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Herpesviruses require a nuclear egress complex (NEC) for efficient
transit of nucleocapsids from the nucleus to the cytoplasm. The NEC
orchestrates multiple steps during herpesvirus nuclear egress, in-
cluding disruption of nuclear lamina and particle budding through the
inner nuclear membrane. In the important human pathogen human
cytomegalovirus (HCMV), this complex consists of nuclear membrane
protein UL50, and nucleoplasmic protein UL53, which is recruited
to the nuclear membrane through its interaction with UL50. Here,
we present an NMR-determined solution-state structure of the
murine CMV homolog of UL50 (M50; residues 1–168) with a strikingly
intricate protein fold that is matched by no other known protein
folds in its entirety. Using NMR methods, we mapped the interac-
tion of M50 with a highly conserved UL53-derived peptide, corre-
sponding to a segment that is required for heterodimerization.
The UL53 peptide binding site mapped onto an M50 surface
groove, which harbors a large cavity. Point mutations of UL50
residues corresponding to surface residues in the characterized
M50 heterodimerization interface substantially decreased UL50–
UL53 binding in vitro, eliminated UL50–UL53 colocalization, pre-
vented disruption of nuclear lamina, and halted productive virus
replication in HCMV-infected cells. Our results provide detailed
structural information on a key protein–protein interaction involved
in nuclear egress and suggest that NEC subunit interactions can be
an attractive drug target.
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Herpesviruses encompass a large family of infectious agents,
including important veterinary and human pathogens (1).

Among the latter is human cytomegalovirus (HCMV), which can
cause serious disease, particularly in immunocompromised in-
dividuals and newborns (2). Despite the importance of HCMV in
these medically vulnerable populations, currently available treat-
ment options suffer from issues with toxicities, drug resistance,
and/or pharmacokinetics (2, 3), motivating the identification of
new drug targets.
All herpesviruses of mammals, birds, and reptiles undergo a re-

markable process known as nuclear egress as part of the viral life-
cycle. It is generally accepted that, after assembly in the nucleus, the
viral nucleocapsid undergoes envelopment to cross the inner nu-
clear membrane (INM) followed by deenvelopment to cross the
outer nuclear membrane, resulting in release into the cytoplasm for
continuation of the virion maturation process (4). Nuclear egress is
orchestrated by a highly conserved, heterodimeric nuclear egress
complex (NEC), which recruits one or more protein kinases to
disrupt the nuclear lamina, permitting access of nucleocapsids to the
INM, where the NEC induces budding of the nucleocapsid into the
perinuclear space (5–13). In HCMV, the NEC is comprised of
UL50, which is an INM protein, and UL53, which is a nucleo-
plasmic protein that is brought to the INM by its interaction with
UL50. These two proteins and their murine CMV (MCMV) ho-
mologues, M50 and M53, are essential for replication and nuclear

egress (8, 14–17) of their respective viruses. Although a process
similar to herpesvirus nuclear egress was recently described for
movement of ribonucleoprotein particles during Drosophila myo-
genesis (18), no host cell homolog of the NEC that would serve as
mediator of this mechanism has yet been identified. Furthermore,
no structural information currently exists for any NEC subunit
across the Herpesviridae family.
To gain a better molecular understanding of herpesvirus nuclear

egress, we used NMR methods to solve the structure of the con-
served half of MCMVM50 and map residues on the surface of M50
that are involved in interactions with the other NEC subunit. We
then tested the importance of several of these residues for hetero-
dimerization of both the MCMV and HCMV NECs by looking at
the effect of single-alanine mutations in both M50 and UL50 on
binding affinity and replication of HCMV by looking at the effect of
mutations in the context of NEC localization, nuclear lamina dis-
ruption, and virus production. Our results identified a subunit in-
teraction interface with features that suggest that it could be an
attractive antiviral drug target.

Significance

Human cytomegalovirus (HCMV) is an important human pathogen.
Current anti-HCMV therapies suffer from toxicities, drug resistance,
and/or pharmacokinetic limitations. A possible antiviral drug target
is a two-subunit complex that orchestrates nuclear egress, an es-
sential, unusual mechanism bywhich nucleocapsids move from the
nucleus to the cytoplasm during viral replication. We solved the
structure of the conserved core of one subunit of the complex,
mapped the primary interaction interface with the other subunit,
and tested the importance of specific residues for subunit inter-
actions and viral replication. The combined biophysical and bio-
logical analyses presented here develop molecular understanding
of nuclear egress and identify a groove that includes a large cavity
on the subunit as an attractive target for yet to be identified
inhibitors.
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Results and Discussion
Solution-State NMR Structure of M50 (1–168).MCMV M50 is a 316-aa
protein with a predicted C-terminal transmembrane region (11)
and an N-terminal one-half that is highly conserved among
herpesvirus homologs (Figs. S1A and S2) (16, 19). The NMR
structure of this N-terminal conserved core (M50; residues
1–168) was determined using ∼1,400 NOE-derived distance
constraints, of which ∼350 were long-distance constraints. Most
of the long-range constraints were derived from 3D time-shared
15N/13C-resolved nuclear Overhauser effect spectroscopy (NOESY)
and 4D 13C-resolved heteronuclear multiple quantum coherence
(HMQC)-NOESY-HMQC experiments performed on an iso-
leucine, leucine, valine (ILV)-labeled sample, where the ter-
minal methyl groups of these residues were 13C-labeled and
protonated in an otherwise deuterated background. In addition
to NOEs, backbone dihedral constraints derived from the chemical
shifts using TALOS+ (20) and orientation constraints derived from
backbone amide residual dipolar couplings (RDCs) were used in
the structure calculation. The structure was consequently refined in
explicit water with 110 N-H RDCs. The RDC-refined and NOE-
determined structures of M50 showed essentially indistinguish-
able secondary structure content and orientation of β-strands
(Fig. S1C). The backbone rmsd for residues with secondary
structure for the 15 lowest energy structures is 1.2 Å, and 98.8%
of the residues in these 15 structures occupy the most favored
and additionally allowed region in the Ramachandran plot. The
complete statistics of the structure calculation as well as adherence
to Ramachandran parameters are summarized in Table S1, and
Fig. 1A displays an ensemble of the 15 lowest energy structures.
Longitudinal and transverse relaxation times (T1 and T2) as well as
hetero-NOE data (Fig. S1D) are consistent with a relatively rigid
18-kDa protein, with an average T2 of 50 ms.
The structure of M50 (1–168) is comprised of a spreading

β-sandwich, with nine clearly defined β-strands interspersed by six
α-helices. The distinct V shape of the β-sandwich and the positions
of the helices (Fig. 1B) led to the structure being described by a
colleague as a “β-taco.” Three of the α-helices are 10 aa or more
in length, including one at the N terminus consistent with bio-
informatics predictions (19), and the rest are short helices occurring

between β-strands. Five of nine β-strands form one side (face
A) of the fold, whereas the other four constitute the other side
(face B). The opposing β-sheets are intricately woven together
(Fig. 1C). β-strands 1 and 2 form an antiparallel sheet within
face A, and β-strand 3 crosses over to face B and is returned
back to face A as β-strand 4, which loops back into β-strand 5.
β-strand 5 then traverses to face B through a 15-residue segment
to form β-strand 6, which forms the edge of face B. β-strand 6
returns back to face A as β-strand 7 to complete the five anti-
parallel β-strands that make up face A. β-strand 7 then crosses over
to face B through α-helix 5 to form the central two antiparallel
β-strands 8 and 9, which complete the four β-strands of face B.
β-strand 9 terminates in the final C-terminal α-helix 6. The strands
ultimately cross five times between the two faces to form the
β-taco fold.

Relationships to Other Proteins. Motivated by the intricately in-
terwoven topology of the M50 (1–168) structure, a number of da-
tabases were scanned to search for possible structural homologs. The
CATHEDRAL Algorithm (based on the CATH database) (21), the
Dali structural comparison database (22), FATCAT (23, 24), VAST
(25), PDBeFold (26), and Skan (27, 28) (Table S2) returned hits
that failed to encompass the overall M50 (1–168) fold. VAST and
PDBeFold returned hits that approximated the dual β-sheet nature
of the structure but with additional secondary structural differences.
None of the databases returned identical top hits, and regions of
structural similarity often encompassed less than one-half of theM50
(1–168) fold. Visual comparison of the overall protein topologies as
well as attempts to align the structures revealed major differences,
even within areas of structural similarity (Table S2). These results
across multiple databases indicate that, although portions of theM50
(1–168) structural fold may be familiar from other known proteins,
so far, the overall M50 (1–168) fold cannot be matched to any
previously determined structure in the Protein Data Bank (PDB).
To investigate whether any proteins of unknown structure

might have a fold similar to that of M50 (1–168), we used
threading with Phyre2 (29) in BackPhyre mode to screen several
bacterial and eukaryotic sequence databases against the M50
(1–168) coordinates. These searches returned no confidence
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Fig. 1. Solution-state structure of M50 (1–168) as determined by NMR. (A) The 15 lowest energy structures generated by the AMBER water refinement are shown
overlaid using backbone atoms for residues 10–158 in side-by-side stereoview (Protein Data Bank ID code 5A3G). (B) Three viewpoints of a ribbon diagram of M50
(1–168) showing nine β-strands (red) and six α-helices (blue). Faces A and B of the β-taco are delineated in Left by the dotted outlines and labeled. *Helix-α4 is
recognized as helical by PROCHECK (50) but not by default PyMOL (51) secondary structure identification. (C) Schematic of the topology of M50 (1–168).
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scores higher than ∼42% (for an Arabidopsis protein of unknown
function) and fit no more than 43 amino acids (of 244 total) for a
Caenorhabditis elegans protein (F18E9.8). In no case did the
polypeptide segments of M50 that were fit form a compact do-
main. However, threading of viral protein sequences with Phyre2
predicted known homologs of M50, including HCMV UL50
(Fig. S3) (100% confidence score), to have structures highly
similar to that of M50 (1–168). Threading of the sequence of the
more distantly related HSV-1 homolog of M50 (UL34) onto the
M50 structure returned an ∼98% confidence score (Fig. S3).
Although lack of energy optimization in the Phyre2 calculations
limits the likelihood that the actual structural homologies are
quite so high, the striking scores support the suggestion that our
structural understanding of M50 (1–168) also applies to its ho-
mologs in a variety of herpesviruses.

Titration of a Conserved Peptide Identifies a Potential Binding Groove
with a Large Cavity.An important function of M50 and its homologs
is to interact with their nucleoplasmic partners. To gain insight into
this interaction, we hypothesized that the strong sequence conser-
vation between both subunits of the HCMV and MCMV NECs
would allowM50 to bind a peptide derived from a region of HCMV
UL53 that was previously shown to be important for heterodimer
formation (Figs. S1B and S4A) (30). We titrated this synthetic UL53
peptide into 15N-labeled M50 (1–168) and monitored the binding
using a series of 1H-15N heteronuclear single-quantum coherence
(HSQC) experiments. The titration resulted in line broadening and
associated reductions of peak intensity of specific resonances in the
M50 (1–168) spectrum, indicating that the UL53 peptide binding
was in an intermediate exchange regime (Fig. 2 A and B). When the
resonances that displayed substantial broadening are mapped onto
the structure of M50 (1–168) (Fig. 2 C and D), the affected residues
form a continuous grooved region that encompasses most of helix-
α3 and -α6 and parts of helix-α5 and strand-β8 and -β9. A solvent-
accessible cavity identification program (SCREEN) (28, 31)
identified eight potential cavities on the M50 (1–168) structure.
The number one ranked cavity and largest by surface area runs
parallel to the C-terminal helix (α6) and is contained within the
area identified by the titration experiment. These results suggested
that the peptide was binding within this groove, forming the core
of the NEC heterodimerization interface.

Importance of Residues in the Groove and Cavity for Heterodimerization.
To test whether residues within the groove and cavity are important
for heterodimerization, we individually substituted nine different
M50 (1–168) residues identified in the titration experiment with
alanine. We also substituted seven of the corresponding residues
and three others in HCMV UL50 (1–169) with alanine. Using
isothermal titration calorimetry (ITC), we assayed the M50 mutants
and the UL50 mutants along with the WT versions of these proteins
for their ability to bind M53 (residues 103–333) or UL53 (res-
idues 50–292), respectively. The substitutions resulted in a range
of effects, with some causing reductions in binding affinity by a
factor greater than 100 (Table 1 and Fig. S4 B and C). Sub-
stitutions that alter residues between positions 52 and 60 of either
protein (at the bottom of the groove in Fig. 2 C and D) all de-
creased affinity by at least fivefold. This segment of UL50 and
M50, particularly E56 and Y57, and the corresponding segment
of their pseudorabies virus and Kaposi’s sarcoma herpes virus
homologs have previously been shown to be important for
interaction with the other NEC subunit in less quantitative
coimmunoprecipitation and colocalization assays (16, 19, 32, 33).
We also found that several substitutions that alter residues be-
tween positions 121 and 129 of M50 and 125 and 139 of UL50 (at
the top of the groove and within the cavity in Fig. 2 C and D) also
decreased binding, with substitution of a leucine (L129 in M50
and L130 in UL50) within the cavity having at least a 27-fold
effect. Finally, substitution of a residue (N154A) within the loop

connecting β9 to α6 in M50 also substantially decreased binding.
Deletions of residues with the corresponding segments of the HSV-
1 and Kaposi’s sarcoma herpes virus homologs decrease subunit
interactions based on pull-down and colocalization experiments (33,
34). Our analysis provides a structural basis for these previous
findings and identifies specific residues within a cavity of M50 and
UL50 that are crucial for subunit interactions.
Previous studies indicated that the interaction interface on M53

and UL53 includes a predicted amphipathic helical segment inter-
rupted by a proline comprising residues 60–82 (Fig. S4A) and
requires both hydrophobic residues and charged residues within
this predicted helix (17, 30). We speculate that at least part of this
helical segment fits within the groove in such a way as to allow
burying of bulky hydrophobic sidechains present in the peptide
(Fig. S4A). We found that replacement of certain large hydro-
phobic residues or neutral polar residues on M50 and UL50 with a
smaller hydrophobic residue, alanine, resulted in reduced binding
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of a number of mutants to the nucleoplasmic partner (Table 1).
Replacement of the negatively charged residue E56 also reduced
binding. In contrast, replacement of a different negatively charged
residue in M50, D153, with alanine resulted in a marginal increase
in binding. Quantitative differences in binding affinity caused by
substitutions of homologous residues (Table 1) show that there are
variations in the exact mode of binding, even between closely re-
lated proteins, such as M50 and UL50; however, several of the
residues that we have identified as important, such as E56 and
L129 (L130 in UL50), are identical or similar across widely di-
vergent herpesviruses (Fig. S2), which is consistent with similari-
ties in binding mechanisms.

Importance During HCMV Replication. To examine the importance of
individual residues in the groove and cavity during HCMV repli-
cation, four substitutions in UL50, which have varying importance
for heterodimerization in vitro, were introduced into a GFP-

encoding BAC derived from HCMV strain AD169, pBADGFP
(35), or modifications of this BAC, in which sequences encoding an
FLAG tag have been fused to UL53 coding sequences (8). Elec-
troporation of BACs containing WT UL50 and mutants V52A and
S125A that had 5- to 10-fold reductions in UL53 binding in vitro
(Table 1) into human foreskin fibroblasts (HFFs) resulted in a
spreading infection, with increasing numbers of GFP-expressing
cells showing cytopathic effect, and production of infectious virus.
For V52A and S125A, after infection at a low multiplicity, the
resulting mutant viruses displayed 5- to 10-fold reductions at
5–7 days postinfection, with S125A maintaining a reduced yield and
V52A attaining a near-WT yield at 9 days postinfection (Table 1
and Fig. S5 A and B). In contrast, electroporation of BACs con-
taining either a UL50 null mutation [as previously observed (8)], the
E56A [as also observed recently (36)], or L130A substitutions that
reduced binding to UL53 in vitro by 27- to >100-fold (Table 1)
resulted in only individual cells expressing GFP and no detectable

Table 1. Effects of substitutions on subunit interactions and viral replication

M50 (1–168)
mutation Kd (μM)*

Factor weaker
than WT†

UL50 (1–169)
mutation Kd (μM)

Factor weaker
than WT

HCMV replication
phenotype‡

WT 0.97 ± 0.12 1 WT 0.29 1 WT
V52A NB >100 V52A 1.4 ± 0.72 5 5- to 10-fold lower yield
E56A N/A N/A E56A 30–90 >100 Nonviable
Y57A 4.1 ± 0.35 5 Y57A NB >100 N/A
S60A 17 20 S60A N/A N/A N/A
Y61A Insoluble N/A Y61A Insoluble N/A N/A

E63A 1.1 ± 0.33 4 N/A
R65A 0.55 ± 0.08 2 N/A

I121A 98 >100 I122A N/A N/A
C124A 76 87 S125A 2.2 7 5- to 10-fold lower yield
V128A 0.89 1 V129A 0.32 1 N/A
L129A 60–85 68–100 L130A 7.9 27 Nonviable

C133A 0.67 ± 0.30 1 N/A
D153A 0.34 ± 0.14 0.4 E154A 0.51 ± 0.24 2 N/A
N154A 16 ± 2.5 16 N155A N/A N/A N/A

N/A, not generated or tested (the M50 and UL50 Y61A mutant proteins were insoluble); NB, no detectable binding.
*KD values ± SD were derived from ITC data for binding of M53 (residues 103–333) to WT and single point mutant M50 (residues 1–168) proteins and binding
of UL53 (residues 50–292) to WT and single point mutant UL50 (residues 1–169) proteins.
†Factors weaker than WT values were calculated by dividing the Kd value of the mutant by the Kd value of the WT protein.
‡Mutant BACs that produced no detectable spread or virus were considered nonviable. Factor reductions in yield of viable mutants were calculated by
dividing the supernatant viral titer of the mutant virus by the supernatant viral titer of WT virus at day 7 postinfection (Fig. S5A).
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GFP Lamin A/C MergeDAPI

L130A

L130AR
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i ii iii iv

v vi vii viii

i ii iii iv

v vi vii viii

A

B Fig. 3. Effects of substitutions on distribution of
UL53 and disruption of nuclear lamina. HFFs were
electroporated with (i–iv) the mutant L130A UL53-
FLAG pBADGFP or (v–viii) the rescued derivative
L130AR UL53-FLAG pBADGFP. Cells were fixed on
day 7, stained with DAPI, and stained with either
(A) anti-FLAG antibody (red) or (B) antibody against
lamin A/C (green). Cells positive for GFP were visu-
alized by confocal microscopy. In B, the red arrow
points to an uninfected cell, and the white arrows
point to gaps in nuclear lamina in cells infected with
the rescued derivative.
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infectious virus. To determine if the effects on virus replication were
caused by the introduced substitutions, we constructed rescued
derivatives of the mutant BACs, in which each mutation was
replaced with WT sequences. For the rescued derivatives of the
E56A and L130A mutants (E56AR pBADGFP and L130AR
pBADGFP, respectively), electroporation resulted in spread and
cytopathic effect. The resulting viruses, and the viruses generated
by electroporation of the rescued derivatives of V52A and S125A
(V52AR and S125AR) all replicated indistinguishably from WT
virus after infection at a low multiplicity (Fig. S5B). Thus, there was
a strong positive correlation between the effects of substitutions on
UL53 binding in vitro and their effects on viral replication in cells.
We then assessed the effects of the lethal substitutions E56A

and L130A on the subcellular distribution of UL53 during in-
fection by comparing the mutant viruses with their rescued de-
rivatives. UL53 showed an almost exclusive localization to the
nuclear rim in cells infected with the rescued derivatives, similar
to what is seen with WT HCMV. However, in E56A and L130
mutant-infected cells, UL53 was distributed throughout the nu-
cleus, similar to what is seen in cells infected with a UL50 null
mutant. (Fig. 3A and Fig. S5C) (8). Furthermore, cells infected
with the mutants L130A or E56A, displayed oval nuclei and al-
most intact nuclear lamina comparable with mock-infected cells
or cells infected with a UL50 null mutant, whereas cells infected
with the rescued derivatives cells showed deformation of nuclear
shape, ruffling and thinning of the nuclear lamina, and generation
of gaps in the lamina that are characteristic of WT HCMV in-
fection (Fig. 3B and Fig. S5D). Thus, substitutions of individual
residues in the groove and cavity that are lethal for HCMV pre-
vent UL50–UL53 colocalization and the NEC-mediated disrup-
tion of the nuclear lamina that accompanies nuclear egress. These
results taken together strongly suggest that HCMV NEC subunit
interactions are essential for lamina disruption and replication.

Second Functional Surface. Previous work with MCMV has identi-
fied dominant negative mutants of M50, which would be consis-
tent with the protein being multifunctional. One of these functions
is almost certainly its interaction with the nucleoplasmic subunit
(M53), explaining the identified dominant negative phenotypes of
insertions between E56 and Y57 and between D125 and K126 of
M50 (37), because these residues are located within the core in-
teraction interface described here. A different function may be
defined by a dominant negative insertion between Y40 and S41
(37). These residues are found in a loop just after helix-α2. This
loop is quite distal to the core interaction surface, and other in-
sertions nearby (between K36 and N37 and between C43 and
D44) permit M53 binding (16). Interestingly, substitutions of
HSV-1 UL34 residues corresponding to the β1-strand of M50,
which is in the vicinity of this loop, also result in a dominant
negative phenotype without affecting subunit interactions as
assessed by colocalization (38, 39). Thus, these dominant nega-
tive mutants seem to identify at least one additional functional
surface of this NEC subunit.

Implications for Drug Discovery. Our finding of lethal single-amino
acid substitutions within the binding groove/cavity that disrupt
NEC subunit interactions suggests that small molecules may be
found that mimic this effect, thus ablating viral replication. This
interaction interface consists primarily of hydrophobic and aro-
matic residues interrupted by a few charged amino acids, pre-
senting an ideal landscape for drug design with complementing
hydrophobic groups and hydrogen bond donors and acceptors to
anchor a small-molecule drug. The complete conservation across
human herpesviruses of residues, such as M50 E56, and the con-
servation of the hydrophobic character of others, such as M50
L129 (UL50 L130) (Fig. S2), which are important for binding and
virus viability, raise the possibility that small molecules that bind
these sites could have antiviral activity against a broad spectrum of

herpesviruses. Such compounds might have considerable speci-
ficity given the apparent lack of cellular homologs of this subunit
of the NEC.
Although nuclear egress was once thought to be limited to her-

pesviruses, recently, a broadly similar process has been identified for
the export of ribonucleoprotein complexes in Drosophila (18, 40),
suggesting that insight into herpesvirus nuclear egress may be more
generally applicable than previously thought. Still, the unusual
structure presented here of a crucial player in nuclear egress
underscores the unusual nature of this process. Insights from this
structure should apply to widely divergent herpesviruses. More-
over, a combined biophysical and genetic analysis of one of its
key functions has identified a target that may permit the rational
development of much needed, new therapeutics for diseases
caused by HCMV and other herpesviruses.

Materials and Methods
Protein Expression and Purification. Unlabeled and uniformly labeled (15N, 13C,
and/or 2H) samples of C-terminal truncations of UL50, UL53, M50, and M53 as
well as alanine mutants of UL50 and M50 were derived from constructs cre-
ated and expressed using methods similar to those described in the work by
Sam et al. (30). Isoleucine, leucine, valine-methyl–labeled samples were prepared
using α-ketobutyrate and α-ketoisovalerate precursors as described (41, 42).
More details are in SI Materials and Methods.

Structure and Interface Determination by NMR. Standard NMR spectra for
structure determination in addition to 3D 13C,15N time-shared NOESY (43) and
4D 13C-HMQC-NOESY-HMQC experiments (44) were acquired at 291.15 K
with ∼150- to 300-μM M50 (1–168) protein samples in 25 mM NaPO4 (pH 6.5),
150 mM NaCl, and 1 mM DTT. All NMR data were processed using NMRPipe
(45), and they were visualized and analyzed using CARA (46, 47) and CcpNmr
Analysis (48). The structure calculation was run using CYANA. Dihedral angle
constraints were extracted from the backbone chemical shifts using the pro-
gram TALOS+ (20). The 50 lowest energy structures were selected for refinement
using 15N-H RDC constraints in explicit water with AMBER through the WeNMR
web interface (49). The core heterodimerization interface was mapped using
transverse relaxation-optimized spectroscopy (TROSY)-based 15N-HSQC titra-
tion experiments with UL53 peptide (residues 58–85). More details are in SI
Materials and Methods.

Structural Database Search. The PDB coordinate file for theM50 (residues1–168)
fold was submitted to the CATHEDRAL Algorithm (based on the CATH data-
base) (21), the Dali structural comparison database (22), FATCAT (23, 24), VAST
(25), PDBeFold (26), and Skan, run through the MarkUs protein annotation
server (27, 28), to search for structural homologs using default parameters.
More details on top hits are in Table S2.

Structure Threading. All threading calculations were done using the Phyre2
web portal (29). More details are in SI Materials and Methods.

ITC. ITC experiments were carried out under conditions similar to those de-
scribed previously in thework by Sam et al. (30). More details are in SIMaterials
and Methods.

Viruses. pBADGFP-based BACs were electroporated into HFFs as described
previously (8) to test for infectivity and when spread occurred, to generate
infectious viruses (constructs are listed in Table S3, and constructions and
primer sequences are listed in Table S4 and are described in SI Materials and
Methods). HCMV replication after infection at a multiplicity of infection
(MOI) of 0.1 was assessed as described previously (8). Titration was done by
infecting 1 × 105 HFF cells per well (in a 24-well plate) with serial dilutions of
harvested virus samples for 1 h, after which the inocula were replaced with
media containing methylcellulose. After 14 days, the monolayers were
stained with crystal violet, and plaques were counted using a dissecting
microscope. Titers represent average values from duplicate samples.

Immunofluorescence. HFFs were mock-electroporated or electroporated with
pBADGFP constructs (WT, UL50 null, L130A, L130AR, E56A, and E56AR) and
treated identically as described previously (8).
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