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Cyclins B1, T1, and H differ in their molecular mode of
interaction with cytomegalovirus protein kinase pUL97
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Human cytomegalovirus (HCMYV) is a common f3-herpesvirus
causing life-long latent infections. HCMYV replication interferes
with cell cycle regulation in host cells because the HCMV-en-
coded cyclin-dependent kinase (CDK) ortholog pUL97 exten-
sively phosphorylates the checkpoint regulator retinoblastoma
protein. pUL97 also interacts with cyclins B1, T1, and H, and
recent findings have strongly suggested that these interac-
tions influence pUL97 substrate recognition. Interestingly,
here we detected profound mechanistic differences among
these pUL97- cyclin interactions. Our study revealed the fol-
lowing. (i) pUL97 interacts with cyclins B1 and H in a manner
dependent on pUL97 activity and HCMV-specific cyclin
modulation, respectively. (ii) The phosphorylated state of
both proteins is an important determinant of the pUL97-
cyclin B1 interaction. (iii) Activated phospho-Thr-315 cyclin
H is up-regulated during HCMV replication. (iv) Thr-315 phos-
phorylation is independent of intracellular pUL97 or CDK?7
activity. (v) pUL97-mediated in vitro phosphorylation is
detectable for cyclin B1 but not H. (vi) Mutual transphos-
phorylation between pUL97 and CDK? is not detectable, and
an MS-based phosphosite analysis indicated that pUL97
might unexpectedly not be phosphorylated in its T-loop. (vii)
The binary complexes pUL97-cyclin H and CDK7- cyclin H
as well as the ternary complex pUL97-cyclin-H-CDK?7 are
detectable in an assembly-based ColIP approach. (viii) pUL97
self-interaction can be bridged by the transcriptional cyclins
T1 or H but not by the classical cell cycle-regulating B1
cyclin. Combined, our findings unravel a number of cyclin
type—specific differences in pUL97 interactions and suggest
a multifaceted regulatory impact of cyclins on HCMV
replication.
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Human cytomegalovirus (HCMV)?* is a worldwide-distrib-
uted B-herpesvirus causing life-long latent infection in humans. In
the immunocompetent host, HCMV may remain asymptom-
atic, whereas in immunosuppressed individuals, e.g. transplant
recipients, tumor, and AIDS patients, HCMYV infection can lead
to severe symptoms and a life-threatening viral pathogenesis (1,
2). Most seriously, congenital HCMV infection represents a
considerable risk for the unborn child to obtain developmental
defects or cytomegalovirus inclusion disease (3, 4). Viral patho-
genesis is closely linked to the efficiency of viral replication in
individual tissues, a pronounced virulence and so far insuffi-
ciently understood determinant of virus—host interaction. On
the molecular level, recent investigations stressed the impor-
tance of multiprotein complexes consisting of viral and host
components (5-8). Notably, HCMV replication drastically
interferes with cell cycle regulation, a process, in which the
HCMV-encoded protein kinase pUL97 massively phosphory-
lates the checkpoint regulator retinoblastoma protein (Rb)
(9-11). This initial Rb inactivation, followed by further viral
regulatory steps of intervention, ultimately results in an early
S-phase cell cycle arrest (1, 12, 13).

Typically, such events of virus—host interaction are regu-
lated through higher-order protein—protein complexes and
represent potential rate-limiting determinants of cytomegalo-
virus replication. The interaction between the HCMV-encoded
protein kinase pUL97 and human cyclins of types B1, T1,and H
has been described in our earlier reports (6, 14—17). These
three cyclins obviously possess different affinities in terms of
strength of pUL97 binding detected by ColP-based analyses (6),
as well as a requirement of pUL97 activity (cyclin B1) (16) or
dependence on HCMYV replication (cyclin H) (6). Recently pub-
lished data indicate a substrate-bridging function of cyclin(s)
for the binding of pUL97 to its substrate pp65, as determined
with a pp65 mutant lacking a putative cyclin-docking motif
(17). In this study, we present novel aspects of pUL97-cyclin
interaction, which profoundly refine our picture of the differ-
ential mode of interaction between the viral kinase pUL97 and
cellular cyclins B1, T1, and H.

“The abbreviations used are: HCMV, human cytomegalovirus; CDK, cyclin-de-
pendent kinase; HFF, human foreskin fibroblast; ColP, coimmunoprecipi-
tation; IP, immunoprecipitation; A-PP, A-phosphatase; IVKA, in vitro kinase
assay; WB, Western blot; CAK, CDK-activating kinase; Rb, retinoblastoma
protein; Rb-CTF, retinoblastoma C-terminal fragment; PKC, protein kinase
C; MBV, maribavir.
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Differential mode of cyclins’ interaction with vCDK pUL97
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Figure 1. Schematicillustration of the modular structure and the so-far identified binding regions within viral CDK ortholog pUL97. The kinase domain
islocated between amino acids 337 and 706, as based on our biochemical validation (or 337 and 651, as based on sequence homologies). Lys-355 is an invariant
lysine residue required for kinase activity. Expression of three pUL97 isoforms is determined by alternative translational initiation sites, i.e. isoforms M1, M74,
and M157 (43). Two nuclear localization signals (NLS7 and NLS2) are contained in the N terminus, poorly structured portion of pUL97 (49, 50). Self-interaction/
oligomerization of pUL97 is determined by amino acid region 231-280 (20). This region overlaps with a minimal binding region for cyclin T1 (14). Recent
modeling approaches based on the in silico prediction of binding interfaces suggested extended binding interfaces for cyclins T1, B1, and H (6). Moreover,
pUL97 is involved in the multiple regulatory steps during HCMV replication, as exerted through the phosphorylation of viral and cellular substrates (see
horizontal bars for those binding regions within pUL97 that could be mapped so far), i.e. including the viral DNA polymerase cofactor pUL44 (19), viral RNA
transport factor pUL69 (29), major tegument protein pp65 (51), nuclear egress core protein heterodimer pUL50-pUL53 (7, 27), cellular multiligand binding
protein p32/gC1qgR (5, 19), tumor suppressor protein Rb (9), nuclear lamins A/C (5, 28, 34, 35, 38), RNA polymerase Il (52), translation factor EF-18 (31, 32, 53),
interferon-inducible protein IFI16 (54), and the therapeutically applied nucleoside analog ganciclovir (55, 56).

Results rized by Table 1. This comparison shows at least seven charac-
HCMV protein kinase pUL97 interacts with three different teristics, in which the mode of pUL97-cyclin interaction
types of cyclins displays substantial differences between the three relevant

types of cyclins. Hallmarks of this phenotypical variation have
been demonstrated by our previous study (6), serving as a basis
for present investigations (see summarizing illustration by Fig.
2). In all experiments performed so far, cyclin B1 strongly inter-
acted with pUL97 in both plasmid-transfected (Fig. 2A) and
HCMV-infected environments (Fig. 2B), thereby showing a

The HCMV-encoded protein kinase pUL97 represents a
CDK ortholog that is essential for efficient viral replication via
phosphorylation of several viral and cellular substrates. A linear
map of pUL97 and known substrate-binding regions are
depicted in Fig. 1. Despite earlier data pointing to a cyclin-inde-
pendent functional mechanism (9, 12), experimental evidence

was provided for the occurrence of pUL97- cyclin complexes
(14), which were detectable by several different methods. We
demonstrated that at least three different types of cyclins,
namely B1, T1, and H, can undergo pUL97 interaction (6, 15,
16) and that even a broader range of interactions, e.g. with cyclin
A, may be possible, but that has not been consistently con-
firmed. Notably, this behavior places pUL97 in close relation-
ship to CDKs binding multiple cyclins, such as CDK1 and
CDK2, in contrast to single cyclin-binding CDKs, such as CDK7
(18). However, the various functional properties of pUL97 and
related herpesviral UL-type kinases (13) show a unique combi-
nation of a number of CDK-specific phenotypes, as summa-
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strict dependence on pUL97 activity. In contrast to the strong
cyclin B1 signals, T'1 interaction comprised a relatively low sig-
nal level, which was independent of pUL97 activity. Finally, a
very strong level of cyclin H interaction was detected, albeit
exclusively when using proteins from HCMV-infected cells and
not from ectopic expression.

To verify those features of cyclins B1, T1, and H in regard to
their interaction with pUL97, their fine-localization in HCMV-
infected primary human fibroblasts (HFF) was analyzed. On the
one hand, we confirmed earlier findings that pUL97 localizes in
intranuclear speckles representing prominent viral replication
centers, which is demonstrated by the colocalization with
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Table 1

Comparison of the characteristics of interaction between three different cyclins and viral CDK ortholog pUL97

ND means not determined.

Interaction characteristics Cyclin B1 Cyclin H Cyclin T1
Strong detectability of interaction by CoIP and MS/MS methods + + +
Interaction dependent on the activity of pUL97 + - -
Interaction dependent on HCMYV replication - + -
Self-interaction/dimerization of pUL97 supported by cyclins - + +
Intranuclear colocalization + + +
Cytoplasmic cyclin relocalization during HCMYV replication + - -
Phosphorylated by pUL97 in vitro + - ND

A Plasmid transfection B HCMV infection
ColP 293T tfc. pUL97-Flag ColP HFF inf. HCMV AD169-GFP
: . DMSO + * = + = = =
IP antibody: [ B1 | T1 | H |Flag] NUEY 5 % = m b g = =
[kDa] (O A IP antibody: [ cyciin B1] cyciin H]lcyciin T1 Flag] Fc |
100 — :| oy Y. yclin ag| Fc
70 — } puL97-Flag . 1 2 3 4 5 6 7 8
mAb-UL97 1(7)0 — | - J SR }pUL97
precipitation control Sl
1o mAb-UL97
_ | ) ocyclin T1 precipitation control
100
%0 — Y == | } PULO7-Flag -
. ' Qo Gt ocyclin T1
55 — Dem ocyclin B1 70 —
> >Hc 55 —M ocyclin B1
40 — 20 mAb-cyc T1
35 — : a— * cyclin H 35 — o) v = | *cyclin H
anti-cyc B1, -cyc T1, -cyc H, -Flag o Fc
pAb-cyc B1 pAb-cyc H

Figure 2. Interaction between pUL97 and cyclins B1, T1, and H depends on specific conditions provided by plasmid-transfected (A) or HCMV-infected
cells (B). Note the strong interaction of cyclin B1 in both environments, which is strictly dependent on pUL97 activity, the relatively low signal of cyclin T1
interaction, which is independent of pUL97 activity, and the very strong cyclin H interaction, which is exclusively found within the environment of HCMV-
infected cells. Note that Western blot splicing was performed to integrate the relevant lanes as indicated by vertical marking lines. This figure represents a
refined illustration of previously published primary data (14). [P, immunoprecipitation;

appropriate marker proteins, e.g. the viral DNA polymerase pro-
cessivity factor pUL44 (Fig. 34) (19). On the other hand, a
nuclear pUL97 colocalization could now be demonstrated for
all three cyclins, i.e. B1 (Fig. 3B, panels 11-15), T1 (Fig. 3B,
panels 1-5), and H (Fig. 3B, panels 6-10), as specifically
reflected by the merge insets shown at right (Fig. 3B, panels 5, 10,
and 15). In all cases, colocalization was most pronounced
within viral replication centers as described previously for
pUL97—cyclin B1 interaction (16). Viral replication centers
typically grow from smaller early premature speckles to larger
stains within the infected kidney-shaped nuclei. By character-
izing the signals by an increase in size, pUL97- cyclin B1 colo-
calization was found dominant in early stages of viral replica-
tion centers (Fig. 3C, panels 6 —10). Although for cyclin T1 and
cyclin H, this pattern of speckled colocalization in viral replica-
tion centers was found in the majority of infected cells, such a
speckled phenotype was less frequent for cyclin B1 (<10% of
cells). In contrast, cyclins B2 and D1 did not show a similar
pattern of pUL97 colocalization within viral replication centers,
but basically maintained their even distribution in the cyto-
plasm and nucleus (Fig. 3B, panels 16 -25), which was consis-
tent with earlier data showing a lack of pUL97-cyclin B2 and
D1 interaction (6).

Interaction between HCMV pUL97 and human cyclin B1

Previous data showed the dependence of pUL97-cyclin Bl
binding on the catalytically active state of pUL97. Substantiat-
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ing this point, we show here that the pUL97- cyclin Bl interac-
tion is abrogated by dephosphorylation of both proteins (Fig.
4A). In reverse, the capability to interact was conferred to a
catalytically inactive mutant of pUL97, containing a mutation
on the essential amino acid in the potential ATP-binding site,
K355M (Fig. 4B), through experimental transphosphorylation.
A-Phosphatase treatment was used to dephosphorylate pro-
teins of total cell lysates containing endogenous cyclin B1 and
transiently expressed pUL97 (Fig. 44, left panel). Combinations
of dephosphorylated and A-phosphatase—untreated samples
were coincubated as indicated and used for ColP to analyze the
requirement of phosphorylation for pUL97-cyclin B1 interac-
tion (Fig. 4A, middle panel). Positive signals were obtained in
those cases of A-phosphatase treatment, which were restricted
to one of the two samples (Fig. 4A, middle panel, lanes 1-3),
whereas pUL97-cyclin Bl ColP signals showed a drastic
decrease when both proteins were dephosphorylated (lane 4).
Note that a comparison of lanes 3 and 4 indicates that cyclin B1
phosphorylation might be more important than pUL97 phos-
phorylation for this interaction. A positive control reaction was
performed with a phospho-specific antibody against PKCa to
confirm the activity of A-phosphatase (Fig. 4A, right panel).
Next, we investigated whether a pUL97-specific transphosphor-
ylation of the autophosphorylation-negative, catalytically inac-
tive mutant K355M of pUL97 can confer the capability of cyclin
Bl interaction (Fig. 4B). Thus, we cotransfected the inactive
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Figure 3. Intracellular colocalization between HCMV pUL97 and human cyclins determined by confocal imaging. HFF cells were infected with HCMV
strain AD169 and harvested 4 days post-infection (dpi; A and B) or at several time points post-infection (C) and were subjected to indirectimmunofluorescence
analysis. A, triple-staining of cyclin T1, HCMV kinase pUL97, and the viral DNA polymerase processivity factor pUL44 using primary antibodies from mouse,
rabbit, and goat species. B, costaining of several human types of cyclins with pUL97 showing a colocalization of pUL97 and cyclins T1, B1, and H in early viral
subnuclear replication centers. C, localization of pUL97 and cyclin B1 during the time course of infection. Scale bars: 10 um. DAPI, 4,6-diamidino-2-phenylindole;
dpi, days post-infection.

pUL97 mutant together with a larger-size version of active (Fig. 4B, lane 2), whereas W'T pUL97 showed a massive ColP

pUL97-GFP (WT-GFP). As expected, the mutant K355M  signal (WT, lane I). However, interaction of the mutant could
showed only a marginally low signal of cyclin Bl interaction be substantially increased by coexpression and thus transphos-

SASBMB J. Biol. Chem. (2019) 294(15) 61886203 6191



Differential mode of cyclins’ interaction with vCDK pUL97

A Dephosphorylation

Control IP A-PP

Input ColP pUL97/cycB1 P
APP:o- -+ o+ PKCa.- F
o mock pUL97 mock/cycB1 . QL L
APP: -+ -+ = — R— :
— ) - IP antibody: | pAb-Flag
%= -ﬂl puL97 IP antibody:| pAb-cyclin B1
mAb-UL97 1. 2 3 4 IZI
i 70— p-PKC
55— cyclin B1 100 — L97
- ! 70— YeuLo pAb-p-PKC
pAb-cyclin B1 mAb-UL97
40— B-actin 55 — cyclin B1 70— PKCa-F
i - I9G he mAb-Flag
mAb-f-actin pAb-cyclin B1

B Transphosphorylation

ColP
puL97: WT KM KM+WT-GFP KM+PKCa-GFP
MBV: - - a1 .
IP antibody: | pAb-cyclin B1 |
1 2 3 4 5 6 7
[kDa]130—
100— : “a uL97
70— _ :
mAb-Flag
=
- pUL97-GFP
mAb-GFP
Ss_b--—". N\, | cyclin B1
mAb-cyclin B1
Input
70— - —— — }puL97
mAb-Flag
130—
pUL97-GFP
100— == = -— iPK
- Ca-GFP

mAb-GFP

Figure 4. Interaction between pUL97 and cyclin B1 depends on the state of phosphorylation, as shown by dephosphorylation (A) and transphos-
phorylation (B) analyses. A, dephosphorylation of protein lysates from transfected 293T cells (3 days post-transfection) expressing pUL97 or vector control
(mock) was performed using A-phosphatase (A-PP; 30 min, 30 °C). Immunoprecipitation (/P) of cyclin B1 was performed using combinations of input samples,
either untreated or treated with A-PP. A positive control reaction confirmed the A-PP activity using a phospho-specific antibody against PKCa. B, transfection
of 293T cells expressing the WT version of pUL97-FLAG (WT) or the inactive mutant K355M (KM), optionally cotransfected with a larger-size version pUL97-GFP
(WT-GFP). PKCa-GFP was used as a reference kinase lacking pUL97 activity. The transphosphorylation samples were harvested at 3 days post-transfection and
used for cyclin B1-specific ColP. MBV, pUL97 inhibitor maribavir applied at the concentrations 0.2, 1,and 10 um (lanes 4 - 6). Note that Western blotting splicing
was performed to integrate the relevant lanes as indicated by vertical marking lines.

phorylation with the active WT-GFP version of pUL97 (Fig.
4B, lane 3). Because of differences in size and the antibody spec-
ificity, we could clearly distinguish between the K355M mutant
(~95kDa) and the WT version tagged to GFP (~125 kDa). This
effect on the mutant K355M could be blocked by the addition of
increasing concentrations of pUL97 inhibitor maribavir (MBV;
Fig. 4B, lanes 4—6, 1st and 2nd upper panels). Similarly, the
ColP signal of WT pUL97-GEFP was blocked by MBV (Fig. 4B,
lanes 4—6, 2nd upper panel, 125-kDa band). In contrast, no
interaction-conferring effect was induced by coexpression of an
active version of PKCa (lane 7). It should be mentioned, how-
ever, that in this setting, the distinction between a requirement
of solely phosphorylated pUL97 or solely phosphorylated cyclin
B1 for interaction was not completely possible. Nevertheless,
the combined data of dephosphorylation and transphosphory-
lation experiments emphasize the importance of a phosphory-
lated state of pUL97 and cyclin B1 for interaction.

Next, we addressed the question whether a cyclin B1—
binding negative mutant of pUL97 might either still retain its

6192 J Biol. Chem. (2019) 294(15) 6188-6203

kinase activity as well as its ability to self-interact, or alterna-
tively it would show an impairment of functionality. To this
end, a series of pUL97 deletion and replacement mutants was
generated and analyzed by ColP and in vitro kinase assays
(Table 2). As a central finding, pUL97 kinase activity proved to
be consistently linked to pUL97- cyclin B1 interaction (Table 2,
see middle and right columns under kinase-specific parame-
ters). Thus, our data state that pUL97 kinase activity is mostly
required for cyclin Bl interaction, with the only exception given
by mutant S483A (Table 2, 8th line). This may be explained by
the possibility that an active conformation of pUL97 may pro-
vide the structural prerequisite for cyclin Bl docking (16),
which seems to be disrupted in most kinase-inactivating
mutants, but it may be maintained in rare cases such as S483A.
In contrast to the pUL97- cyclin B1 interaction, pUL97-pUL97
self-interaction remained preserved in all mutants negative for
kinase activity, i.e. this property is obviously not activity-depen-
dent (Table 2, left column). In this context, it seems worth men-
tioning that our earlier report described an opposite relation-

SASBMB
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Table 2

Summarized characterization of the kinase-specific parameters of mutant versions of pUL97
++, positive reaction, very strong signal; +, positive reaction, clearly detectable signal; =, weak signal; —, negative.

Kinase-specific parameters

Cyclin B1

Ectopic expression of fragments or replacement mutants ~ Self-interaction” Kinase activity” binding* Phenotype of pUL97
1-707 ++ ++ + pUL97 full-length, wildtype activity
1-706 ++ + + C-terminal truncation, catalytically active
1-702 + - * C-terminal truncation, catalytically inactive
R702A/L704A ++ ++ + Mutation of putative cyclin-docking motif
K355M ++ - - Catalytically inactive mutant (ATP-binding site)
1-707 + MBV ++ - * pULI7 full-length, activity inhibited
S483A/S485A ++ - - Mutation of serine residues in putative T-loop
S483A ++ - + Mutation of serine residues in putative T-loop
S485A ++ + + Mutation of serine residues in putative T-loop
S483D/S485D ++ - - Mutation of serine residues in putative T-loop
S483E/S485E + - - Mutation of serine residues in putative T-loop
Q382A/H406A/R451A * - - Mutation of putative cyclin-binding interface
Q382A/H406A/R645A + - - Mutation of putative cyclin-binding interface
Q382A/H451A/R645A * + + Mutation of putative cyclin-binding interface

Gln-382/His-406/His-448/Arg-451/Asp-490/Ser-643/Arg-645 +

Mutation of putative cyclin-binding interface

“ Determined by ColP analysis using two different tagged versions of pUL97.

? Determined by in vitro kinase assay measuring autophosphorylation and histone phosphorylation.
¢ Determined by ColP analysis (interaction profiles of N-terminal truncations published in Steingruber et al. (16).

ship for these two pUL97 properties of self-interaction and
kinase activity, namely the finding that a pUL97 mutant
defective in self-interaction was strongly impaired in kinase
activity (20). Thus, it should be emphasized for the context
of pUL97-cyclin Bl interaction that all attempts failed to
identify a pUL97 mutant, which lost the ability to interact
with cyclin B1 but still retained kinase activity. This con-
firmed our observation that pUL97 kinase activity is essen-
tial for the cyclin B1 interaction. Of note, the mutation of a
putative cyclin-docking motif (RXL) in the C terminus
(amino acids 702-704) had no influence on these parameters
of self-interaction, kinase activity, or cyclin B1 binding, thus
arguing against the functionality of this motif. In contrast,
the deletion of the last five amino acids in mutant 1-702,
including this putative binding motif, resulted in reduced
self-interaction and cyclin B1 binding as well as a complete
loss of kinase activity, suggesting a potential importance of
the C terminus for proper pUL97 functionality (presumably
based on a domain back-folding mechanism (16)). To define
a putative cyclin B1-binding structural interface (indepen-
dent from linear RXL cyclin-docking motifs) for pUL97,
bioinformatic modeling was used based on the cyclin B1-
CDK2 crystal structures (because no crystal structure of
pUL97 is available until now). Three- and seven-fold amino
acid replacements in this interface showed a strong impact
on kinase activity and cyclin B1 interaction (Table 2, lowest
four lines), stressing the interface’s verification and rele-
vance. A loss of proper folding was rendered improbable,
because pUL97 self-interaction was still detectable. As CDK
activity and cyclin binding strongly depend on the phosphor-
ylation of a highly conserved threonine in the activation loop
(T-loop), we mutated two serine residues, Ser-483 and Ser-
485, in the putative pUL97 T-loop in the absence of any
pUL97 T-loop threonine residues. This putative T-loop was
predicted by bioinformatic sequence alignment (approxi-
mately amino acids 480 —499) and was modeled in Steingru-
ber et al. (16). The double mutant S483A/S485A was inactive
by in vitro kinase analysis and negative for cyclin B1 interac-
tion (whereas single mutants were not). Even though phos-
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phomimetic mutants (S483D/S485D and S483E/S485E)
could not rescue the pUL97 phenotype, these findings indi-
cate a role of these serine residues for pUL97 activity. Inter-
estingly, the single-site mutation S483A showed normal
cyclin B1 interaction but lacked kinase activity, thus repre-
senting the first case in which pUL97 activity was not a pre-
requisite for cyclin B1 interaction.

The question of cyclin phosphorylation by pUL97 was
analyzed additionally by in vitro pUL97 kinase assays using
recombinant cyclins. The labeled autoradiographs (Fig. 5,
upper panels, [y->*P]ATP) showed that cyclin B1 was phos-
phorylated by pUL97 as a substrate (Fig. 54), whereas cyclin
H was not (Fig. 5B). Note that for cyclin B1, a specific phos-
pho-signal is seen in lanes 3 and 5, which is absent in control
lanes 1, 2, and 4 (Fig. 5A), whereas for cyclin H, a signal
similar to the specific lane 2 is seen in the control lane 4 (Fig.
5B), thus indicating the lack of pUL97-specific phosphoryla-
tion (obviously due to cyclin-associated contaminating
kinase activity, which was reproducible in confirmatory set-
tings). Additionally, the putative modulatory effect of cyclin
B1 or H association on pUL97 activity was determined. In
vitro kinase assay (IVKA) results indicated that cyclin bind-
ing is not a prerequisite for catalytic activity of pUL97 per se,
because pUL97 showed activity in the absence of cyclin B1
(Fig. 5A, lane 4) and H (Fig. 5B, lane 1). Because of the lack of
available recombinant cyclin T1, the question of T1 phos-
phorylation could not be addressed in parallel. Nevertheless,
the finding further underlines differences in pUL97 interac-
tion with cyclins. In addition, it should be mentioned that
pUL97-cyclin H interaction is favored in HCMV-infected
cells, possibly through a so-far unknown HCMV-specific
cyclin modification. Interestingly, a recent mass spectrome-
try (MS)-based phosphosite analysis showed HCMV-spe-
cific phosphorylation of MAT1 (pThr-279), the CDK7-
cyclin H assembly factor, a modification which might be
involved in the HCMV-specific pUL97- cyclin H interaction
(datanot shown). Ongoing experimentation using phosphor-
ylation-specific MS did not provide evidence that cyclin H
was subject to hyperphosphorylation in HCMV-infected
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Figure 5. pUL97-specific IVKA determining the putative modulatory effect of cyclin B1 (A) or H (B) association on pUL97 activity. Transiently
expressed pUL97-FLAG or pUL97(K355M)-FLAG (KM) were harvested 3 days post-transfection in a cyclin-avoiding fashion by applying high-stringency
IP (500 mm NaCl buffer) to remove associated cyclins (for cyclin B1 monitored on WB). The two versions of pUL97 were subjected to IVKA reactions under
standard conditions. Each reaction was supplemented by the addition of either human cyclin B1 (A, 2 ng), human cyclin H (B, 5 ng), or human histones
(20 pg) as indicated. Upper panels, IVKA (autoradiogram) and detection of His—cyclin B1/His-cyclin H on the IVKA membrane (WB restaining); middle
panel, detection of comparable pUL97 levels (precipitation control); lower panels, total input levels contained in cell lysates (expression control). Red
fluorescent protein (RFP; A, lane 1; B, lane 5) was used as negative control. Note that Western blotting splicing was performed to integrate the relevant

lanes as indicated by vertical marking lines.
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Figure 6. Cyclin H expression levels and the state of phosphorylation (pThr-315) in HCMV-infected cells. A, validation of the specificity of the phospho-
cyclin H antibody by A-phosphatase assay performed with HelLa cell lysates. Band C, HFF cells were infected with HCMV AD169 and harvested at different time
points during infection. Protein levels ofimmediate early (IE1), early (pUL44), and late viral proteins (MCP) as well as cyclin H were detected by WB analysis using
the antibodies as indicated.
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Figure 7. Protein assembly-based ColP approach demonstrating the formation of a ternary complex pUL97-cyclin H-CDK7. A, scheme of possible
binary and ternary complexes. HFFs were infected (blue) with HCMV expressing either pUL97-HA or pUL97-FLAG. 293T cells were transiently transfected
(green) with either CDK7-HA or CDK7-FLAG (B). Cells were harvested at 48 h post-transfection or when the cytopathic effect of HCMV infection was observable,
and combinations of cell lysates were coincubated for protein assembly as indicated and subsequently subjected to ColP/Western blot analysis (C, ternary
complexes framed). Note that the detectability of the ternary complex, in addition to the binary complexes (D), supports the conclusion that interactions of
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indicated by vertical marking lines.

cells. So far, the only phosphosite detected was the promi-
nent pThr-315 (data not shown). Referring to Figs. 2, 6, and
7A, further experiments will have to clarify whether addi-
tional, possibly uncharacterized phosphorylation sites may
play a role in a postulated cyclin H modulation occurring in
the course of HCMV replication.

Interaction between HCMV pUL97 and human cyclin H

First, we analyzed the expression levels of cyclin H via West-
ern blotting by the use of antibodies against cyclin H and phos-
pho-cyclin H (pThr-315), showing that both signals were up-
regulated during HCMYV replication (Fig. 6). This up-regulation
was induced at ~48 h post-infection and occurred in a fashion
that was similarly detected for total cyclin H and cyclin pThr-
315, indicating that Thr-315 phosphorylation of cyclin H might
not be HCMV-specific. Next, we analyzed whether higher-or-
der complexes may be assembled, including cyclin H, CDK7,
and pUL97. To this end, we established an assembly-based
ColP approach, which was able to differentiate between binary
and higher-order cyclin complexes (Fig. 7A4). FLAG- and HA-
tagged versions of both kinases were expressed in HCMV-in-
fected (blue) or transiently plasmid-transfected (green) cells
(Fig. 7B; note that although CDK7-HA could not be detected in
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the input material due to limited expression levels, this quantity
proved to be sufficient for detection upon ColP, see below). For
the ColIP analysis, all four combinations of pUL97-HA/
pUL97-FLAG and CDK7-HA/CDK7-FLAG samples were
coincubated and used for protein assembly—based CoIP (Fig.
7C). The obtained signal pattern demonstrated that both binary
complexes, pUL97-cyclin Hand CDK7-cyclin H, as well as the
ternary complex, pUL97—-cycH-CDK7, were formed under
these conditions (Fig. 7D). Although ternary complexes were
only represented by weak signals (compare pUL97—, CDK-,
and cyclin H-specific bands) in those samples in which pUL97
was immunoprecipitated (Fig. 7C, lanes I and 4), signal inten-
sities were higher when CDK7 was immunoprecipitated (lanes
2 and 3). The result confirmed that ternary or even higher-
order complexes can principally be formed, thus arguing
against a competitive mode of binding between cyclin Hand the
two kinases. However, the limitation of detectability of the ter-
nary complex as seen in weak signal intensities may point to a
more multifaceted binding situation. Therefore, we cannot
completely exclude competitive effects or a dynamic mode of
competitive binding, which still might occur along the course of
viral replication, possibly undetectable under these experimen-
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cyclin H

cyclin H

Figure 8. Structural model of the putative cyclin H-bridged interaction
between pUL97 and CDK?7 as presented in Fig. 7. A, model of the binary
CDK7-cyclin H complex. B, model of the binary pUL97-cyclin H complex.
Both models were generated based on the homologous CDK9-cyclin T1
complex crystal structure using the strategy described before (14) and show
the canonical interaction via the large globular domain interfaces. The glob-
ular domain interfaces shown in A and B are overlapping, and thus only one
partner can interact with cyclin H via this interface. G, model of a putative
ternary CDK7-cyclin H-pUL97 complex, in which the long unstructured N-ter-
minal region of pUL97 is supposed to interact with cyclin H via an alternative
binding motif or interface. A yellow star denotes a yet undefined modification
of cyclin H induced by the HCMV-specific infectious environment that is
required for pUL97 binding. Note that this figure shows the minimal compo-
sition of such a ternary complex containing one copy of each component.
However, it is possible that higher-order complexes may contain additional
copies of some components (e.g. two cyclin H molecules bound to pUL97,
one via its N-terminal binding motif, a second via its globular domain inter-
face, see B).

tal conditions. Nevertheless, this previously established assem-
bly-based ColP approach proved to be a reliable and sensitive
model system for the assessment of various protein—protein
interactions.

Seen from the perspective of structural modeling, we suggest
a scheme in which cyclin H bridges CDK7 and pUL97 (Fig. 8).
The molecular basis of the different modes of cyclin—kinase
interaction may be provided by a combination of globular
domain interfaces (Fig. 8, A and B) and linear docking motifs
present in the unstructured N terminus of pUL97 (Fig. 8C).
This model also considers the postulated HCMV-specific mod-
ulation of cyclin H (Fig. 8C) and is compatible with the idea of
higher-order complexes that may contain additional copies of
some components, such as an additional cyclin H molecule
bound to pUL97 via its globular domain interface (combination
of options Fig. 8, C and B).

The CDK7-cyclin-H-MAT1 complex has been character-
ized as the CDK-activating kinase (CAK), primarily responsible
for a site-specific activating phosphorylation of CDKs, irrespec-
tive of whether they belong to the group of cell cycle—
associated, transcription-associated, or unconventional CDKs
(18, 21). Mutual transphosphorylation between pUL97 and
CDK?7 was investigated under the conditions of IVKAs (Fig. 9).
Two different settings were investigated in parallel: pUL97 was
either immunoprecipitated from transiently transfected cells
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(Fig. 9A4) or coimmunoprecipitated with cyclin H and CDK7
from HCMV-infected cells (Fig. 9B). Immunoprecipitates were
combined with a commercially available CDK7-cyclin-H-
MAT1 complex produced by recombinant expression, as mul-
ticomponent setting for IVKA reactions. Notably, none of these
conditions and sources of samples showed a CDK7-specific
pUL97 phosphorylation signal (also addition of CDK?7 inhibitor
LDC4297 had no effect on pUL97-specific signals; Fig. 94, lane
4, compare lane 3 and 6B, lane 1 compare with lane 5). As a
control, a C-terminal fragment of the retinoblastoma protein
(Rb-CTF) was strongly phosphorylated by pUL97 as well as
CDK7-cyclin-H-MAT1 (Fig. 9, A, lanes 1 and 3—- 6; 9B, lanes 1,
Sand 7). CDK7-specific phosphorylation took place in a fashion
independent of pUL97 activity (Fig. 94, lane 5, MBV; lane 6,
catalytically inactive mutant), whereas the phosphorylation of
all substrates of the CDK7-cyclin-H-MAT1 complex (in-
cluding His—CDK?7 autophosphorylation and His—cyclin-H-
MAT]1 phosphorylation) seemed to be increased in samples
derived from HCMV-infected cells (Fig. 9B). Combined, these
in vitro kinase assays did not provide an indication for mutual
transphosphorylation between pUL97 and CDK7.

To further analyze the phosphorylation status of pUL97 dur-
ing HCMV replication (including the events of autophosphor-
ylation and possibly transphosphorylation by other, so far
undefined kinases), we performed a MS-based phosphosite
analysis. Immunoprecipitated pUL97 from HCMV-infected
cells was subjected to phosphopeptide enrichment using tita-
nium dioxide (TiO,) for MS analyses. Importantly, pUL97 was
not found to be phosphorylated in its T-loop residues Ser-483
and Ser-485 (Table 3, analysis I; Table S1). This is contrary to
cellular CDKs, which are subject to activating phosphorylation
on a conserved T-loop threonine (22—-24). Interestingly, Bigley
et al. (25) could detect slight phosphorylation signals in the
T-loop of pUL97 at amino acids Tyr-482 and Ser-483 after
phosphopeptide enrichment by TiO, and MS analysis from
pUL97-HA and pUS27-HA cotransfected U20S cells. How-
ever, a number of other phosphosites could be identified, which
confirmed published phosphosites found in several analyses
performed by different research groups (see Table 3). Addition-
ally, some of the phosphosites identified here have not been
described before such as Ser-121, Ser-139, Ser-142, Ser-386,
and Thr-504 (Table 3, shown in bold). All of these phosphosites
were detected in at least two parallel runs of our analyses I and
11, with the exception of Ser-139 and Thr-504, which were only
found in analysis I/run II. To be able to distinguish between
autophosphorylation and phosphorylation by other kinases, we
used virion-associated pUL97 derived from parental HCMV
AD169/HB15 or the defective HCMV mutant UL97AK355
(Table 3, analysis II). Remarkably, Ser-121 was the only site
found phosphorylated in samples derived from the UL97AK355
mutant virus, suggesting that Ser-121 might be independent
from autophosphorylation. It should be mentioned that phos-
phorylated Ser-121 was found largely enriched in the HB15 W'T
sample compared with UL97AK355, indicating an additional
involvement of pUL97 in Ser-121 phosphorylation. Altogether,
pUL97 carries a variety of phosphosites referring to both
autophosphorylation or transphosphorylation by cellular
kinases. So far, we have no direct evidence that CDKs, especially
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assays. FLAG-tagged pUL97 and its inactive mutant pUL97(K355M)-FLAG (KM)

were transiently transfected in 293T cells and harvested 48 h post-transfection (A); HFFs were infected with HCMV or remained uninfected (mock) and

harvested 120 h post-infection (B). Total cell lysates were subjected to ColP a

nd IVKA. Two different NaCl concentrations were used in the ColP buffer (4, 500

mm NaCl; B, 150 mm NaCl) to achieve optimized stringency of ColP. Each IVKA reaction was supplemented by addition of either CDK7-cyclin-H-MAT1 complex
(200 ng), Rb-CTF (1 ng), CDK7 inhibitor LDC4297 (1 um), or pUL97 inhibitor MBV (3 um) as indicated. Upper panel, IVKA (autoradiogram) and detection of CDK7,
cyclin H,and MAT1 on the IVKA membrane (Western blot staining); lower panels, total input levels of different proteins as expression control. Note that Western
blot splicing was performed to integrate the relevant lanes as indicated by vertical marking lines.

CAK activity provided by CDK7-cyclin-H-MATI1, are
involved in pUL97 phosphorylation.

Interaction between HCMV pUL97 and human cyclin T1

Previous mapping analysis provided a perfect overlap of the
minimal region required for pUL97-cyclin T1 interaction and
the region identified for pUL97—pUL97 self-interaction (amino
acids 231-280; see Fig. 1) (14). This coincidence led us to the
assumption that cyclin T1 might be involved in pUL97 self-
interaction, i.e. the ability to form dimers and oligomers, which
was found to be important for full kinase activity (20). To
address this question, an assembly-based ColP was performed
(see flowchart of individual steps in Fig. 10), and the results
indeed provided first experimental evidence that pUL97-
pUL97 self-interaction can be bridged in vitro by transcrip-
tional cyclins T1 or H but not by the classical cell cycle—
regulating B1 (Fig. 11). To achieve technically an efficient
depletion of cyclins from total cell lysates, we performed
repeated steps of cyclin-specific immunoprecipitation, as mon-
itored by control staining on Western blotting (Fig. 11, Band D,
see labeling by dashed frames). The differentially tagged ver-
sions of pUL97 (FLAG or HA tags) were derived from lysates of
HFFs infected with recombinant HCMVs. IP samples (Fig.
11C), optionally taken after cyclin depletion, were subsequently
assembled with second lysates containing alternatively tagged
pUL97 (Fig. 11D). The signal strength of ColP bands represent-
ing self-interaction was quantitated by AIDA, and values were
normalized toward the quantity of first step IP of pUL97 (Fig.
11E, orange labeling). As a central finding, self-interaction was
reduced to 19% when cyclin T1 had been depleted in both
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assembly samples compared with control samples without
depletion (Fig. 11E, lane 3). A quantitation of the data derived
from five independent cyclin T1 depletion experiments was
performed (Table 4). This comparison confirmed that cyclin T1
depletion in one or both assembly samples reduced self-inter-
action markedly, albeit to varying degrees, with the strongest
effect seen in samples with cyclin T1 depletion in both lysates,
resulting in pUL97-pUL97 signals of 53 * 21% (mean value
44 * 22% derived from the first three experiments using iden-
tical settings). This result clearly confirmed the functional
importance of cyclin T1 for pUL97 self-interaction.

For cyclins H and B1, a similar role in pUL97 self-interaction
was investigated in parallel. A specific effect on pUL97 self-
interaction could also be observed for cyclin H depletion (at
least 3-fold; Fig. 11, middle panels), whereas cyclin B1 depletion
did not markedly influence the self-interaction (Fig. 11, right
panels). These findings point to functional difference between
the transcriptional cyclins T1 and H compared with the classi-
cal cell cycle—regulating cyclin B1.

Discussion

To our knowledge, this study represents the first molecular
analysis comparing the interaction between a herpesviral CDK-
like protein kinase and three different types of cyclins. Our data
provide novel insights into the individual modes of interaction,
which differ between cyclins B1, H, and T1. Central conclusions
derived from these data are as follows. (i) pUL97 interacts with
cyclins Bl and H in a manner dependent on pUL97 kinase activ-
ity and phosphorylation or HCMV-specific cyclin modulation.
(i) pUL97-mediated in vitro phosphorylation of cyclins is mea-
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Table 3
Phosphosites of HCMV kinase pUL97
Phosphosite”

Ser-2

Ser-3

Ser-11

Ser-13 +
Thr-16
Thr-18
Ser-121
Ser-133
Thr-134
Ser-135
Ser-136
(Ser-139)
Ser-142
Thr-177
Ser-180
Ser-183
Ser-185
Ser-187
Thr-190
Ser-232
Ser-235
Ser-239
Tyr-326
Ser-386 +
Thr-482
Ser-483
(Thr-504)
Thr-580

“ Boldface shows newly detected sites (sites detected only once are shown in pa-
rentheses). Detection levels were defined as follows; =, <75% probability; +,
=75% probability.

? Samples for analysis I were prepared from HFFs infected with HCMV AD169 for
5 days; pUL97 was immunoprecipitated from total lysates by the use of a pool of
two specific polyclonal and monoclonal antibodies.

¢ Samples for analysis II were prepared from gradient-purified HCMV parental
AD169/HB15 or mutant UL97AK355 virions, respectively; input material was
adjusted by SDS-PAGE separation of the samples followed by Coomassie/silver
staining.

4 Literature used refers to all phosphosites reported in a variety of publications so
far (25, 46 —48).
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Figure 10. Flow chart of the individual steps of assembly-based ColP as
presented in Fig. 11. Two flagged versions of pUL97 were expressed sepa-
rately using different recombinant HCMVs for the infection of primary fibro-
blasts (HFFs). Total lysates of both infected cell samples were subjected to an
immunoprecipitation-mediated depletion of optionally one of the three rel-
evant cyclins. Initial pUL97-specific IP was performed using the first tag anti-
body coupled to Dynabeads. Thereafter, another pUL97-containing lysate
(likewise optionally cyclin-depleted) was added and incubated on the IP sam-
ples to assemble dimeric/oligomeric pUL97-pUL97 complexes. Finally, ColP
of the assembled complexes was performed by Dynabeads-mediated sepa-
ration from the residual lysates, before the percentage of pUL97 self-interac-
tion was semi-quantitatively determined by applying an antibody against the
second tag.
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surable for type B1 but not H, and no evidence is provided for
mutual transphosphorylation between pUL97 and CDK?7. (iii)
A cyclin T1/H-mediated bridging mechanism of pUL97 self-
interaction is supported by the data of this study.

Possibly, cyclin B1, which requires active pUL97 for inter-
action, regularly undergoes pUL97-specific phosphorylation
(similar to CDK-specific phosphorylation), whereas cyclins H
and T'1, both showing independence of pUL97 activity for inter-
action, may not serve as pUL97 substrates but may exert phos-
phorylation-independent regulatory effects. As a main out-
come of our study, we present a cyclin bridging concept of the
viral CDK ortholog pUL97. The concept anticipates that cyclin
binding is not a prerequisite for the catalytic activity of pUL97
per se, which stands in contrast to the typical CDK- cyclin bind-
ing that confers activity to the complex. Rather, the binding of
one of the three cyclins has an impact on pUL97 substrate rec-
ognition, self-interaction, autophosphorylation, and/or the
recruitment of CDKs into ternary or higher-order pUL97-
cyclin—CDK complexes. This concept points out differences as
well as common features of the pUL97-associated cyclins. In
addition to the cyclin-bridging mechanism, cyclin-indepen-
dent situations of pUL97 substrate binding are also conceiva-
ble. A recently published example is the pUL97 binding and
phosphorylation of the viral core nuclear egress complex,
pUL50-pUL53, which is bridged through the multiligand-
binding protein p32/gC1qR (5, 7, 8, 26 -28) but not through
cyclins according to available data.

pUL97 shares a number of substrates typically phosphor-
ylated by CDKs, such as Rb, nuclear lamins, RNAP II, EF-18,
cyclin B1, as well as viral pUL69 and pUL50 (9, 29 -35). This
intimate link between pUL97, CDKs, and substrate proteins
may arise from the formation of ternary complexes, an
option that is substantiated by the findings in this report, and
may result in the dual phosphorylation of a single substrate
by the two types of protein kinases. In some examples, the
phosphorylation at identical sites by CDKs and pUL97 has
been proven, such as Ser-22 phosphorylation of nuclear
lamin A/C (35-37) as well as the complex pattern of Rb
phosphorylation (10, 11, 38).

In conclusion, these findings indicate that the multifunc-
tional nature of the viral kinase pUL97 is finely regulated by
alternative events of human cyclin binding. It is conceivable
that within one HCMV-infected cell various combinations of
pUL97-cyclin complexes may exist simultaneously or in a
timely coordinated fashion so that individual activities of
pULY7, including the selective substrate binding along the
course of viral replication, may be regulated by undergoing
alternative pUL97-cyclin complexes. Future studies will have
to define the functional modulation arising from this sophisti-
cated mode of pUL97-cyclin interaction.

Experimental procedures
Antibodies

Antibodies used for immunoprecipitation are as follows:
pAb—cyclin Bl (sc-752, Santa Cruz Biotechnology); pAb—
cyclin T1 (sc-10750, Santa Cruz Biotechnology); pAb—cyclin H
(sc-609, Santa Cruz Biotechnology; LS-C331195, LSBio);

SASBMB



Differential mode of cyclins’ interaction with vCDK pUL97

A
Scheme R
Dynamics of the cyclin

protein complexes

pUL97-Flag pUL97-HA

3

Putative cyclin-bridged ternary self-interaction

B

Cyclin depletion Cyclin T1 depletion Cyclin H depletion Cyclin B1 depletion
pUL97-Flag pUL97-Flag pUL97-HA
1F 2F 3F 4F 5F 1F  2F 1H 2H 34 4H 5H
100— —— e puL97 100 = | .| puL97 100 | o o e e <= puUL97
70— |SN8 8 70 — TO = | === = v w— —| %
mAb-Flag mAb-Flag mAb-UL97
00— | e o | #oyelin T1 35— [+ """ | cyclinH 55— |—— i === | cyclin B1
pAb-cyclin T1 pAb-cyclin H pAb-cyclin B1
40 | o — a——— B-actin A0 | e —— — | B-aCtin
c mAb-B-actin mAb-B-actin
Initial IP pPUL97-Flag _PUL97-Flag pULO7-HA
puL97 IPantibody|  mAb-Flag | Fc | IP antibody{ mAb-Flag IPantibody:  mAb-HA | Fc|
1F 2F 3F 4F 5- 1F__ 2F 1H 2H 3H 4H 5-
100 | s — —
198: L - puL97 100 — |- - pULO7 70— M dn b B puL97
70—
D mAb-Flag mAb-Flag mAD-HA
Assembly pUL97-HA UL97-HA pUL97-Flag
pUL97-pUL97 1H 2H 3H 4H 5H 1H 24 1F__2F 3F 4F 5F
100— [ b ss s suw | pULOY — 100— ‘
00— | .. - . - 190 M- | pULO7 o= ‘ga. *pULY7
mAb-HA mAb-HA mAb-UL97
=l U= = wdn T g5 | il opclinH e e e e <cyciin B1
pAb-cyclin T1 pAb-cyclin H pAb-cyclin B1
407 | e e e === | B.actin 40— | w—— e e | (3-2CtiN
E mAb-B-actin mAb-B-actin
Final ColP 1FH 2FH 3FH 4FH 5- 1FH  2FH 100— 1HF_2HF 3HF 4HF _5-
100— 100 — [ — puL97 — pr—
pUL97 L ,-, —— puUL97 70— e 70— |& = g. oy —1 puL97
100% 30%19% 23% 100% 29% 100%114%122%105%
F mAb-HA mAb-HA mAb-Flag
Residual cyclins 100— 35—
— | — -y lin T1 - cyclin H
70 b { 3‘ a cyclin ycli
pAb-cyclin T1 pAb-cyclin H
(on ColP Wb) (in ColP supernatant)

Figure 11.Cyclins T1 and H are able to bridge pUL97-pUL97 self-interaction. A, scheme for putative cyclin-bridged ternary self-interaction. For samples in
the left and middle panels (cyclin T1 and H), HFFs were infected with recombinant HCMV AD169 encoding pUL97-HA (lanes labeled with H) or pUL97-FLAG
(lanes labeled with F; pUL97-FLAG was expressed in the variant version Mx4, representing the functionally intact large pUL97 isoform (43)). Four and 7 days
post-infection, one of the cyclin types was specifically removed by a three-step depletion (B) so that the indicated combinations of samples (FH) could be
combined and subjected to assembly-based ColP/Western blot analysis (C-E; see flow chart of this procedure given in Fig. 10). For samples in the right panels
(cyclin B1), 293T cells were transfected with HA- and FLAG-tagged pUL97, respectively, followed by cyclin B1 depletion and assembly-based ColP performed
2 days post-transfection. For a further illustration of the efficiency of cyclin depletion, residual samples of cyclin T1 (on ColP WB, left panel) or cyclin H (in ColP
supernatants, middle panel) were additionally immunostained using the indicated antibodies (F). Note that the effect of cyclin bridging on pUL97-pUL97
self-interaction was calculated from the signal reduction of pUL97 ColP obtained upon cyclin depletion (E, orange numbers, values were derived from this
experiment by duplicate densitometric determinations of pUL97 normalized for the amount of initially immunoprecipitated pUL97 in C and are expressed as
percentage relative to the reference value without cyclin depletion; also to be compared with the entire data set derived from five independent experiments,
Table 4). *, cross-reactive irrelevant band.

mAb—CDK7 (sc-56284, Santa Cruz Biotechnology); pAb— fragment, 011-000-008, Dianova); mAb—Fc (mouse Fc frag-
UL97 (kindly provided by D. M. Coen, Harvard Medical School, ment, 015-000-008, Dianova).

Boston, MA); mAb-FLAG (F1804, Sigma); pAb—FLAG (F7425, Antibodies used for WB detection are as follows: mAb—UL97
Sigma); mAb—HA (clone 7, H9658, Sigma); pAb—Fc (rabbit Fc  (kindly provided by T. Lenac and S. Jonick; Department of
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Table 4

Quantities of pUL97-pUL97 self-interaction determined by Western blot densitometry using proteins from five different experiments

The signal intensities of Western blot bands were quantitated with AIDA software, and values were normalized against the quantity of pUL97 immunoprecipitated under
control conditions (T1|T1, no cyclin T1 depletion); ND means not determined; tagged versions of pUL97 derived from HCMV-infected are underlined, and plasmid-

transfected cells are in italics.

Tagged versions of pUL97 for assembly T1|T1

Til- -

- T1

Derived from HCMV-infected cells
pUL97-FLAG|pUL97-HA
pUL97-FLAG|pUL97-HA
pUL97-FLAG|pUL97-HA

Mean

100%
100%
100%
100 £ 0%

30% 19%
93% 57%
98% 56%
74 * 38% 44 = 22%

23%
57%
36%
39+17%

Derived from plasmid-transfected cells

pUL97-HA|pUL97-FLAG 100%

88% 59% 55%

Derived from infected and transfected cells

pUL97-HA |pUL97-FLAG 100%

63% 76% ND

Histology and Embryology, University of Rijeka, Croatia);
mAb-cyclin Bl (sc-7393, Santa Cruz Biotechnology); GNS11
(ThermoFisher Scientific); pAb—cyclin B1 (sc-752, Santa Cruz
Biotechnology; ABIN 3174614, antibodies online), mAb-—
cyclin T1 (sc-271348, Santa Cruz Biotechnology); pAb— cyclin
T1 (sc-10750, Santa Cruz Biotechnology); pAb—cyclin H (sc-
609, Santa Cruz Biotechnology; LS-C331195, LSBio); mAb—f3-
actin (AC-15, Sigma); pAb—phospho-PKC (yThr-514, 9379,
Cell Signaling); mAb-FLAG (F1804, Sigma); mAb—GFP
(11814460001, Roche Applied Science); mAb—His, (MA1-
21315, ThermoFisher Scientific); mAb—IE1p72 (63-27, kindly
provided by W. Britt, University of Alabama, Birmingham, AL);
mAb-UL44 (BS510, kindly provided by B. Plachter, University
of Mainz, Germany); mAb—major capsid protein and mAb—
pp65 (kindly provided by T. Stamminger, University of Ulm,
Germany); pAb—phospho-cyclin H (pThr-315, 11689, Signal-
way); mAb—HA (clone 7, H9658, Sigma); mAb—CDK7 (sc-
56284, Santa Cruz Biotechnology).

Antibodies used for immunofluorescence analysis are as fol-
lows: pAb—cyclin T1 (sc-10750, Santa Cruz Biotechnology);
pAb-UL97 (kindly provided by D. M. Coen, Harvard Medical
School, Boston); mAb—pUL97 (produced and kindly provided
by T. Lenac Rovis/S. Jonjic, Dept. Histology and Embryology,
Univ. Rijeka, Croatia); mAb—UL44 (BS 510, inventory of the
Plachter laboratory); pAb—cyclin H (sc-609, Santa Cruz Bio-
technology); pAb—cyclin Bl (sc-752, Santa Cruz Biotechnol-
ogy); pAb—cyclin B2 (sc-22776, Santa Cruz Biotechnology);
and pAb-cyclin D1 (sc-753, Santa Cruz Biotechnology).

Plasmids and transfection

293T cells were transfected via polyethyleneimine reagent
as described (16) using the following plasmids: pcDNA-
UL97-FLAG, pcDNA-UL97-HA, and pcDNA-UL97(K355M)—
FLAG (39); pcDNA-UL97(1-706)-FLAG and pcDNA-UL97(1-
702)-FLAG (16); pcDNA-PKCa—FLAG (33); pEGFP-N1-UL97
(OREF-UL97 cloned into vector pEGFP-N1, Clontech, by using
restriction sites EcoRI and Sall); and SRa—CDK7-HA (40).

Expression constructs coding for pUL97 carrying amino
acid replacements, pcDNA-UL97(R702A/L704A)-FLAG,
pcDNA-UL97(S483A/S485A)-FLAG, pcDNA-UL97(S483D/
S485D)-FLAG, pcDNA-UL97(S483E/S485E)-FLAG, pcDNA-
UL97(S483A)-FLAG, pcDNA-UL97(S485A)-FLAG, pcDNA—
UL97(Q382A/H406A/R451A)-FLAG, pcDNA-UL97(Q382A/
HA06A/R645A)-FLAG, pcDNA-UL97(Q382A/H451A/R645A)—
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FLAG, and pcDNA-UL97(Q382A/H406A/H448A/R451A/
D490A/S643A/R645A)-FLAG were generated using the GeneArt
site-directed mutagenesis system (ThermoFisher Scientific)
according to the manufacturer’s protocol. Site-directed mutagen-
esis PCR was performed with pcDNA-UL97-FLAG as a template
and oligonucleotide primers with nucleotides differing (bold let-
ters) from the WT sequence (purchased from Biomers.net).
UL97-R702A/L704A, forward, 5-CTTGACGGTGACTGC-
GCCCAAGCGTTCCCCGAGGACTAC-3, and UL97-R702A/
L704A, reverse 5-GTAGTCCTCGGGGAACGCTTGGGCGCA-
GTCACCGTCAAG-3; UL97-S483A/S485A forward, 5-GCG-
CTGTGCGATTACGCCTCGCCGAGCCCTATCCGGAT
TAC-3, and UL97-S483A/S485A reverse, 5-GTAAT-
CCGGATAGGGCTCGGCGAGGGCGTAATCGCACAG-
CGC-3.

A C-terminally tagged version of CDK7 (pcDNA-
CDK7-FLAG) was cloned by PCR of SRae—CDK7-HA with
primers obtained by Biomers.net using Vent DNA polymerase
(New England Biolabs) under standard conditions (20). CDK7—
FLAG forward, 5-TACGGATCCATGAATTCATGGCTCTG-
GACGTGAAGTCTCGG-3, and CDK7-FLAG reverse, 5-
GGATTGCCCAAGAAACTAATTTTTGACTACAAAGAC-
GATGACGACAAGTAACTCGAGGTA-3 (FLAG sequence
underlined). The PCR product was subsequently inserted into
pcDNA3.1+ (Invitrogen) via EcoRI and Xhol. pDsRed1-N1
(Clontech) expressing red fluorescent protein was used as a
control.

Cell culture and HCMV infection

Primary HFF (derived from clinical samples, Children Hos-
pital, Erlangen, Germany) and human embryonic kidney epi-
thelial cells (HEK293T and CRL-3216, ATCC) were maintained
at 37 °C, 5% CO, and 80% humidity using minimal essential
medium (21090022, ThermoFisher Scientific) and Dulbecco’s
modified Eagle’s medium (11960044, ThermoFisher Scientific),
respectively. Cell culture media were supplemented with 1X
GlutaMAX™ (35050038, ThermoFisher Scientific), 10 ug/ml
gentamicin, and 10% fetal bovine serum (F7524, Sigma). For
infection, HFFs were inoculated with stocks of HCMYV strain
AD169 (41) or AD169-derived recombinant viruses (AD169 —
GFP (42); AD169 UL97AK355, AD169 UL97-HA, or AD169
UL97(Mx4)-FLAG (43) using a low volume (5 ml per T750 or 1
ml per 6-well). After a 90-min incubation at 37 °C, the superna-
tant was removed, and fresh medium was added to the cells.
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Cells were harvested at the indicated time points for immuno-
fluorescence staining, MS analyses, or immunoprecipitation
methods. Virions of HCMV AD169 HB15 and UL97AK355
were prepared as published earlier (44).

Indirect immunofluorescence assay and confocal laser-
scanning microscopy

HFFs were grown on coverslips and used for infection with
HCMYV strain AD169. At indicated time points post-infection,
cells were fixed with 4% paraformaldehyde solution (10 min,
room temperature) and permeabilized by incubation with 0.2%
Triton X-100 solution (15 min, 4 °C). Nonspecific staining was
blocked by incubation with 2 mg/ml human +y-globulin (Cohn
fraction I, Sigma; 30 min, 37 °C). Indirect immunofluorescence
staining was performed by stepwise incubation with primary
antibodies as indicated for 60—-90 min each at 37 °C, followed
by incubation with dye-conjugated secondary antibodies
(Alexa 488, Alexa 555, and Alexa 647 from goat or donkey spe-
cies) for 30— 60 min at 37 °C. Cell samples were mounted with
Vectashield Mounting Medium containing 4,6-diamidino-2-
phenylindole and analyzed using a DMI6000 B microscope and
a X63 HCX PL APO CS oil immersion objective lens (Leica
Microsystems). Confocal laser-scanning microscopy was per-
formed with a TCS SP5 microscope (Leica Microsystems).
Images were processed using the LAS AF software (version
2.6.0 build 7266; Leica Microsystems).

ColP and IVKA

ColP was performed as described (16) using lysates from
plasmid-transfected 293T cells or HCMV-infected HFFs. Anti-
body-coupled Dynabeads (25 ug/ml, 10002D, ThermoFisher
Scientific) were used to obtain specific immunoprecipitates,
and ColP samples were further analyzed by Western blotting,
MS, or IVKA (see detailed description in Refs. 6, 16 for pUL97
kinase conditions). Optionally, recombinantly produced human
cyclin B1 (2 pg; ab128445, Abcam) and cyclin H (5 ug, ab95351,
Abcam) were added to the IVKA reactions. For CDK?7 kinase
conditions, immunoprecipitate samples were resuspended in
40 pl of IVKA buffer (30), and optionally 0.5 ul of a purified
histone mix H1-4 (Roche Applied Science), retinoblastoma
C-terminal fragment (Rb-CTF; 1000 ng, ProQinase), MBV (3
uM, ChemScene), LDC4297 (1 um (45)), or CDK7-cyclin-H—
MATI1 (ProQinase) was added. The kinase reaction was then
performed at 30 °C (900 rpm) and was stopped after 30 min by
adding 15 pl of 4X boiling mix followed by a denaturation for
10 min at 95 °C. The y-**P-labeled proteins were separated with
SDS-PAGE and immunoblotted to nitrocellulose membranes,
which were analyzed by autoradiography using the phospho-
rimager (Diirr Medical CR35BIO).

Cyclin depletion and assembly-based ColP

Cyclin depletion from total cell lysates was performed by
three steps of cyclin-specific immunoprecipitation using 200 ul
of Sepharose Protein A beads (25 mg/ml, Sigma). Each deple-
tion step was carried out under rotation for 1.5 h at 4 °C and
repeated with fresh depletion beads under identical conditions.
Subsequently, CoIP was performed using Dynabeads Protein A
(25 wl, Invitrogen) for further analysis of protein—protein inter-
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action. Signal intensities of Western blotting bands of interact-
ing proteins were quantitated using Aida Image Analyzer ver-
sion 4.22 and were normalized to the levels of control pUL97
immunoprecipitation. To analyze the bridging function of
cyclins, assembly-based CoIP experiments were performed
using the respective proteins carrying HA and FLAG tags
expressed separately. One of the two proteins was immuno-
precipitated with the tag-specific antibody in an initial IP for
1-2 h. After washing, the sample containing the second,
alternatively tagged protein was added for assembly, and a
final CoIP was performed for 1.5-2 h or overnight. Finally,
beads were washed, denaturated in 2X protein loading
buffer (62.5 mm Tris/HCI, pH 6.8, 1 mm EDTA, 10% glycerol,
2% SDS, 5% B-mercaptoethanol, 0.005% bromphenol blue)
before the samples were analyzed by 12.5% SDS-PAGE/
Western blotting.

Phosphatase assay

To analyze the impact of the phosphorylation state of
pUL97 and cyclin B1 on their interaction properties, a phos-
phatase assay was performed using A protein phosphatase
(A-PP, Mn>"-dependent activity toward phosphorylated ser-
ine, threonine, and tyrosine residues; New England Biolabs,
P0753S). For phosphatase reaction, total cell samples were
lysed in ColIP buffer without EDTA (50 mm Tris/HCI, pH 8.0,
150 mMm NaCl, 0.5% Nonidet P-40, 1 mm phenylmethylsulfo-
nyl fluoride, 2 pug/ml, aprotinin, 2 ug/ml, leupeptin, and 2
png/ml pepstatin) containing 200 units of A-PP under speci-
fied buffer conditions (1 X NEBuffer metallophosphatases, 1
mM MnCl,, New England Biolabs), and samples were cleared
from cell debris by centrifugation (14000 rpm, 4 °C, 10 min).
For analyzing protein interaction properties, A-PP—treated
and —untreated samples were subject to assembly reactions
at different combinations and rotated at 4 °C for 1 h. Anti-
body-coupled protein A beads were added and used for CoIP
at 4 °C for 1.5-2 h. Optionally, a second dephosphorylation
step was performed after CoIP (Fig. 44, control IP A-PP).
Each dephosphorylation reaction was stopped by washing
with EDTA containing ColIP buffer and subsequent boiling
in 2X loading buffer, and all samples were analyzed by SDS-
PAGE/Western blotting.

Molecular modeling

Originally, the homology model of pUL97 was prepared
using human CDK2 (PDB code 2JGZ) as a template (16). In this
study, molecular models of the binary complexes CDK7- cyclin
H and pUL97-cyclin H were generated based on the homo-
logous CDK9—cyclin T1 complex crystal structure using the
strategy described before (6).

Phosphosite identification by nanoLC-MS/MS analysis

Proteins were prepared and in-gel digested as described pre-
viously (5). Phosphopeptides were enriched using TiO, beads
and analyzed by nanoliquid chromatography coupled to tan-
dem MS according to the protocol described previously (7).
Peptides and proteins were identified using Mascot (version
2.6) and filtered using Proline software.
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