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The proteins encoded by the UL34 and UL31 genes of herpes simplex virus are conserved among herpes-
viruses. They form a complex that is essential for the egress of the herpesvirus nucleocapsids from the nucleus.
In previous work on the homologous protein complex in murine cytomegalovirus (MCMYV), we defined their
mutual binding domains. Here, we started to map binding domains within the UL34/UL31 proteins of alpha-,
beta-, and gammaherpesviruses and to locate other functional properties. A protein complementation assay
(PCA) using the TEM-1 (3-lactamase fragments fused to UL31 and UL34 protein homologues was used to study
protein-protein interactions in cells. Wild-type MCMV M50 and M53 provided a strong reaction in the PCA,
whereas mutants unable to form a complex did not. The homologous pairs of herpes simplex virus type 1,
pseudorabies virus, human cytomegalovirus (HCMYV), Epstein-Barr virus (EBV), and murine herpes virus 68
proteins also reacted, with the exception of the EBV proteins. Cross-complementation was found to be positive
only within the same herpesvirus subfamily. Moreover, the HCMV homologues rescued replication-defective
MCMY genomes lacking one or the other gene. We identified the binding site of M53 for M50 in the first
conserved region (CR1) (M. Loetzerich, Z. Ruzsics, and U. H. Koszinowski, J. Virol. 80:73-84). Here we show
that the CR1 of all tested UL31 proteins contains the UL34 binding site, and chimeric proteins carrying the

subfamily-specific CR1 rescued the ability to cross-complement in the PCA.

Human herpesviruses cause highly prevalent infections as-
sociated with usually mild symptoms resulting in lifelong la-
tency. However, they can provoke fatal disease in immune-
compromised and immune-immature patients (12, 23, 41). In
spite of their medical importance, at this time herpesvirus
infections can be controlled only by antiviral therapy targeting
viral DNA replication (7, 15). Within the last few years, prom-
ising new agents that affect protein-protein interactions in-
volved in herpesvirus replication have been identified by high-
throughput screening (14, 36). Such screening requires the
identification of proteins that interact in an important or es-
sential fashion.

Recently the interaction map, the so-called interactome, of
the two herpesviruses Kaposi’s sarcoma-associated herpesvirus
and varicella-zoster virus was annotated (38). The protein net-
works predicted by yeast two-hybrid screening suggest a com-
mon core set of herpesvirus protein interactions. Predicted
interactions need to be validated in the natural context. Here
we have tested a protein complementation assay (PCA) (10,
37, 40), which can be used to characterize viral protein-protein
interactions in cells. In principle, the same assay is applicable
to the screening (26) and validation of compounds interfering
with the interactions in question. Among other procedures to
measure and monitor protein-protein interactions, the PCA,
evolved from the classical yeast two-hybrid approach (8), de-
tects protein-protein interactions by a direct readout in real
time independently of the subcellular compartment of the in-
teraction. In contrast to what is the case for the yeast two-
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hybrid system, different organisms can host the same PCA. A
PCA in mammalian cells based on TEM-1 B-lactamase has
been established recently (10, 40). The TEM-1 B-lactamase of
Escherichia coli (EC 3.5.2.6.) is monomeric, of only 27 kDa in
size, not toxic, suitable for the design of fragments, and possi-
ble to express in eukaryotic cells as well as in bacteria (10, 26,
40). Since there are no orthologous of the B-lactamase in
eukaryotic cells, the complementation can be easily detected
with a low background.

A number of proteins are conserved among all herpesvi-
ruses. We studied the interaction of two of these core proteins
to define the preservation of binding sites. As the target we
chose the herpesvirus UL34 and UL31 protein family mem-
bers. Proteins of these two conserved families were studied in
the alphaherpesviruses herpes simplex virus type 1 (HSV-1)
(32), HSV-2 (42), pseudorabies virus (PrV) (9), and equine
herpesvirus 1 (25), in the betaherpesviruses murine cyto-
megalovirus (MCMYV) (4, 16) and human cytomegalovirus
(HCMV) (6), and in the gammaherpesvirus Epstein-Barr virus
(EBV) (13). By a nonobligatory interaction, the proteins form
a complex referred to as the nuclear egress complex (NEC),
which is required for the export of viral capsids from the
nucleus. We reported recently that the interaction between
M50 and MS53, the UL34 and UL31 family members of
MCMYV, is essential for productive virus infection. M50 is a
membrane-anchored protein which is synthesized in the endo-
plasmic reticulum late in infection and translocated to the
inner nuclear membrane by diffusion. Its partner, M53, is ex-
pressed with similar kinetics and targeted to the nucleus
through the nuclear pores. In the nucleus, M50 binds to M53,
forming the NEC at the inner nuclear membrane (4, 16, 24).
The NEC is involved in destabilization of the nuclear lamina
and/or remodeling of the nuclear membranes, preparing them
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for primary budding of viral capsids. The NEC proteins also
guide the nuclear egress process of viral capsids (21).

Here we established a NEC-specific PCA for the MCMV
proteins that, after validation, was extended to other members
of the UL34 and UL31 protein families of all three herpesvirus
subfamilies. We show that the interaction domains in UL31
proteins are conserved but that the actual interaction sites have
diverged during evolution.

MATERIALS AND METHODS

Cells and viruses. NIH 3T3 murine fibroblasts (ATCC CRL 1658), M2-10B4
bone marrow stroma cells (ATCC CRL 1972), and mouse embryonic fibroblasts
(MEFs) were propagated as described previously (20). 293T cells (ATCC CRL
11268) were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum and 0.3 mg/ml glutamine. Wild-type (WT) (pSM3fr [5]) and
mutant MCMVs were reconstituted by transfection of the respective bacterial
artificial chromosome (BAC) DNAs into MEFs by use of Superfect transfection
reagent (QIAGEN) according to the manufacturer’s instructions. All virus stocks
were propagated on M2-10B4 cells (17) and titrated on MEFs by use of a
previously described plaque assay (29). To analyze the growth of the mutant
MCMVs, NIH 3T3 fibroblasts were infected at a multiplicity of infection of 0.1.
Cells were seeded on 12-well plates (Nunc) 1 day before infection to obtain cells
numbers around 3 X 10° per well on the day of infection. Cells in each well were
overlaid for 1 h with 1 ml of media containing the respective viruses. Superna-
tants of the infected cultures were collected after infection and then daily for 5
days. The released viruses were quantified by plaque assay on MEFs (29).

Plasmids. To construct the fusion vector, two complementary synthetic oligo-
nucleotide pairs (S1/S2 and S3/S4) coding for a 17-amino-acid (aa) Gly/Ser
spacer [(S;G4),S,G,S] were annealed and joined by Xbal digestion followed by
ligation. The resulting DNA fragment was then inserted into the Litmus 28
vector (NEB) by BglII and AfIII. The resulting construct was cut with BspEI and
AflII, and the annealed HA1 and HA2 oligonucleotides coding for the hemag-
glutinin (HA) tag were inserted, generating the cloning vector pL-HA-Spacer.

The coding sequences for the N- and C-terminal parts of TEM-1 B-lactamase
(Bla; EC 3.5.2.6) were PCR amplified from the pUC19 vector (NEB) by use of
the BlaNfor/BlaNrev and BlaCfor/BlaCrev primer pairs, respectively. The coding
sequences for the N-terminal (aa 24 to aa 194) and C-terminal (aa 196 to aa 286)
fragments of Bla were cloned into pL-HA-Spacer by BspEI/Nhel and AflII/
BspEI and designated as pLHA-N and pLHA-C, respectively.

The M50 mutant M50DM was generated by inverse PCR on pOriR6K-zeo-
M50 (4) using the primers delmo-Nhel-for and delmo2-Nhe-rev, resulting in
pOriR6K-zeo-ie-M50DM. For construction of the BlaN-M50 fusions, the WT
and mutant M50 fragments were PCR amplified from the corresponding expres-
sion plasmids pOriR6K-zeo-ie-M50, pOriR6K-zeo-ie-M50-aa52, pOriR6K-zeo-
ie-M50-aal14 (4), and pOriR6K-zeo-ie-M50DM by use of the primer pair
M50for and M50rev. The obtained PCR fragments were brought into pLHA-N
by Sapl and Agel. To generate the BlaC-M53 fusion, the M53 open reading
frame (ORF) was amplified from pOriR6K-zeo-ie-M53 (16) by use of the prim-
ers M53for and M53rev and inserted into pLHA-C by BamHI and Apal. Fusion
constructs were then isolated from the Litmus vectors after AfllT and BspEI
digestion, filled in, and cloned into expression plasmid pO6T (GenBank acces-
sion number DQ867321) by EcoRV and Aflll, generating pO6T-N-M50 (or
corresponding mutants) and pO6T-C-M53.

The members of the UL34 family were fused to the N-terminal Bla fragment
and the members of the UL31 family to the C-terminal Bla fragment. UL34 of
PrV (Kaplan strain; viral DNA, kind gift of P. Sondermeier), UL50 of HCMV
(AD169 BAC [3]), Orf67 of murine herpes virus 68 (MHV68) (MHV68 BAC
[1]) and BFLF1 of EBV (strain B95-8; subcloned ORFs, kind gift of Jiirgen
Haas) were PCR amplified from BAC or plasmid DNA with the primer pairs
UL34PrVfor/UL34PrVrev, UL50for/UL50rev, ORF67for/ORF67rev, and BFRF1for/
BFRFlrev, respectively. The resulting fragments were inserted into the pLHA-N
vector by BamHI and Agel. UL34 of HSV-1 (strain 17; subcloned ORFs, kind
gift of Jurgen Haas) was PCR amplified with the primers HSVUL34for and
HSVUL34rev, cleaved with Xhol and Agel, and inserted into the accordingly
cleaved pLHA-N. The fusion fragments were then transferred into pO6T by
Agel and Nhel, generating pO6T-N-UL34(HSV), pO6T-N-UL34(PrV), pO6T-
N-ULS50, pO6T-N-Orf67, and pO6T-N-BFRF1.

UL31 of PrV, UL53 of HCMV, Orf69 of MHV68, and BFLF2 of EBV were
PCR amplified with the primer pairs UL31PrVfor/UL31PrVrev, ULS53for/
UL53rev, ORF69for/ORF69rev, and BFLF2for/BFLF2rev, respectively. The re-
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sulting fragments were inserted into pLHA-C by BamHI and Apal. UL31 of
HSV-1 was PCR amplified with the primer pair HSVUL31for/HSVUL31rev and
cloned into pLHA-C with BamHI and Notl. The fusion fragments were then
isolated by AflII/BspEI cleavage, filled in, and inserted into pO6T with EcoRV/
AfllI, generating pO6T-C-UL31(HSV), pO6T-C-UL31(PrV), pO6T-C-ULS53,
pO6T-C-0Orf69, and pO6T-C-BFLF2.

Chimeric UL31 fusions were created by interchange of CR1 and CR2 to CR4
(CR2-CR4) (16) of M53, UL31(PrV), and Orf69. CR1 of M53 (aa 1 to aa 175)
was combined with CR2-CR4 of UL31 (aa 92 to aa 271) and Orf69 (aa 112 to aa
292). The generated chimeras were named C-MP and C-MG, respectively. For
C-MP, an M53 fragment was PCR amplified from pO6T-C-M53 with the primer
pair MP-Mfor/MP-Mrev and cleaved with BsrDI. The PrV UL31 fragment was
PCR amplified from pO6T-C-UL31(PrV) with the primer pair MP-Pfor/MP-
Prev and cleaved with BsrDI and Notl. Both fragments were ligated to the vector
fragment of pO6T-C-M53 after BsrDI and Notl cleavage, resulting in pO6T-C-
MP. pO6T-C-MG, coding for C-MG, was generated by inserting a BstAPI/NotI-
cleaved PCR product, obtained with MG-Gfor and MG-Grev from pO6T-C-
Orf69, into the BstAPI/NotI-treated pO6T-C-M53. CR1 of UL31 (aa 1 to aa 91)
and CR1 of Orf69 (aa 1 to aa 111) were fused to CR2-CR4 of M53 (aa 176 to aa
333) and named C-PM and C-GM, respectively. For that procedure, the frag-
ments obtained by use of PM-Pfor/PM-Prev on pO6T-C-UL31 and GM-Gfor/
GM-Grev from pO6T-C-Orf69 were digested with BspMI and BsrDI and in-
serted into pO6T-C-M53 between the BspMI and BsrDI sites.

For all cloning procedures, restriction enzymes and the T4 ligase of NEB were
used, and the manufacturer’s protocols were followed. Oligonucleotide se-
quences can be found at http://www.lmb.uni-muenchen.de/mainframes/research
/koszinowski.htm. All constructs were checked for correctness of sequence.

Generation of recombinant viral BACs. The ORFs coding for UL34(HSV1),
UL34(PrV), and UL50 were amplified by PCR and cloned into the pOriR6k-ie-
zeo rescue plasmid (4) by KpnI and EcoRV. The pOriR6k-ie-zeo constructs and
pO6T-N-M50 were inserted into pSM3fr-16FRT17 (WT) (5) and pSMfr3-AMS50
BAC (4) by use of FLP-mediated recombination in E. coli (4), generating AM50/
N-M50, AMS0/UL50, WT/UL34(HSV), WT/UL34(PrV), AMS50/UL34(HSV),
and AMS50/UL34(PrV). In the same way, UL31(HSV1), UL31(PrV), and Orf69
were amplified by PCR and cloned into pOriR6K-ie-zeo. The pOriR6k-ie-zeo
constructs and pO6T-C-M53 were inserted into pSM3fr-16FRT17 (WT) and
pSMIr3-AM53 BAC (16), resulting in AMS53/C-M53, AMS3/UL53, WT/
UL31(HSV), WT/UL31(PrV), AM53/UL31(HSV), and AM53/UL31(PrV). MP
and MG were introduced in the pOriR6k-ie-zeo background by the Sall and NotI
sites of pOriR6K-zeo-ie-M53 (16) and then inserted into pSM3fr-16FRT17
(WT) and pSMfr3-AM53 BAGC, giving rise to WT/MP, WT/MG, AM53/MP, and
AMS53/MG. Oligonucleotide sequences for the generation of recombinant viral
BACs can be found at http://www.lmb.uni-muenchen.de/mainframes/research
/koszinowski.htm.

Colorimetric B-lactamase PCA. All assays were done in triplicate and repeated
at least three times. 293T cells were split 1:2.5 on six-well plates 24 h before
transfection. For cotransfection experiments, cells were transiently transfected
with 2.5 pg of pO6T-N-UL34 homologue and 2.5 pg of pO6T-C-UL31 homo-
logue or 2.5 pg of pO6T-N-UL34 homologue and 2.5 pg of pO6T-C chimera by
use of Superfect transfection reagent (QIAGEN) according to the manufactur-
er’s instructions. For the competition experiment (see Fig. 2C and D), a total
amount of 6 pg DNA comprising 1.5 wg of pO6T-N-M50, 1.5 pg of pO6T-C-
M53, the indicated amount of pOriR6K-zeo-M50 (coding for WT M50), and the
corresponding amount of pO6-IET-gfp (34) as carrier DNA was transfected.
Each combination was transfected in quadruplicate. Twenty-four hours after
transfection, cells were trypsinated, pooled, and washed with phosphate-buffered
saline. One-fourth of the cell suspension was used for Western blot analysis,
whereas the major part was lysed in 225 pl luciferase reporter lysis buffer
(Promega). After a 30-min incubation on ice, cell debris was removed by cen-
trifugation for 30 min at full speed and at 4°C. To measure the B-lactamase
activity, three 50-ul aliquots of the cell lysates were transferred to a 96-well plate
(Nunc) and mixed with 120 pl phosphate buffer (0.1 M, pH 7), 15 pl H,O, and
15 pl of 500 mg/ml nitrocefin (Oxoid). In a Versamax plate reader (Molecular
Devices), the change in absorption at 495 nm, a measure for the hydrolization of
nitrocefin, was observed over 20 min at 37°C. The maximal change in absorption
(Vmax) Was determined by the data points in the linear range and expressed in
milliabsorption units/minute. Data were normalized by the protein content of the
cell lysates determined by the Bradford assay. Hydrolysis rates of nitrocefin in
cell lysates after coexpressions as well as mean virus titers were subjected to
analysis of variance tests.

Western blot analysis. For the expression control of fusion proteins, subcon-
fluent 293T cells on 6-cm dishes were transfected with 6 ug of DNA by Ca,PO,
precipitation (35). After 24 h the medium was exchanged, and after 48 h cells
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FIG. 1. Establishment and validation of the NEC PCA. (A) Sim-
plified scheme of a PCA. The N- and C-terminal parts of a reporter
enzyme (white), here the TEM-1 B-lactamase (Bla), are fused to two
interacting proteins (shapes labeled A and B). If proteins A and B
interact, the proximity of the enzyme fragments BlaN and BlaC allows
the folding of the active enzyme (star). (B) Schematic representation
of the used HA (H)-tagged constructs. The N-terminal part of Bla,
representing residues 24 to 194 (N), and the C-terminal part, repre-
senting the Bla residues 196 to 286 (C), were fused to the MCMV
proteins M50 (WT or mutant) and M53, linked by a glycine/serine
spacer (S).

were harvested, washed, and lysed in 350 pl total lysis buffer (62.5 mM Tris [pH
6.8], 2% sodium dodecyl sulfate [vol/vol], 10% glycerol [vol/vol], 6 M urea, 5%
B-mercaptoethanol [vol/vol], 0.01% bromophenol blue [wt/vol], 0.01% phenol
red [wt/vol]). For the expression control in the competition experiment (see Fig.
2C), cells were transfected in four wells of a six-well plate as described for the
analysis in the B-lactamase PCA (see above) and harvested and washed 24 h
posttransfection, and then one-fourth of the cell suspension was lysed in 200 .l
total lysis buffer. Fifteen microliters of the samples was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and the proteins were trans-
ferred from the gel onto Hybond-P membranes (Amersham Biosciences) in the
presence of blotting buffer (25 mM Tris, 192 mM glycine, 20% [vol/vol] methanol
[pH 8.3]). Membranes were blocked in TBS-T (Tris-buffered saline, 0.05%
Tween 20) containing 5% nonfat dry milk overnight at 4°C. To detect the
constructs, the membrane was then incubated at room temperature for 1 hour
with TBS-T containing anti-HA-peroxidase high-affinity antibody (1:5,000;
Roche); alternatively, a specific polyclonal rabbit antiserum, anti-M50, was used
(24). For M50 detection, the blots were incubated with a secondary anti-rabbit
horseradish peroxidase-conjugated antibody (Dianova, Hamburg, Germany) af-
ter being washed with TBS-T. Membranes were washed with TBS-T, and pro-
teins were visualized with an ECL-Plus Western blot detection system (Amer-
sham Biosciences).

RESULTS

Establishment and validation of the MCMYV NEC PCA. In a
PCA, two nonfunctional fragments of a reporter protein are
fused to the two proteins of interest. If the fragments reach
proximity due to the interaction of the proteins to which they
are fused, folding of the native conformation leads to recon-
stitution of reporter activity (Fig. 1A). The E. coli TEM-1
B-lactamase (Bla) was split in two parts, representing the N
terminus from aa 24 to aa 194 (N) and the C terminus from aa
196 to aa 286 (C) (10). The HA-tagged Bla fragments were
then fused N terminally to the MCMYV NEC proteins M50 and
MS53, respectively (Fig. 1B).

First, N-M50 and C-M53 were coexpressed to test for the
reconstitution of Bla activity. In lysates of cotransfected cells,
the hydrolysis rate of a Bla substrate, nitrocefin, was more than
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130-fold higher than in lysates of mock-infected cells (Fig. 2A).
The coexpression of N-M50 with M53-C, bearing the C-termi-
nal Bla fragment at the C terminus, also led to an equally
strong signal in the nitrocefin assay (data not shown).

The coexpression of C-M53 with the N fusions of M50 mu-
tants, which cannot bind to M53 (4), resulted in a nitrocefin
hydrolysis rate of less than 10% of the wild type N-M50/C-M53
complementation and reflected their inability to bind (Fig.
2A). To confirm that the low signal detected in PCAs with
nonbinding mutants was not due to poor protein expression,
the cell lysates after isolated expression were probed with an
anti-HA-antibody in a Western blot. All mutants were detected at
the predicted molecular mass of 56 kDa and expressed to the
same level as N-M50 (Fig. 2B). The basal hydrolysis rate detected
after the cotransfection of the binding-deficient N-M50DM and
C-M53 served as the background control for subsequent NEC
PCA:s.

Next, the specificity of the N-M50/C-MS53 PCA was tested in
the presence of increasing amounts of WT M50, which binds
C-M53 but cannot complement due to the lack of the Bla
fusion fragment. Accordingly, the PCA signal decreased in a
WT M50 concentration-dependent manner (Fig. 2C). The ini-
tial hydrolysis rate (V,,.x) of 170 absorption units/min in the
absence of WT M50 was gradually reduced by up to more than
threefold, reflecting the relative proportions of tagged and
nontagged M50. N-M50 and WT M50 were visualized with an
anti-M50-probed Western blot and detected at the predicted
sizes of 56 kDa and 35 kDa, respectively (Fig. 2D). Degrada-
tion products of M50 with lower molecular masses were de-
tected in all lanes except for the first lane, in which only N-M50
and C-M53 were present. This and the slight decrease of de-
tected N-M50 in the presence of the increasing amounts of WT
M50 visualized in the Western blot are presumably due to the
known instability of M50 in the absence of the binding partner
(4). WT MS53 stabilizes WT M5S0, and this is also seen for
N-M50 if C-M53 is present. If the C-MS53 protein partner is
withdrawn by WT M50 excess, N-M50 becomes unstable.

Finally, N-M50 and C-M53 were studied for functionality in
the context of MCMYV replication to test whether the essential
protein functions are kept upon fusion to the Bla fragments.
To this end, the fusion constructs were introduced into the
MCMYV genome by use of site-specific recombination (4). De-
letion of either M50 or M53 from the MCMV genome pre-
vents reconstitution of infectious particles, and the ectopic
reinsertion of WT M50 or WT MS53 into the respective
deletion genomes rescues the null phenotype (4, 16). The
N-M50 and C-MS53 genes were inserted into AMS50 and
AMS3 genomes, respectively. After transfection of MEFs,
both the AM50/N-M50 and the AMS53/C-M53 BACs gave
rise to infectious progeny. Under multistep growth condi-
tions, the growth levels of AM50/N-M50 and AM53/C-M53
were comparable (P > 0.05) to those of AM50/WTMS50 (4)
and AMS3/WTMS53 (16) (Fig. 2E).

These experiments validated the PCA for the NEC proteins
M50 and M53. The background of the N-M50/C-M53 PCA was
low, due to negligible spontaneous folding of the Bla frag-
ments. The specificity of the PCA signal was confirmed by the
competition experiment, and the functionality of the Bla fusion
proteins was proven by their ability to replace the WT NEC
proteins in the virus. Thus, we considered the NEC PCA as a
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FIG. 2. Validation of the NEC PCA. (A) Background activity of
the PCA. C-M53 was coexpressed with N-M50 and with N-M50 mu-
tants (N-52, N-114, and N-M50DM) which are deficient in binding to
MS53. Cell lysates were prepared 24 h posttransfection, and the lac-
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tool to monitor and characterize the interaction of M50 and
MS53 as well as that of homologous proteins.

Visualization of the conserved UL34/UL31 interaction by
NEC PCA. Homologues of M50, i.e., the UL34 protein family,
and of M53, i.e., the UL31 protein family, are highly conserved
among all herpesviruses. All studied members have been
shown to interact and play an important role in the nuclear
egress of herpesvirus capsids (4, 9, 13, 32). We next wanted to
test whether the PCA established for the M50/M53 interaction
can be applied to other members of the UL34/UL31 protein
families.

The M50 and M53 homologues of HSV-1, PrV, HCMV,
MHV68, and EBV were fused to the Bla fragments in the same
manner as M50 and M53 (Fig. 3A). In a Western blot, N-UL34
proteins were detected at the predicted molecular masses be-
tween 50 and 80 kDa (Fig. 3B, upper panel). C-UL31 proteins
were detected at the predicted molecular masses between 33
and 50 kDa (Fig. 3B, lower panel). N-M50 and N-UL50 show
degradation products of lower molecular mass (4). The NEC
PCA was performed by the coexpression of the N and C fu-
sions of each virus (Fig. 3C). Specific signals were obtained for
the NEC proteins of HSV-1, PrV, MCMV, HCMV, and
MHV68S. For the gammaherpesvirus MHV68, a low but signif-
icant signal was detectable, but in the case of EBV, the comple-
mentation-induced hydrolysis rate was not significantly higher
than the detection limit (DL) (P = 0.22). The high hydrolysis
rate obtained with the MCMV proteins, in contrast to the
lower signal of the homologues, probably reflects the optimi-
zation of the assay towards that particular interaction.

Cross-complementation between members of the UL34 and
UL31 protein families. Since the PCA could be applied to
other members of the UL34/UL31 protein families, we wanted
to analyze to what extent the different conserved NEC proteins
can bind to each other. For that purpose, the Bla fusions of
UL34 and UL31 family members from three viruses, PrV,

tamase substrate nitrocefin was added. Mean nitrocefin hydrolysis
rates were determined and are shown as V/,,, in milliabsorption units/
min. (B) Expression of N-M50 and N-M50 mutants detected by HA-
specific Western blotting after isolated expression. Numbers indicate
the positions and sizes of the protein marker in kDa. All constructs
were detected at the predicted size of 56 kDa. (C) Competition assay.
N-M50 and C-M53 (1.5 g of each DNA) were coexpressed together
with increasing amounts of WT M50. Carrier DNA was added to
maintain a constant amount of 6 wg total DNA. Cell lysates were
prepared 24 h posttransfection, and Bla activity was determined. (D)
The same cell lysates were used to show the coexpression of N-M50
and WT M50 by Western blotting with an M50-specific antiserum.
N-M50 (56 kDa), WT M50 (35 kDa), and smaller degradation prod-
ucts (DP) of M50 are indicated. Numbers on the left indicate the
positions and sizes of the protein marker in kDa. (E) Functionality of
the fusion proteins in the virus context. Multistep growth curves on
NIH 3T3 cells are shown for MCMV mutants which either express WT
M50 or N-M50 but lack the native M50 (AMS5S0/WTMS0 and AMS0/
N-M350) or express WT M53 or C-M53 but lack the native M53 (AMS3/
WTMS53 and AMS53/C-M53). Cells were infected with the respective
viruses at a multiplicity of infection of 0.1 (day 0), and input virus was
removed after 1 hour. Newly released virus in the supernatant of
infected cells was quantified daily by a plaque assay. At day 5 after
infection, mean titers of AMS50/WTMS0 and AM50/N-M50 and of
AMS3/WTM53 and AMS53/C-M53 showed no significant differences.
Error bars indicate the standard deviation.
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FIG. 3. Interaction of UL34 and UL31 family members of different
viruses. (A) Schematic representation of the HA (H)-tagged constructs
used. The N- and C-terminal parts of the Bla were fused to members
of the UL34 and UL31 families, linked by a glycine/serine spacer (S).
(B) Expression of N-UL34 and C-UL31 fusion proteins detected by
HA-specific Western blotting. N-UL34 fusion proteins were N-M50
(m), N-UL50 of HCMV (c), N-UL34 of HSV-1 (h), N-UL34 of PrV
(p), N-Orf67 of MHV6S (g), and N-BFRF1 of EBV (e). C-UL31
fusion proteins were C-M53 (M), C-UL53 of HCMV (C), C-UL31 of
HSV-1 (H), C-UL31 of PrV (P), C-Orf69 of MHV68 (G), and C-
BLFL2 of EBV (E). N-UL34 fusion proteins were detected at the
predicted molecular masses between 50 and 80 kDa (upper panel).
C-UL31 fusion proteins were detected at the predicted molecular
masses between 33 and 50 kDa. Numbers indicate the positions and
sizes of the protein marker in kDa. (C) Interaction of N-UL34 and
C-UL31. N-UL34 and C-UL31 of the same virus were coexpressed in
293T cells. Shown from left to right are N-UL34/C-UL31 (HSV-1),
N-UL34/C-UL31 (PrV), N-M50/C-M53 (MCMV), N-UL50/C-UL53
(HCMV), N-Orf67/C-Orf69 (MHV68), and N-BFRF1/C-BFLF2
(EBV). Cell lysates were prepared 24 h posttransfection, and the lacta-
mase substrate nitrocefin was added. Mean nitrocefin hydrolysis rates
were determined and are shown as V,,, in milliabsorption units/min.
The DL is defined by the hydrolysis of nitrocefin after the coexpression
of C-M53 and N-M50DM. Error bars indicate the standard deviation,
and asterisks indicate the statistical significance.

HCMV, and MHV68, representing the three herpesvirus sub-
families, were coexpressed with all six potential partners, which
were tested by PCA (Fig. 3C). To measure the degree of
cross-complementation, the N-UL34 homologue of PrV,
HCMV, or MHV68 was coexpressed with each C-UL31 ho-
mologue and the corresponding C-UL31 homologue was co-
expressed with all six N-UL34 homologues (Fig. 4).

J. VIROL.

N-UL34 of PrV resulted in a high Bla activity in combination
with C-UL31 of either HSV-1 or PrV. However, no significant
signal was obtained in combination with C fusions to UL31
homologues of other subfamilies represented by MCMV,
HCMV, MHV68, or EBV proteins (Fig. 4A, left). This shows
that N-UL34 of PrV is complemented by the UL31 family
members of the alphaherpesvirus subfamily only. Accordingly,
the reaction of C-UL31 of PrV with the six N fusions to UL34
family members was positive only in combination with N-UL34
of either PrV or HSV-1 (Fig. 4A, right). A similar pattern was
observed when either N-ULS50 or N-Orf67 was coexpressed
with the six C fusions (Fig. 4B and C, left) and C-ULS53 or
C-Orf69 with the six N fusion constructs (Fig. 4B and C, right).
When either N-ULS50 or N-Orf67 was kept as a constant in the
experiment, the natural interaction partners, C-UL53 and C-
Orf69, could be complemented only by the homologues of the
virus of the same subfamily. C-Orf69 was not cross-comple-
mented by any of the N fusions (Fig. 4C, right).

In summary, the PCA revealed a cross-complementation
within the herpesvirus subfamilies. The N fusions interacted
with the tested C fusions of the same subfamily to nearly the
same extent as they did with the natural NEC partner. Beyond
the subfamilies, no cross-complementation was detectable.

UL50 replaces M50 in the virus context. Since the isolated
NEC proteins of viruses from the same subfamily interacted in
the PCA, which reflects only protein binding, we wanted to test
whether the observed physical interaction would suffice for a
functional replacement of NEC proteins by a homologue in the
virus context. For this purpose, representative UL34 and UL31
family members were introduced into the WT MCMV genome
and the deletion genomes AMS0 and AMS3, respectively.
ULS50 and ULS53 were introduced into the MCMYV BACs, and
virus could be reconstituted in the absence of the respective
MCMYV gene (Table 1). Virus titers of AM50/UL50 were com-
pared to those of WT MCMYV under multistep growth condi-
tions and showed no significant attenuation: the WT MCMV
titer of 1.8 X 10° PFU/ml at day 5 was only slightly higher than
the titer of the mutant, 1.5 X 10° PFU/ml.

In contrast, UL34 and UL31 homologues of HSV-1, PrV,
and MHV68 could not functionally replace the NEC proteins
in the deletion genomes. Virus reconstitution was successful
only if M50 or M53 was still present in the mutant MCMV
genome, indicating that the replication deficiency of AMS50
expressing UL34 family members or of AMS53 expressing
UL31 family members is due to the lack of complementation
rather than the toxicity of the ectopically expressed proteins
(Table 1).

Thus, UL50 and ULS53 of HCMV can functionally replace
M50 and M53 of MCMYV, whereas homologues of other her-
pesvirus subfamilies cannot.

The binding domain of UL31 to UL34 family members is
located in the first conserved region of the protein. We re-
cently located the binding site of M53 for M50 in the first
conserved region (CR1) of the protein (16). For other UL31
family members, binding to the UL34 homologues has been
reported (9, 13, 32), but the binding domain has not been
defined. Based on the findings with M53 and the similarity of
the protein sequences (Fig. 5A), we had predicted that the
CR1 might harbor the binding site for UL34 family proteins in
all three herpesvirus subfamilies. To this end, chimeric C fu-
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TABLE 1. Progeny characteristics of complemented WT and
deletion genomes in this study

UL34 (PrV) UL31 (PrV)
Deletion genome WT genome
140 * % * Inse(?ed 1E)RF 1
coding for: BAC Progeny” BAC Progeny”
120 N-M50 AMS50/N-M50 +++ ND” NA
C-M53 AMS3/C-M53 +++ ND’ NA
100 ULS50 AMS50/ULS0 +++ ND’ NA
UL34(HSV-1) AMS0/UL34(HSV-1)  — WT/UL34(HSV-1)  +++
80 UL34(PrV) ~ AMS0/UL34(PrV) - WT/UL34(PrV) e+
< UL53 AMS53/UL53 +++ ND” NA
g UL31(HSV-1) AMS3/UL31(HSV-1) — WT/UL31(HSV-1)  +++
> 60 UL31(PrV) ~ AMS53/UL31(PrV) - WT/UL31(PrV) e+
Orf69 AMS53/0rf69 - WT/Orf69 e+
MP AMS53/MP - WT/MP -
40 T MG AM53/MG - WT/MG +
20 “ ++4+, reconstituted as WT; +, delayed reconstitution; —, no progeny; NA,
DL [ ' T not applicable.
0 » ND, not done.
HP MCG E hpmcge
UL31 famil i . .. . .
amuly UL34 family sion genes combining the variable region and the CR1 of one
B UL31 family member and the three subsequent conserved re-
ULS50 (HCMV) ULS3 (HCMV) gions (CRZ-CR4) of another were const‘ructed. The variable
region is essential only for nuclear targeting and is completely
100 % % irrelevant for binding (16). CR1 of M53 was fused to CR2-CR4
of UL31 of PrV or Orf69 of MHV68 (C-MP and C-MG).
80 T T Accordingly, the CR1 of UL31 or Orf69 was fused to CR2-
l l CR4 of M53 (C-PM and C-GM) (Fig. 5B). The chimeric pro-
teins were detected at the predicted molecular masses between
60 " 41 kDa and 53 kDa (Fig. 5C). The chimeric C fusion proteins
v were then coexpressed with the N fusions to UL34 family
E 40 T %« members of PrV, MCMYV, and MHV68 and tested for Bla
g activity. As expected, a high hydrolysis rate was obtained when
the NEC proteins of MCMYV were coexpressed. Accordingly,
20 no cross-complementation of N-M50 was observed in the com-
DL bination of C-UL31 or C-Orf69. However, if N-M50 was co-
[T __|L| expressed with the chimeric C fusions, bearing the CR1 of

HP MCG E
UL31 family

hpmecge
UL34 family

Orf67 (MHV68) Orf69 (MHV68)

60

50

F——

40

50 [ L

20
DL

10 T — T
0
HP MCG E hp mcge
UL31 family UL34 family

FIG. 4. Cross-complementation of UL34/UL31 proteins. Members
of both protein families were coexpressed in heterologous combina-
tions. (A) Representing the alphaherpesviruses, N-UL34 of PrV (p)
was cross-complemented with all six C-UL31 fusion constructs (left).
Accordingly, C-UL31 of PrV (P) was cross-complemented with all six

vmax

MS53, binding was restored (Fig. 5D; C-MP and C-MG). In
contrast, the chimeric C fusion constructs bearing the heterol-
ogous CR1s failed to complement N-M50 (Fig. 5D; C-PM and
C-GM). These data confirm that the CR1 of M53 is necessary
and sufficient for the binding to M50. These results also apply
to the respective chimeras in combination with NEC proteins

N-UL34 fusion constructs (right). (B and C) The Bla fusion constructs
of HCMV (B) served as representatives of the betaherpesviruses, and
the Bla fusion constructs of MHV68 (C) served as representatives of
the gammaherpesvirus subfamily. N-UL50, C-ULS53, N-Orf67, and C-
Orf69 were cross-complemented with the respective partners of the six
assayed viruses. The fusion constructs were coexpressed in 293T cells.
Cell lysates were prepared 24 h posttransfection, and the lactamase
substrate nitrocefin was added. Mean nitrocefin hydrolysis rates were
determined and are shown as V/,,,, in milliabsorption units/min. In the
left part of the three graphs (panels A to C), the partners in the
coexpressions were N-UL34 (p), N-UL50 (c), and N-Orf67 (g) in
combination with C-UL31 of HSV-1 (H), C-UL31 of PrV (P), C-M53
(M), C-ULS53 (C), C-Orf69 (G), and C-BFLF?2 (E). In the right part of
the three graphs, the partners in the coexpressions were C-UL31 of
PrV (P), C-UL53 (C), and C-Orf69 (G) in combination with N-UL34
of HSV-1 (h), N-UL34 of PrV (p), N-M50 (m), N-UL50 (c), N-Orf67
(g), and N-BFRF1 (e). The indicated DL is defined by the hydrolysis
rate of nitrocefin after the coexpression of C-M53 and N-M50DM.
Error bars indicate the standard deviation and asterisks the signifi-
cance calculated for the triplicates.
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H (59) ----RYRGLFAALAQTPSEEIAIVRSLSVPLVKTTPVSIBSFCLDQTVADNSLTLS LGIGGCEPAENA
P (26) ----RYAPYFAYAAAQPSDEVTTVRGLSNPLIKT2 SLS P!
M (107) YLNVKLSELHDVFQRHPDLEQKYLKIMKLPITGKESI LDLSP QVSR
C (58) ---LTLHDLHDIFREHPELELKYLNMMKMAITGKESICIAYFNFHSHRQHTGLDISP QVSRIAGTSSED
G (45) ---VSLAGFFNLIYKRQDLGLDFLREMSEPLCTSRE ISLTPFEHTDNLG D
E (79) -SHFSLRDFFRGISANFELGKDFLREMNTPIHVSEAVFIAILSLCTLSPGRELRLSPFEHSLTLGSHSEI®IN
B C
V_ | CRI | CR2 CR3 CR4 43r
c-MP[H c g [ M53 ] UL31 | '
C-MG[H[ _c g [ M53 | Orf69 | 36
cPMH ¢ S [ UL31 | M53 | C-MP C-MG C-PM C-GM
C-GM[H[ C s Orf69 MS53 |
160 100 40
* *
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*
< 1 « %
g 80 £ 40 g 20 Za
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| P m | i = 7/ 0 7
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C-MG C-GM
N-M50 N-UL34 (PrV) N-Orf67

FIG. 5. CR1 of UL31 family members binds to UL34 family members. (A) Alignment of the first conserved region (CR1) of the studied UL31
family members. Black shading indicates the identity, and gray the similarity, of residues. (B) Schematic representation of the HA (H)-tagged
constructs used. The C-terminal part (C) of the Bla was fused to chimeras consisting of the variable region (V) and the CR1 of one UL31 family
member and the CR2-CR4 of another. The CR1 of M53 was combined with the CR2-CR4 of UL31 of PrV (C-MP) or the CR2-CR4 of Orf69
(C-MG). The CR1 of UL31 of PrV and the CR1 of Orf69 were combined with the CR2-CR4 of M53 (C-PM and C-GM, respectively).
(C) Expression of the chimeric fusion proteins detected by HA-specific Western blotting after isolated expression. Numbers indicate the position
and size of the protein marker in kDa. All constructs were detected at the predicted size between 41 kDa and 53 kDa. (D) Bla activity in cell lysates
after coexpression in 293T cells. N-M50 (m) was coexpressed with C-M53 (M), C-UL31 of PrV (P), C-Orf69 (G), and the chimeric fusion constructs
C-MP, C-MG, C-PM, and C-GM. (E) Bla activity in cell lysates after coexpression in 293T cells. N-UL34 (p) was coexpressed with C-UL31 (PrV)
(P), C-M53 (M), and the chimeric fusion constructs C-MP and C-PM. (F) Bla activity in cell lysates after coexpression in 293T cells. N-Orf67 (g)
was coexpressed with C-Orf69 (G), C-M53 (M), and the chimeric fusions C-MG and C-GM. Cell lysates were prepared 24 h posttransfection, and
the lactamase substrate nitrocefin was added. Mean nitrocefin hydrolysis rates were determined and are shown as V,,,, in milliabsorption units/min.
The DL is defined by the hydrolysis of nitrocefin after cotransfection of C-M53 and N-M50DM. Error bars indicate the standard deviation, and

asterisks indicate the statistical significance.

from alphaherpesviruses (Fig. SE) and gammaherpesviruses
(Fig. 5F). This shows that in all three subfamilies the UL34
binding site in the UL31 members is located within CR1.
Binding of the chimeric UL31 proteins to M50 is not suffi-
cient for functional replacement of M53. The authentic CR1 of
UL31 proteins is sufficient for binding to members of the UL34
family. The UL31 of HSV-1 and PrV could not functionally
replace M53 in the virus context, indicating that as a minimum,
the lack of binding to M50 explains the replication deficiency
of these recombinant MCMVs. We asked if the restored bind-
ing capacity of the chimeric proteins to N-M50 would suffice
for the complementation of the M53 null phenotype. There-
fore, UL31 chimeras were constructed by a fusion of the vari-

able region and the CR1 of M53 to the CR2-CR4 of UL31 and
Orf69 (MP and MG). These chimeras were introduced into the
AMS53 BAC, and the recombinants were transfected into
MEFs. Neither AMS53/MP nor AMS53/MG led to infectious
progeny, indicating that the binding to M50 is not sufficient for
virus morphogenesis (Table 1). Moreover, no infectious prog-
eny was observed when the chimeric protein carrying the C-
terminal CRs of UL31 of PrV was introduced into the WT
MCMYV BAC in which the WT M53 gene was still present in
the genome (WT/MP). If the C-terminal CRs of Orf69 were
introduced into the WT MCMV BAC (WT/MG), virus recon-
stitution was delayed and viral plaques were observed only
after 5 weeks rather than after less than 1 week as in the case
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of WT MCMV. This indicated that the chimeric proteins bind
to M50 in the virus context as well and compete with the
formation of the WT NEC between M50 and M53.

DISCUSSION

A recent study of the herpesviral interactome (38) and se-
quence analyses predicted that the morphogenesis of herpes-
viruses meets the requirements of an conserved interaction
network. We have established a cell-based PCA to study the
structural/functional conservation between UL34 and UL31
family members, two key proteins of herpesvirus morphogen-
esis (21).

PCAs have been established with a range of reporter pro-
teins; one such instance is the PCA involving the complemen-
tation of the murine dihydrofolate reductase (mDHFR), where
fluorescein-conjugated methotrexate binds the reconstituted
mDHFR (37). The mDHFR PCA allows a direct readout, and
interactions can be monitored in real time; however, due to the
lack of signal amplification, detection requires a high amount
of interacting protein. The B-galactosidase PCA benefits from
enzymatic signal amplification, but the active enzyme is a ho-
motetramer with large individual fragments (80 kDa), and the
size may cause steric problems (2, 33). Fluorescent reporter
proteins, such as green fluorescent protein and yellow fluores-
cent protein, reassemble irreversibly (18, 27), which can pro-
vide qualitative evidence of transient interactions but may in-
terfere negatively with the function of dynamic complexes. We
chose the TEM-1 B-lactamase of E. coli (Bla) as the reporter
enzyme (10) to avoid these disadvantages. The signal of the
Bla PCA is amplified enzymatically, and thus only a few
interacting proteins are required for detection (30, 31). Fur-
thermore, the reversibility of the interaction allows a quan-
titative assessment of the interaction under study. Finally,
Bla accepts numerous substrates. For example, the chromo-
genic substrate nitrocefin (28) and the fluorescent substrate
CCF2/AM (43) have already been tested successfully for use
in cell lysates and intact cells (10, 40). Nitrocefin is cost-
effective and sensitive enough. The detection procedure
does not require expensive instrumentation.

PCAs were applied to elucidate signal pathways involved in
apoptosis or stress response (27, 37) and as a tool for mapping
biological networks, either to detect proteins participating in a
network or to serve as a biological sensor to detect the influ-
ence of agents on a network (22). In most previous studies, the
PCA was used for an interaction screen or for the purpose of
validating protein-protein interactions. Here the PCA was ap-
plied to evaluate the conservation of the interactions within
UL34 and UL31 protein families and to map binding domains
within the interacting proteins. This adds another PCA appli-
cation to the broad field.

The MCMYV proteins M50 and M53 served as the template
to establish the Bla PCA for the UL34/UL31 interaction be-
cause the mutual binding sites are identified in both proteins
(4, 16). Furthermore, the reverse genetics procedures for
MCMYV allowed the analysis of mutants in the virus context.

It was possible to extend the results gained with MCMV to
study similar interactions in the UL34 and UL31 families of
herpesvirus proteins in general. Most tested members of the
UL34 and UL31 protein families reacted in the PCA and
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confirmed the described (4, 9, 32) or predicted (HCMV and
MHV68) interactions. For the homologues in EBV, the signal
obtained in the PCA was not significant, although their inter-
action was shown by other means (11, 13). This might be due
to technical reasons, such as an unfavorable impact of the Bla
tags on the EBV proteins or the limited sensitivity of the
nitrocefin-based assay. The interaction of MHV68 proteins
was significant but weaker than any other interaction that
tested positive. Perhaps the NEC in gammaherpesviruses
needs other factors to facilitate or stabilize the complex.

The cross-complementation study revealed that the interac-
tion domains are still conserved but that the actual interaction
sites have diverged during the evolution of herpesviruses.
Moreover, the data indicate an as-yet-unknown and apparently
subfamily-specific functional domain of the UL31 protein fam-
ily. The chimeric UL31 proteins which fulfill the function of
binding to M50 act in a dominant negative fashion and inhibit
the function of the native M53. Apparently, these chimeras can
form a complex with M50 via their N termini. However, they
lack a function because they bear the heterologous C-terminal
part of UL31 of PrV or Orf69 of MHV6S, which is apparently
nonfunctional in the MCMV context. Interestingly, this inhib-
itory effect of the MHV68 Orf69 CR2-CR4 was less stringent,
which may reflect a weaker binding activity of the chimera to
M50 or confirm that gammaherpesviruses are evolutionary less
diverged from betaherpesviruses than alphaherpesviruses are
(19). Notably, in the PCA the gammaherpesvirus chimera
binds better to N-M50 than the a-chimera does (Fig. 5D).

ULS53 and ULS50, the HCMV homologues of M50 and M53,
complemented the null phenotype of the respective deletions
in MCMV. To our knowledge, this is the first example of a
successful exchange of essential genes in a betaherpesvirus.
For the nonessential nucleoside kinase UL97 of HCMV, we
saw only a partial functional replacement in MCMV (39).
MCMYV, as a close relative of HCMYV, provides a useful model
for studying various aspects of CMV biology both in vitro and
in vivo. Our data presented here indicate that certain genes
of HCMYV can be transferred to the MCMYV background.
These and comparable recombinants could be used for in-
hibitor and drug resistance screening in vivo. Perhaps the
functional replacement of conserved proteins has a poten-
tial role in the study of proteins from viruses lacking a
suitable animal model. We speculate that this complemen-
tarity can be found more frequently within the herpesvirus
core genes.

The presented data show that a cell-based PCA is able to
identify crucial interactions between herpesvirus proteins. The
assay is simple, and the readout is at least semiquantitative;
these qualities lend the NEC PCA to high-throughput inhibitor
screening.
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