (Fig. 1B, top). At 70
png/ml 760-1733 also eluted as a monomeric species (101.4 *
0.2 kDa and 100.0 £ 0.1 kDa in two independent experiments
for an expected 104.6 kDa) (Fig. 1B, bottom), but a minor form
could also be detected, which in some preparations was in suf-
ficient quantity for its mass to be accurately determined (Fig.
1B, bottom, purple curve). This mass of 217.3 = 0.4 kDa is con-
sistent with that of a dimer. The observation of distinct peaks
shows that the conversion between monomeric and dimeric
760-1733 is not possible or is at least slower than the charac-
teristic time scale of the experiment. Analytical ultracentrifu-
gation (sedimentation equilibrium and sedimentation velocity)
was performed at much higher protein concentrations for 760 —
1733. Sedimentation equilibrium experiments show that 760 —
1733 is still a monomer at least up to a concentration of 0.90
mg/ml (Fig. 1C).

Given that the inner tegument has been described as fibrous
(3), there is a possibility that some or all of these fragments
could be elongated. To characterize this, this fragment was ana-
lyzed by sedimentation velocity (Fig. 1D). A monomodal distri-
bution corresponding to a 3.3 S species (s,,,, = 3.5) was
observed, and taking into account that 760-1733 is mono-
meric, it means that this fragment has a f/f; ratio of 2.3. This
very high value can only be explained by an extremely elongated
shape and is typically observed with fibrous proteins.

Because of its large size, fragment 760-1733 could be
directly observed by negative staining electron microscopy,
which confirms that it is an elongated fiber (Fig. 2, A-D). The
length distribution of fibers is bimodal with a main population
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at 33.7 £ 5.5 nm and a minor population at 59.7 = 2.3 nm,
whereas the width distribution is monomodal with a single
population at 2.9 * 0.4 nm (Fig. 2E). Additionally, the shorter
fibers were sometimes associated via one of their ends, thus
constituting “V”-shaped objects (Fig. 2D).

The fibers are surprisingly straight for objects with such a
large length to width ratio. Only a minority of fibers display one
or two kinks separated with straight segments, suggesting that
the fragment is made of several rods separated by a discrete
number of articulations. At least in the conditions in which the
observations were performed, the most extended conformation
was dominant.

Crystal Structure of Fragment 1600-1733—To get more
detailed information on this fiber, crystallization of the differ-
ent fragments was undertaken. It was possible to determine the
crystal structure of fragment 1600—1733 that crystallized in
several different conditions. The two that allowed useful data
collection yielded the same crystal form with almost superim-
posable asymmetric units despite a substantial difference in cell
parameters (Table 1 and see under “Experimental Proce-
dures”). The high resolution cutoffs of the two models were
validated according to Diederichs and Karplus (40). The asym-
metric unit contains two molecules, and residues 1600-1723
could be built for both. The two molecules are very similar,
being almost identical over residues 1628 —1723 and differing
only in different bends of their N-terminal helices at residues
1624-1627. Additional amino acids left over from cleavage of
the purification tag could also be observed at the N termini,
extending the N-terminal helix of molecule B by five residues
(i.e. all the residues left from the tag despite their sequence
GPLGS having no helical propensity). In accordance to the bio-
physical analyses, each molecule appears as an elongated fiber
about 120 A long and with a maximal width between « carbons
of ~15 A. Each molecule is constituted by two repeats of a long
helix-turn-antiparallel short helix motif, A-B and C-D (Fig. 34).
The intrachain contacts are extremely scarce and limited to two
short regions. The first region involves residues 1633-1672,
including the C-terminal part of helix A, the entire helix B, and
the N-terminal part of helix C. This region organizes as a short
three-helix bundle. The second region is constituted by the
C-terminal part of helix C and the totality of helix D as well as
B-like contacts in loop CD. Surprisingly, there is a cluster of
exposed hydrophobic residues in both regions (Fig. 3C). The
first one involves Leu-1636, Leu-1639, Leu-1640, Val-1642,
Val-1643, Pro-1646, Ile-1662, and Leu-1669, whereas the sec-
ond one involves Val-1684, Trp-1686, Leu-1687, Phe-1694,
Leu-1709, Leu-1710, and Leu-1720. These hydrophobic resi-
dues are strongly conserved through alphaherpesviruses, sug-
gesting that these surfaces have a structural and/or functional
role (Fig. 3B).

Extended contacts are observed between the two molecules
in the asymmetric unit (Fig. 44). The two molecules are
wrapped around each other, and they adopt an overall boomer-
ang shape with the N terminus at the extremity and the C ter-
minus in the center. This makes up an extremely elongated
dimer with a length of 158 A and a maximal width of 24 A. The
dimerization involves the formation of a long antiparallel coiled
coil between the two C helices. Moreover, the two exposed
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FIGURE 1. Oligomeric status and shape of HSV-1 UL36 fragments in solution. A, all secondary structure prediction servers predict the presence of three
regions with a high propensity to form a-helices and B-strands (rectangles) and two large segments with a higher probability to be random coils (thin stretches
230-490 and 1520-3087). Reported interaction regions and predicted coiled coils are indicated. Two fragments, 1600-1733 and 760-1733, have been used
in this work. B, SEC-MALLS analyses of fragments 1600-1733 (top) and 760-1733 (bottom). Two independent experiments are presented for fragment
760-1733.The protein concentrations at the peak are indicated. Insets, 4 ug of the purified proteins used in SEC-MALLS were analyzed by 16% (1600-1733) or
14% (760-1733) SDS-PAGE with Coomassie staining. C, molecular weight of fragment 760-1733 derived from sedimentation equilibrium ultracentrifugation
at3.3,5.4,and 8.6 um. D, sedimentation velocity experiment of fragment 760-1733 at 5 and 9.4 um. The experimental curves obtained during a centrifugation
at 40,000 rpm in an An-60Ti rotor (top) and the fitted data obtained after analyses by Sedfit (bottom) are represented.

hydrophobic surfaces of one monomer are now interacting
with those of the other, thus constituting two new five-helix
bundles involving helices A, B, and C of one monomer and
helices C and D of the other monomer. The highly conserved
Trp-1686 that would be completely exposed in the isolated
monomer is now buried in a pocket of the other molecule (vis-
ible on Fig. 3B). It is engaged in multiple interchain hydropho-
bic contacts with Leu-1640, Val-1643, Val-1645, Pro-1646, Val-

8824 JOURNAL OF BIOLOGICAL CHEMISTRY

1649, Val-1666, and Leu-1669. The NH of the indole group is
also involved in an intermolecular hydrogen bond with the car-
bonyl of Leu-1640 (Fig. 4C).

The NOXclass server (42) reports 2140 A2 of buried surface
per molecule for this dimeric interface, accounting for 20% of
the accessible surface. Taking into account the amino acid com-
position of the interface, the server assigns a 99.99% probability
that the crystallographic dimer is biologically relevant. How-
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FIGURE 2. Electron microscopy of fragment 760-1733. A-D, negative staining observation. The scale bar for A has a length of 100 nm. Several different
morphologies are observed. Objects indicated by a black arrow are enlarged in B-D. E, histograms of the measured lengths (top) and widths (bottom) of the

fibers.

TABLE 1

Data collection and refinement statistics

Statistics for the highest resolution shell are shown in parentheses.

Strand length (nm)

2-2,5 2,5-3 3-3,5
Strand width (nm)

2.9+0.35nm

Iodine derivative (SAD phasing) (4TT0)

Native (4TT1)

Resolution range (A)

48.04-2.599 (2.692-2.599)

38.32-2.75 (2.848-2.75)

Space group P6122 P6122
Unitcella, b, ¢ 110.939, 110.939, 154.93 110.217 110.217 159.939 90 90 120
a By 90, 90, 120

Total reflections 208,952 (19,540) 198,088 (17,771)
Unique reflections 17,958 (1,728) 15,528 (1,500)
Multiplicity 11.6 (11.3) 12.8 (11.8)
Completeness (%) 99.97 (99.77) 99.94 (99.60)
Mean I/a(l) 14.53 (1.80) 21.00 (1.59)
Wilson B-factor 48.76 76.69

R-merge 0.1792 (1.185) 0.09051 (1.604)
R-pim 0.053 (0.379) 0.026 (0.484)
CCl1/2 0.997 (0.577) 1(0.697)
R-work 0.1853 (0.2858) 0.1950 (0.3598)
R-free 0.2452 (0.3598) 0.2431 (0.4095)
ccH 0.999 (0.855) 1(0.906)
CC(work) 0.950 (0.749) 0.973 (0.731)
CC(free) 0.926 (0.466) 0.945 (0.564)
No. of non-hydrogen atoms 2014 1942
Macromolecules 1941 1923

Ligands 42 10

Water 31 9

Protein residues 256 253

r.m.s. (bonds) 0.008 0.009

r.m.s. (angles) 0.97 1.14
Ramachandran favored (%) 98 97
Ramachandran allowed (%) 2 3
Ramachandran outliers (%) 0 0

Clashscore 6.57 3.34

Average B-factor 59.90 98.70
Macromolecules 59.70 98.50

Ligands 81.60 142.80

Solvent 42.90 91.20

ever, dimers can be either obligate or nonobligate, i.e. the dimer
can be stable or it can be in equilibrium with monomers. Here,
the calculated probability that it constitutes an obligate dimer is
only 89.6%. Thus, the dimer might be a transient species, sen-
sitive to external parameters.

APRIL 3,2015-VOLUME 290-NUMBER 14 SASBMB

In addition to this major interface, the PISA program (41)
predicts no other contact in the crystals to be stable in solu-
tion. The second and third most prominent crystal contacts
(burying 880 and 520 A? per molecule, respectively) involve
antiparallel coiled coils between helices A of two molecules B
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FIGURE 3. Architecture of a single molecule of fragment 1600-1733. A, four helices termed A, B, C, and D are observed in the crystal structure of fragment
1600-1733. The N-terminal extremity is on the left end, and the C terminus is on the right end. B, surface representation of the A-B-C three-helix bundle using
the same orientation as in C. Residues are colored according to their conservation according to server Consurf from blue (fully conserved residues) to red (least
conserved residues). The sequence alignment used by Consurf contained 136 representative sequences of alphaherpesvirus UL36. C, trace representation of
residues 1636 -1720. Two clusters of conserved and exposed hydrophobic residues are displayed as sticks. Residues buried in the dimer interface are colored
by atom type (red, oxygen; blue, nitrogen; carbons, green and cyan in either hydrophobic patch).

and two molecules A, respectively. The contacts involving
helices A are not identical in these two coiled coils, as there
is one helical turn shift between the two. The larger buried
surface for molecule B is due in part to additional contacts
between helices A and C involving the N-terminal extremity
of the fragment, including the residues stemming from the
purification tag.

The crystallographic data strongly suggest that fragment
1600 -1733 is dimeric, whereas the biophysical tools could only
detect a monomer in solution. It could suggest that the crystal-
lographic dimer is artifactual; however, it was crystallized under
atleast two highly different conditions, suggesting that this spe-
cies is present in the preparation. The high concentration
encountered during the crystallization process has then shifted
the equilibrium toward this dimeric species. The structure of
the main monomeric species is thus still unknown.

Many hydrophobic residues are exposed in the crystallo-
graphic monomer, although they are buried in the dimer where
they constitute the hydrophobic core of an intermolecular
structural domain. It is thus unlikely that the crystallographic

8826 JOURNAL OF BIOLOGICAL CHEMISTRY

monomer is the solution monomer without at least a major
structural reorganization. To check for this hypothesis, we
decided to take advantage of Trp-1686 that is the single trypto-
phan in the fragment. In the crystallographic monomer it is
highly exposed, although it is completely buried in the dimer in
a hydrophobic environment, except for the hydrogen bond
between the NH of the side chain of Trp-1686 and the carbonyl
of Leu-1640. A tryptophan fluorescence emission spectrum
displays a maximum at a wavelength of 338 nm for fragment
1600-1733 (Fig. 4B) independently of the pH (between 6 and 8)
and of the salt concentration (between 20 mm and 1 M NaCl).
This is not consistent with a fully exposed tryptophan but is
fully compatible with the environment observed in the dimer
(48). Thus, the tryptophan in the solution monomer is similarly
buried as in the crystallographic dimer.

The DALI server was used to detect whether the crystallo-
graphic and the model folded-back monomers were homolo-
gous to other proteins in the Protein Data Bank. The highest
Z-score obtained for the crystallographic protomer corre-
sponded to the copper-sensitive operon regulator (Z = 5.2).
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FIGURE 4. Dimeric structure of fragment 1600-1733. A, architecture of the crystallographic dimer. One monomer is colored in blue and the other one in gray.
B, tryptophan fluorescence emission spectrum of fragment 1600-1733. The maximal emission was observed at a wavelength of 338 nm. The spectrum was
recorded in a 50 mm Tris, pH 8, 200 mm NaCl buffer. Spectra with a maximum emission at 338 nm were recorded in all the tested buffers, including (50 mm Tris,
pH 8,20 mm to 1 M NaCl), (50 mm HEPES, pH 7, 200 mm Nacl), and (50 mm MES, pH 6, 200 mm NaCl). G, environment of tryptophan 1686 in the crystallographic
monomer (left) and dimer (right). The residues with a side chain less than 4.5 A away from the indole group of W1686_A (red) are represented as orange (chain
A) or yellow (chain B) sticks. The interchain hydrogen bond between the nitrogen of the indole group of W1686_A and the carbonyl of L1640_B is displayed on

the right.

However, a detailed analysis reveals that the homology only
extends to helix A, which suggests that it is not relevant. Higher
Z-scores were obtained for the model folded-back bulge,
including the histone-lysine N-methyltransferase MLL (3LQH,
Z = 6.6), the general control of amino acid synthesis protein 5
GCN5 (3D7C, Z = 6.2), and the human transcription interme-
diary factor 1a (1YYN, Z = 5.8). All these proteins belong to the
bromodomain family. This domain only contains four helices,
whereas fragment 1600-1733 has five helices. However, MLL
displays an additional segment at the expected position for
helix D of fragment 1600 —1733, suggesting that the 1600 -1733
belongs to this family.

Modeling of the UL36 16001733 Monomer and Molecular
Dynamics Simulations—The contacts between both mono-
mers involve the two five-helix bundles, but there is a break in

SASBMB
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the contacts between helices C at their center close to the non-
crystallographic 2-fold axis. The last interchain contact on
either side of the break involves a salt bridge between Arg-1677
and Asp-1680. However, this region is not strictly conserved;
Arg-1677 may be replaced by a lysine in gallid herpesvirus 2
(GHV-2), an alanine in cercopithecine herpesvirus 1 (CHV-1),
and a proline in PRV. An even more severe mutation is
observed in varicella zoster virus where a glycine is inserted
(Fig. 5A). These mutations are hardly compatible with a contin-
uous helix C extending from residue 1659 to residue 1696, but it
is compatible with two smaller helices separated by a short
linker around residue 1677. Taken together, these data suggest
that these residues are not necessarily folded as a helix turn as it
is the case in the crystal structure and could constitute a con-
formational switch.
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A chimera constituted by residues 1600 —-1675 of molecule A
and 1680-1733 of molecule B would be geometrically possible
while explaining the otherwise discordant results. Indeed, res-
idues 1675 of one chain and 1680 of the other chain are suffi-
ciently close (11 A between their Ca) for the intervening resi-
dues 1676 and 1679 to loop between them. The chimera would
be monomeric in solution, given that there would not be any
interchain contact anymore. Trp-1686 would still be buried as
indicated by the tryptophan fluorescence analysis. Under this
conformation, fragment 1600-1733 would have a lollipop
shape with the N terminus of helix A constituting the stalk and
a five-helix bundle made of the C terminus of helix A, the two
parts of former helix C and helices B and D, constituting the
bulge (Fig. 5B, bottom left).

To test this hypothesis, we performed all atom molecular
dynamics simulations in explicit solvent of such a folded-back
lollipop model. In parallel, we also simulated the dynamics of
the isolated extended crystallographic molecule. The small cen-
tral three-helix bundle 1633—-1670 (in black on Fig. 5B) is quite
stable whether in the extended or folded-back molecule. After
10 ns of simulation, it is little changed in both and thus still
displays the hydrophobic patch that is prominent in the crys-
tallographic dimer interaction, including the Trp-1686 pocket
(Figs. 3B and 4C). In contrast, the N-terminal helix A upstream
of Leu-1633 (in yellow on Fig. 5B) breaks up in both simulations.
This is consistent with its observed static flexibility in the two
crystallographic molecules (see above). The major difference
between the two simulations lies in the C-terminal part down-
stream of residue 1673 (green on Fig. 5B). The starting helix C of
the extended molecule breaks at residues 1673—1685, whereas
the folded-back molecule remains stable over the whole C ter-
minus. Thus, the r.m.s.d. of all atoms for residues 1633-1722
quickly stabilizes at a value below 2.5 A for the latter molecule,
although it rises above 10 A and has not converged after 10 ns
for the extended crystallographic molecule (Fig. 5B, top center).
Similarly, Trp-1686 remains buried and in hydrogen bonding
distance of Leu-1640 throughout the simulation for the folded-
back molecule, whereas it goes from 38 A to below 25 A for the
extended molecule and has not yet stabilized after 10 ns. These
results confirm that the crystallographic molecule is not the
16001733 solution monomer, whereasthe folded-back mole-
cule could be. They further highlight residues 1633-1670 and
toalesser extent 1686 —1720 as folding units capable of forming
together a stable five-helix bundle. In contrast, the middle of
helix C (residues 1673—-1685) and the N terminus of helix A
(residues 1600-1633) are clearly not stable in solution in the
absence of stabilizing contacts. To establish whether extended
and folded-back monomers can spontaneously interconvert,
we performed targeted molecular dynamics simulations
between the two conformations, starting from one and taking

A Fiber in Central HSV-1 UL36

the other as the target. Even a very weak force of 0.02 kcal/
(mol-A?) is sufficient to guide conversion toward the folded-
back conformation (Fig. 5C). Conversion back from the folded-
back conformation is also readily accomplished, although at
slightly higher force constant values (data not shown). This
indicates that there is no large energy barrier between the
observed and hypothesized conformations. Finally the energies
of the two chemically identical systems are —2.474,1 10° kcal/
mol (extended) and —2.483,5 10° kcal/mol (folded back). These
small differences are consistent with an equilibrium, and one
favoring the folded-back conformation.

Finally, we further probed the interconversion hypothesis
and sought to extend our results to other alphaherpesviruses by
producing homology models taking HSV-1 UL36 residues
1632-1723 as template for HSV-2, PRV, VZV, and the avian
alphaherpesvirus GHV-2 (Fig. 6A). The extended models (Fig.
6A, top) illustrate that a straight helix C is indeed not to be
found in PRV and VZV and also not in HSV-2 (despite 84%
sequence identity) due to the HSV-2 Q1682P substitution (Fig.
5A). Molecular dynamics simulations of these extended mole-
cules show the same features as described for the crystallo-
graphic HSV-1 monomer, namely instability of helix C and sta-
bility of the two helix bundles on either side. In contrast, the
folded-back monomer can be modeled with little deviation
from the HSV-1 template (Fig. 6A, bottom). The largest differ-
ence is found in PRV, in which a two-residue deletion prevents
straight modeling of helix B either for the extended or folded-
back monomer (Fig. 6A). As exemplified by the case of GHV-2
(despite only 35% sequence identity to HSV-1 UL36 fragment
1632-1723), the modeled structures are stable over 10 ns of
simulation in each case. The conserved counterpart of Trp-
1686 is inserted into a hydrophobic pocket with its hydrogen
bond to the counterpart of Leu-1640 maintained throughout
the simulation (Fig. 6B). In the case of PRV, only the pocket as
modeled is not complete, although it is completely closed and
stable in the other three cases.

DISCUSSION

The structural data presented in this study reveal that a frag-
ment of HSV-1 UL36 comprising residues 760—-1733 adopts a
very elongated conformation. The major species is a stalk con-
formation with a length of 34 nm and a width of 2.9 nm. A
smaller subpopulation of 760 —1733 appeared to be even longer
with an average length of 60 nm. It could either reveal a confor-
mational change between an extended 60-nm monomeric spe-
cies and a 34-nm hairpin conformation or a rare dimerization of
two 34-nm monomeric fragments via one of their extremities.
No significant width difference could be measured between
the 34- and 60-nm species, arguing in favor of the second
hypothesis.

FIGURE 5. Stability of crystallographic and folded-back models of fragment 1600-1733 and interconversion between them. A, sequence conservation
in alphaherpesviruses for helix C (residues 1659-1696 in the crystal structure of 1600-1733). B, molecular dynamics simulations for a crystallographic molecule
and a putative monomer folded back at residues 1676 -1679. Both systems were neutralized, hydrated in explicit solvent, and minimized. Protein structures are
displayed as ribbons at the beginning (left) and the end (right) of the 10-ns production time. They are aligned on the stable central three-helix bundle (residues
1633-1675, colored black). Residues N-terminal to 1633-1675 are colored pale yellow, and the C-terminal residues are colored pale green, including Trp-1686,
whose side chain is displayed as sticks. Middle panels, change over time for the crystallographic molecule (black lines) and the folded-back model (salmon lines)
of the rm.s.d. for all atoms in residues 1633-1722 (top) and of the distance between Trp-1686 Ne and Leu-1640 O (bottom). C, targeted molecular dynamics
simulations between the observed and modeled conformers. Top, all atom r.m.s.d. between the simulated, initially extended molecule and the folded-back
target for four values of the force constant a-.A2). The time points are indicated below the structures.
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FIGURE 6. Homology modeling taking residues 1632-1723 of HSV-1 UL36 as templates for other alphaherpesviruses. A, models for HSV-2, VZV, PRV, and
GHV-2. Top, based on the crystallographic molecule, only the avian GHV-2 fragment can be modeled in a similar conformation. Bottom, in contrast, models are
readily generated that closely match the folded-back monomer for all viruses. The single tryptophan finds a hydrophobic pocket and hydrogen bonds
(displayed in magenta) to the same leucine as in the HSV-1 template. B, stability of this hydrogen bond and r.m.s.d. for all atoms in a 10-ns molecular dynamics
simulation for GHV-2 folded-back monomer.
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The measured lengths for UL36 residues 760 —-1733 have to
be compared with the dimensions of the elongated tufts
detected at the surface of T36 particles (3). The width of frag-
ment 760-1733 observed by electron microscopy and the
width of the five helix bundle in the folded-back model of frag-
ment 1600 -1733 are close to the main peak of the distribution
(2.9 nm). Moreover, the 760-1733 fragment has a length of 34
nm, whereas the tuft distribution shows three main peaks at 28,
45, and 67.8 nm. Thus, the similar width is compatible with the
760-1733 fragment constituting a major part of the T36 tufts.
However, the significantly larger lengths measured for the T36
tufts suggest that the 760 —1733 cannot be their sole constituent
and that it must also contain other parts of UL36 or UL37.
Interestingly, secondary structure predictions suggest that the
region between residues 520 and 1920 is a succession of helices
separated by short loops, implying that the entire 520-1920
part of UL36 could constitute a very long stalk in the middle of
the protein.

The presence of this stalk would divide the entire protein in
three main regions. The N-terminal part of the protein contains
the deubiquitinase domain, the binding sites to the outer tegu-
ment protein UL48 (27) and UL37 (49) and an essential nuclear
localization signal (50). The C terminus of UL36 contains the
two capsid-binding sites. The intermediate fiber would provide
a long stalk between the two extremities. Although the amino
acid conservation in the stalk of UL36 is significantly lower than
in other parts of UL36 such as the deubiquitinase domain and
the capsid-binding sites, it has to be noted that the length of
sequence is conserved across all three families of herpesviruses,
suggesting that a precise length for UL36 could be an essential
property of the protein.

Unexpectedly, the 1600—-1733 fragment exists under at least
two different conformations, a main monomeric and a minority
dimeric species that could be crystallized. Molecular dynamics
simulations show that the folded-back monomer is stable at
least at the 10-ns scale. In contrast, the intervening region is
unstable in the crystallographic monomer, but the 1633-1720
five-helix bundle of the folded-back monomer does not
undergo any large rearrangement. Moreover, the folded-back
monomer is in agreement with the different analyses in solu-
tion, which strongly suggests that it is the main species in solu-
tion. Of note, this organization still makes a very extended mol-
ecule (80 A long over 122 residues) while strengthening its local
structure, in accordance with the observed stiffness of fragment
760-1733.

In addition to a possible role during assembly, these elon-
gated fibers could be involved in the other main functions of
UL36, including capsid transport. Molecular motors typically
contain a long arm connecting the motor and cargo-binding
domains, thus limiting hindrance between a possible large
cargo and the cytoskeleton. Given that UL36 cross-links the
viral capsids to kinesin motors, the presence of this stalk could
further increase the distance between the capsid and the micro-
tubule, depending on the location of the UL36 kinesin-binding
motif. However, in the case of PRV, the complex dynein binding
motif of UL36 is bipartite and involves both the first 1285 amino
acids of UL36 (corresponding to residues 1-1610 of HSV-1
UL36) and the large C-terminal proline-rich domain, thus sug-
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FIGURE 7. Secondary structure of the central stalk is strongly con-
strained across alphaherpesvirinae. The secondary structures of frag-
ments 584-1836 of HSV-1 (blue), 522-1708 of VZV (red), and 398 -1419 of
PRV (green) UL36 were predicted using SOPMA. Plotted are the predicted
lengths of successive helices (numbered 1-39 from N to C terminus) in
these fragments. Three insertions are plotted as helices of length 0 in
viruses where they are not present (helices 17-20in PRV, helix 31 in HSV-1,
and helices 30-31 in VZV). The HSV-1 and VZV curves are superimposed
between helix numbers 4 and 12.

gesting that capsid transport is possible if the molecular motor
binding domains are in the C terminus of UL36 (20).

Finally, the thermosensitive HSV-1 UL36 Y1453H mutation
(51, 52) is worth reconsidering in the light of our high resolu-
tion structural data. This single mutation is sufficient for
decreasing the virus production by 5 logs in plaque formation
and induces a complex phenotype. During the entry phases, an
accumulation of capsid at the nuclear pore is observed, but the
viral genome is not efficiently released, and the production of
viral proteins is reduced, suggesting that the transport phase
has not been altered but that the DNA ejection into the nucleus
is impaired. An additional defect in the later stages of the virus
cycle is also present (51, 52). At least one and possibly more
essential functions of UL36 have thus been altered in a temper-
ature-dependent manner by this single mutation. If the UL36
stalk indeed contains strengthening nodes along its length sim-
ilar to the one we modeled around Trp-1686, a substitution
such as Y1453H could lead to destabilization of one such node,
thus inducing a temperature-dependent loss of stiffness. As a
consequence, the relative positions of the two extremities of the
multifunctional UL36 would be affected, thus inducing a com-
plex thermosensitive phenotype.

The data presented here are probably relevant across all
alphaherpesviruses. Sequence conservation is sufficient for
accurate homology modeling even to avian alphaherpesviruses
based on our crystal structure for residues 1632—1723. Such
modeling shows that the two halves of the bulge are comple-
mentary across alphaherpesviruses, arguing for a functional
interface underlying monomeric folding, dimeric interface, or
both. Despite overall low amino acid conservation in other
parts of the 760 —1733 segment, it is striking that UL36 proteins
from all alphaherpesviruses are all predicted to contain a long
segment with a high a-helical content in their central part.
Moreover, despite fairly low sequence identity, the sizes and
order of the predicted helices seem to be strongly constrained,
suggesting that the fiber-like structural element presented here
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could be an essential feature conserved among all alphaherpes-
viruses (Fig. 7). It is likely that this fiber is also present in other
herpesviruses, but the amino acid conservation in this region is
not sufficient for performing reliable sequence alignments.
However, the presence of multiple amphipathic helices with a
characteristic 4-3-4 spacing of hydrophobic residues is pre-
dicted in UL36 from all three families of herpesviruses over a
1000-1200-amino acid-long segment corresponding to resi-
dues 7601733 of UL36 HSV-1. This suggests that this fiber is a
strongly conserved element even if its amino acid sequence is
much less constrained. Interestingly, it has been recently shown
that the homologous protein in the human cytomegalovirus
also has a fibrous shape (53). There could thus be a strong evo-
lutionary pressure for maintaining a precise organization of the
protein with a central fiber bridging capsid binding elements at
the C-terminal end and membrane-interacting elements at the
N-terminal end.
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