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Human cytomegalovirus (HCMV) infection is shaped by a tightly regulated interplay between viral and cellular
proteins. Distinct kinase activities, such as the viral cyclin-dependent kinase ortholog (vCDK) pUL97 and cellular
CDK?7 are both crucial for efficient viral replication. Previously, we reported that both kinases, vCDK/pUL97 and
CDK?7, interact with cyclin H, thereby achieving an enhanced level of kinase activity and overall functionality in
viral replication. Here we provide a variety of novel results, as generated on a methodologically extended basis,
and present a concept for the codetermination of viral replication efficiency through these kinase activities: (i)
cyclin H expression, in various human cell types, is substantially upregulated by strains of HCMV including the
clinically relevant HCMV Merlin; (ii) vCDK/pUL97 interacts with human cyclin H in both HCMV-infected and
plasmid-transfected cell systems; (iii) a doxycycline-inducible shRNA-dependent knock-down (KD) of cyclin H
significantly reduces pUL97 activity (qSox in vitro kinase assay); (iv) accordingly, pUL97 in vitro kinase activity is
seen significantly increased upon addition of recombinant cyclin H; (v) as a point of specific importance, human
CDK?7 activity shows an increase by vCDK/pUL97-mediated trans-stimulation (whereas pUL97 is not stimulated
by CDK?7); (vi) phosphosite-specific antibodies indicate an upregulated CDK7 phosphorylation upon HCMV
infection, as mediated through a pUL97-specific modulatory effect (i.e. shown by pUL97 inhibitor treatment or
pUL97-deficient viral mutant); (vii) finally, an efficient KD of cyclin H in primary fibroblasts generally results in
an impaired HCMV replication efficiency as measured on protein and genomic levels. These results show evi-
dence for the codetermination of viral replication by vCDK/pUL97, cyclin H and CDK?7, thus supporting the
specific importance of cyclin H as a central regulatory factor, and suggesting novel targeting options for antiviral
drugs.

1. Introduction

Human cytomegalovirus (HCMV) is a worldwide distributed
herpesvirus (f-subfamily member) that causes life-long latency in the
infected human host. Facing several unresolved medical problems of
viral pathogenesis, HCMV is considered a major human pathogen. In
immunocompetent individuals, HCMV may remain asymptomatic, but
severe symptoms and even life-threatening viral pathogenesis can occur
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in the immunosuppressed (i.e. transplant recipients, tumor and AIDS
patients) or the immunonaive host (i.e. the unborn and neonates)
(Boehmer and Nimonkar, 2003; Goodrum et al., 2021; Gugliesi et al.,
2020). Most seriously, congenital HCMV infection (cCMV) during
pregnancy, associated with an exceptionally high rate of mother-to-child
transmission, represents the most serious risk to obtain developmental
defects or cytomegalovirus inclusion disease (Njue et al., 2020; Revello
and Gerna, 2002; Tsutsui, 2009). In general, HCMV-related
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pathogenesis is closely linked to the efficiency of viral replication in
individual host cell types and tissues. In this context, the role of host
factors, especially the interaction through virus-host protein complexes
including their regulatory interplay, possess main importance in the
course of virus infection and cell-directed modulatory mechanisms
(Marschall et al., 2017; Marschall et al., 2020; Milbradt et al., 2014;
Schiitz et al., 2022; Schiitz et al., 2021).

Notably, HCMV replication drastically interferes with cell cycle
regulation, a process, in which the HCMV-encoded protein kinase pUL97
directly interacts with cellular components of the CDK—cyclin machinery
(Graf et al., 2013; Schiitz et al., 2021; Steingruber et al., 2019). Notably,
the HCMV-encoded serine-threonine protein kinase pUL97 represents a
viral CDK ortholog (vCDK) as it combines typical structural and func-
tional features of host CDKs (Hume et al., 2008; Twahori et al., 2017;
Schiitz et al., 2021). CDKs are generally regulated by (i) phosphorylation
of the T-loop and (ii) interaction with their respective cyclins. Previ-
ously, we characterized the specific association of pUL97 with at least
three types of human cyclin, namely in our investigations most abun-
dantly with T1, H, and B1 (Graf et al., 2016; Graf et al., 2013; Steing-
ruber et al., 2019; Steingruber et al., 2016; Steingruber et al., 2015).
Based on these observations, pUL97 is considered a multiple
cyclin-binding kinase, and most recent findings pointed to the particular
relevance of cyclin H for HCMV replication (Schiitz et al., 2022). Cyclins
comprise a family of 29 proteins in humans, structurally defined by the
presence of the so-called cyclin box, a domain of approximately 100
amino acid residues that form a-helices and provides an interface for
binding to CDKs. The transient abundance of individual cyclins un-
derlies cyclical oscillations, i.e. the specific fluctuations in cyclin gene
expression, to give rise, as regulatory cofactors, to the stimulated ac-
tivity of either cell cycle- or transcription-associated CDKs (Malumbres,
2014; Martinez-Alonso and Malumbres, 2020). Of note, the cell
cycle-related CDKs are typically characterized by multiple cyclin bind-
ing, whereas transcriptional CDKs are mostly single cyclin binding
(Malumbres, 2014). As a characteristic feature, the CDK—cyclin complex
formation results in activation of the CDK kinase domain, and complete
activation requires distinct regulatory steps of site-specific
phosphorylation.

In the case of viral vCDK/pUL97, also a multiple cyclin-binding
phenotype has been identified so that the current understanding con-
siders the multifunctional nature of this viral kinase as a consequence of
these combined regulatory cyclin interactions. Interestingly, the role of
cyclin types H and T1 has first been assigned to a bridging function of
pUL97-pUL97 dimerization/oligomerization (Graf et al., 2013; Schiitz
et al., 2021; Steingruber and Marschall, 2020). Very recently, we pro-
vided evidence for the molecular details of pUL97-cyclin T1 interaction,
which strongly supported the formation of a quaternary complex
(Schiitz et al., 2021). In this regard, it is important that the minimal
binding regions responsible for pUL97-cyclin T1 interaction and
pUL97-pUL97 oligomerization showed a complete overlap in the
N-terminal amino acid region 231-280. Viral genomic deletion mutants
in this region of ORF-UL97 pointed to the fact that it determines not only
cyclin T1 interaction, but also cyclin H interaction, and that these in-
teractions are functionally required for efficient viral replication
(Schiitz et al., 2021). Functionally most relevant was the finding that an
impairment of cyclin H binding to pUL97 (e.g. achieved through an
experimental setting of transient cyclin H knock-out) resulted in a
marked reduction of viral replication (Schiitz et al., 2022). In this
context, it should be mentioned that the detailed 3D structure of HCMV
pUL97 has not been deciphered yet, but molecular modelling, based on
available CDK crystal structures, provided highly valuable information
(Hutterer et al., 2016; Romaker et al., 2006; Steingruber et al., 2019;
Steingruber et al., 2015; Webel et al., 2011; Webel et al., 2012; present
study). Notably, pUL97 consists of a widely unstructured N-terminal
portion, including two classical nuclear localization signals (NLS1 and
NLS2), and a large globular domain in its C-terminal half (Steingruber
and Marschall, 2020). Our computational approach suggested that
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cyclin H and T1 may bind to parts of the pUL97 N-lobe, while B1 binding
may involve both N- and C-lobes (Steingruber et al., 2016). More spe-
cifically, we identified in our previous investigations two main candi-
date regions in pUL97 that represent determinants of cyclin interaction,
i.e. amino acids 231-280, as a linear binding motif contained within the
unstructured N-terminal pUL97 region, termed interface 2 (IF2, amino
acids 231-280; Schiitz et al., 2021), and a larger contact area within the
C-terminal globular kinase region termed interface (IF1). In the case of
cyclin T1 binding, this larger interface IF1 was not able to confer a stable
pUL97-cyclin interaction by itself but was dependent on the presence of
the dominant IF2 (Schiitz et al., 2021). Importantly, the deletion of IF2
(A231-280) led to the loss of pUL97 interaction with cyclins T1 and H
(but not B1), thus emphasizing its binding-determining, dominant role
within the pUL97 N-terminal region.

With the present study, we provide important novel data, as gener-
ated on the basis of various experimental approaches, that jointly
illustrate the binding vCDK/pUL97 to cyclin H, the functional impor-
tance of this interaction, and the cyclin H-dependent modulation of
vCDK/pUL97 activity in vitro. Novel aspects are a refined
bioinformatics-based modelling of the pUL97-cyclin H-CDK7, a first
successful demonstration of the mutual interplay in activity between
these two kinases, and a new antiherpesviral drug targeting concept
based on covalently binding PPI-blocking small molecules. Specifically,
a trans-stimulation of CDK7 by vCDK/pUL97 was identified, in the
context of a codetermination of the efficiency of viral replication
through the activity of these two cyclin H-associated kinases. Thus, the
findings provide a distinct confirmation of our previous statements on
the functional relevance of HCMV-specific interaction with these com-
ponents of the CDK-cyclin machinery. Regarding newly recognized
opportunities to pharmacologically interfere with this type of virus-host
interaction, these novel and application-oriented options for antiviral
drug targeting are discussed.

2. Materials and methods
2.1. Cell culture and virus infection

Primary human foreskin fibroblasts (HFFs, C0045C, Thermo Fisher
Scientific, Waltham, MA, USA) and 293T cells were cultured at 37°C, 5%
CO,, and 80% humidity. Culture media for HFF (MEM, 21090055,
Thermo Fisher Scientific, Waltham, MA, USA) and 293T (DMEM,
11960044, Thermo Fisher Scientific, Waltham, MA, USA) were supple-
mented with 10% FCS, 1x GlutaMAXTM (35050038, Thermo Fisher
Scientific, Waltham, MA, USA), and 10 g/mL gentamicin (22185.03,
SERVA, Heidelberg, Germany). Stably transduced HFF and 293T were
selected by adding 2.5 pg/ml puromycin to the media. Tetracycline-
negative FCS (FCS-TET-12A, Capricorn Scientific, Ebsdorfergrund,
Germany) was used for the cultivation of cyclin H knock-down cells.
Expression of cyclin H-specific ShRNA was induced by the addition of
500 ng/ml doxycycline every other day (dox, D9891, Sigma-Aldrich, St.
Louis, MO, USA). HCMV strains AD169 or Merlin were used for infection
experiments at a multiplicity of infection (MOI) of 0.5 or less, as indi-
cated for each experiment. For reasons of the high replication efficiency
of HCMV in the established model of primary fibroblasts (HFFs), we
were primarily using the laboratory strain AD169. Since this viral strain,
due to its adaptation to cultured cells, acquired certain genomic de-
letions, we additionally used the genomically intact, clinically relevant
strain Merlin as a confirmation in specific aspects of virus—cell interac-
tion (see cyclin H upregulation upon HCMV infection and conditional
cellular cyclin H KD in chapters 3.1 and 3.4, respectively). Virus inocula
were replaced with fresh growth medium after incubation at 37°C for 90
min. For a more efficient infection with HCMV Merlin, a 30-min
centrifugation step of 2,500 rpm (2,300 x g) at room temperature was
included in the 90 min inoculation time. As a routine procedure, we
monitored infection rates by costainings of viral protein (Wb, IVKA,
CoIP with samples from HCMV-infected cells) or viral reporter
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expression (HCMV GFP- or YFP-based replication assays). For the
transfection of 293T cells, polyethyleneimine (PEI) was used as
described before using PBS instead of HBS (Schregel et al., 2007).

2.2. Coimmunoprecipitation (CoIP), SDS-PAGE and Western bot (Wb)
analysis, non-radioactive in vitro kinase assay (IVKA)

5 x 10° 293T cells were seeded in 10 cm dishes, transfected, and
harvested two days post-transfection (d p.t.) and CoIP was performed as
described previously (Sonntag et al., 2016). Input controls, immuno-
precipitation (IP), and CoIP samples were subjected to standard
SDS-PAGE and Wb analysis (Hutterer et al., 2013; Thomas et al., 2009).
The antibodies used for IP and Wb are listed in Section 2.3. For densi-
tometric determination of Wb signal intensities, two independent Wbs
were analyzed using the AIDA Image Analyzer (V4.23) software.
Non-radioactive in vitro kinase assay (IVKA) was performed as described
previously (Schiitz et al., 2021). A coimmunoprecipitate of kinase and
substrate was incubated for 60 min at 30°C in 30 pl kinase assay buffer
(20 mM Tris/HCl at pH 7.5, 0.5 mM MnCl,, 1 pM ATP, and 200 ng
ATPyS). Samples incubated in assay buffer without ATPyS served as a
negative control. ATPyS served as a donor to thiophosphorylate kinase
substrates. After 60 min, 3 pl of 25 mM p-nitrobenzyl mesylate (PNBM,
Abcam) was added to the reaction to alkylate thiophosphates for 30 min
at 25°C. After a denaturation step at 95°C for 10 min, samples were
subjected to standard SDS-PAGE and Wb analysis, and thiophosphate
esters (TPE) were detected using specific antibodies.

2.3. Antibodies and small molecules

The following antibodies were used in this study: mAb-UL97.01,
mADb-UL53, mAb-UL50, and mAb-UL56 (kindly provided by T. Lenac
and S. Jonick, University of Rijeka, Croatia), mAb-IE1 (kindly provided
by William Britt, Birmingham, AL, USA), mAb-UL44 and mAb-MCP
(kindly provided by Bodo Plachter, University of Mainz, Mainz, Ger-
many), mAb-pp65 and mAb-UL69 (kindly provided by T. Stamminger,
Ulm, Germany), mAb-p-actin (A5441, Sigma Aldrich), pAb-cyclin H (LS-
C331195, LS Bio), pAb-CDK7 pSer164 (PA5-105583, Sigma-Aldrich),
pAb-CDK7 pThrl70 (ab155976, Abcam), pAb-CDK9 pThr186 (2549,
Cell signaling), mAb-CDK7 (sc-7344, Santa Cruz Biotechnology), pAb-
RNAPII CTD pSer2 (NB100-1805, Novus Biologicals), mAb-Flag
(F1804, Sigma-Aldrich). Kinase inhibitors were provided by Lead Dis-
covery Center GmbH, Dortmund, Germany, as a series of compounds of
specific interest for current developmental purposes. All these com-
pounds are small molecules possessing the indicated molecular masses
(MW range 257-557 Da) and are derived from various chemical classes,
with scaffolds typically representing ATP-competitive kinase inhibitors
(i.e. the chemical class of quinazolines applies to LDC599, the chemical
class of diaminopyrimidines applies to LDC745, and the class of
tihiazolo-pyrimidinones applies to LDC492). Importantly, as a common
feature of the series of LDC compounds analyzed in chapter 3.5, they
possess covalent binding properties, in most cases mediated through an
acceptor of the Michael addition reaction (Johansson, 2012; Péczka
et al., 2022), which links the warhead to a distinct amino acid, i.e. a
cysteine residue in most cases of the target protein(s). As non-covalently
binding reference kinase inhibitors, LDC4297 and MBV were used for
the specific activity assessments of the two kinases of interest: LDC4297
is a selective developmental CDK7 inhibitor (for a human kinome
selectivity panel, i.e. in vitro SelPan, see Hutterer et al. 2015), and MBV
is a clinically approved and selective vCDK/pUL97 inhibitor (for HCMV
infected cell-based in vivo selectivity, see Wild et al. 2022). Stock ali-
quots of all compounds were prepared in DMSO at a concentration of 10
mM.
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2.4. Reverse transcriptase quantitative polymerase chain reaction (RT-
qPCR)

HFFs or TEV-1 were infected in 12-well plates with HCMV Merlin at
MOI of 0.5. Cells were harvested at the indicated time point and total
RNA was extracted using the Quick-RNA MiniPrep Plus Kit (R1057,
Zymo Research). Relative cyclin H mRNA levels were determined by a
one-step RT-qPCR using the LunaScript RT SuperMix Kit (E3010, NEB)
and cyclin H-specific primers and probe, as follows:

cyclin H forward 5° CAACGGGAAGGTTCTTCCGA;

cyclin H reverse 5° TACAAGCCGTACCCACAACA;

probe 5° CATGAAGAAATGACACTCTGCAAATACTAT modified with
5’ FAM and 3° TAMRA. The values obtained were normalized to the
mock-infected controls.

2.5. Quantitative polymerase chain reaction (qPCR)

Viral genome copy numbers were determined as described before
(Lorz et al., 2006). In brief, 2.25 x 10° HFFs were seeded in 12-well
plates and infected the next day with HCMV AD169 or Merlin at MOI
of 0.001 for 90 min at 37°C. Viral supernatant was taken at indicated
time points and replication kinetics were analyzed via qPCR using a
FAM/TAMRA-labelled probe directed against the HCMV MIE region
exon 4. Regarding replication kinetics of HCMV Merlin, qPCR was per-
formed using a Roche 480 LightCycler with Kapa Sybr Fast QPCR master
mix (Merck) as described elsewhere (Hamilton et al., 2020).

2.6. Generation of cyclin H knock-down (KD) cell populations

shRNAs were either selected based on important features associated
with microRNA processing (Fellmann et al., 2011) or using the novel
splash algorithm (Pelossof et al., 2017). The improved mirE backbone
was used to ensure optimal pri-mRNA recognition and processing by
Drosha and Dicer RNA endonucleases (Fellmann et al., 2013). shRNA
cloning was performed according to Fellmann et al. (2013). 97-mer ol-
igonucleotides harboring the selected shRNA sequence were PCR
amplified. Final vectors were obtained by Xhol/EcoRI cloning of the
PCR product into the mirE vector. Lentiviral particles were produced by
transfecting 5 x 10° 293T cells seeded in 10 cm dishes with 4 ug of the
desired shRNA mirE vector together with 4 pg of pCMVdeltaR8.9 and 2
ug of pVSV-G using Lipofectamine 2000 (Thermo Fisher Scientific). All
the following experimental steps regarding transduction and selection of
HFF and 293T cells were performed exactly as described before (Schiitz
etal., 2022). shRNA was induced by the addition of 500 ng/ml dox every
other day for a total of five days before the start of the experiment.

2.7. Quantitative Sox peptide-based in vitro kinase assay (qSox-IVKA)

A recently developed qSox-IVKA was used for sensitive and quanti-
tative measurement of in vitro kinase activity of pUL97 (Schiitz et al.,
2022; kinase-specific sensor peptide AQT0258, AssayQuant Inc.) and
CDK7 (AQT0459). For this purpose, 5 x 100 293T cells were seeded and
transfected as described in Section 2.1. Cells were harvested 2 d p.t. and
CDK?7 and/or pUL97 were immunoprecipitated using specific antibodies
as described in 2.3. A mouse Fc fragment, instead of IP Ab, served as a
negative control. Washed IP samples were eluted in 100-200 pl enzyme
buffer (20 mM HEPES, pH 7.5, 0.1% Brij-35, 5% glycerol, 1 mg/ml
bovine serum albumin, BSA). Volumes of 33 pl of the eluted kinase were
added to 132 pl of the kinase reaction mix (final mix: 54 mM HEPES, pH
7.5, 1.0 mM DTT, 1.0 mM ATP, 0.012% Brij-35, 0.52 mM EGTA, 1%
glycerol, 0.2 mg/ml BSA, 10 mM MgCly, 15 pM PhophoSenS®
cysteine-Sox kinase sensor peptide AQT0258/AQT0459) and kinase
activity was measured in triplicates with 50 ul each. Reactions were
performed in Corning NBS 96-well half area plates (3992, Corning) at
30°C for approx. 80 min in a kinetic manner (measuring every 30 sec to



M. Schiitz et al.

1 min) using a Victor 1420 multilabel counter (Ex355/Em480,
Perkin-Elmer). To address the impact of increased levels of cyclin H,
recombinant human cyclin H, commercially available as a full-length
product, carrying GST-tag and expressed in insect cells
(ABIN6699744, antibodies-online.com), was exogenously added to the
reactions at the indicated concentrations. To achieve a quantitatively
adjusted basis, 25 pl of IP samples were used for Wb normalization in
duplicates to ensure equal kinase reactivities in the qSox-IVKA reaction.
Control samples that were derived from empty vector transfection and
Fc fragment pseudo-IP were subtracted from the kinase signal to obtain a
corrected output of the kinase-specific activity. To measure the
trans-stimulating potential of pUL97 onto CDK?7, the in vitro kinase ac-
tivity of pUL97 was measured in settings of single immunoprecipitation
(pUL97 only) and then subtracted from the value of the combined kinase
reaction (both CDK7 plus pUL97).

2.8. NanoBiT® protein-protein interaction system (Promega)

The NanoBiT (Promega) system was used to perform a first-time
analysis of putative inhibitors of the pUL97—cyclin H interaction. To
this end, 5 x 10° 293T cells in 6-well plates were transfected with 2 ug of
the corresponding expression plasmid (single transfection combined
with empty vector, or double transfection with LgBiT plus SmBiT con-
structs) using PEI as described in Section 2.1. Biological triplicates of
cells were transferred to a 96-well plate at 2 d p.t. and inhibitors were
added using the given concentrations 4 h later. Luciferase assay was
performed immediately after the compound addition according to the
manufacturer’s protocol (N2011, Promega). Luciferase activity was
measured at 37°C for approximately 60 min using the Victor X4
microplate reader. Background activity of single-transfected LgBiT
luciferase activity was subtracted from LgBiT/SmBIiT cotransfected cells
to obtain PPI-specific luciferase activity.

2.9. Molecular modelling

The structure of pUL97(329-634) was modelled based on the cryo-
EM structure of the cyclin H-CDK7 complex (PDB: 7B50; Greber
et al.,, 2021). The alignment of pUL97 and CDK7 was generated with
HHpred (Zimmermann et al., 2018); Modeller (Webb and Sali, 2021)
was used for model generation. Prediction of the pUL97(231-280)
binding mode was done with ColabFold (Mirdita et al., 2022), which
represents a fast implementation of AlphaFold2 (Senior et al., 2020).
From a PISA analysis (Krissinel, 2015) of the interfaces, the complex
showing the largest cyclin H-pUL97(231-280) interface and the most
favorable interaction energy was selected for further characterization.
Structural analysis and visualization were done with RasMol (Sayle and
Milner-White, 1995).

3. Results

3.1. The physical and functional interaction between vCDK/pUL97,
cyclin H and CDK7

In our previous studies, we and others provided experimental evi-
dence for the relatedness of the HCMV-encoded protein kinase pUL97
with human CDKs, so that the term viral CDK ortholog (vCDK) has been
introduced (Couté et al., 2020; Hume et al., 2008; Prichard, 2009;
Romaker et al., 2006; Steingruber and Marschall, 2020): Notably, both
types of kinases bind to human cyclin H, demonstrating functional
relevance compared to other cyclin binding activities (Fisher and Mor-
gan, 1994; Schiitz et al., 2022; Schiitz et al., 2021; Steingruber et al.,
2019). Moreover, the formation of binary, ternary, and even
higher-order complexes between vCDK/pUL97, cyclin H, and CDK7 has
been suggested based on biochemical and bioinformatic approaches
(Schiitz et al., 2021; Steingruber et al., 2019). To better understand the
underlying structural principles of these interactions, we performed
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molecular modelling. We first investigated whether cyclin H exhibits a
binding site for the 231-280 segment of pUL97, which was previously
found important for the interaction between pUL97 and cyclin T1
(Schiitz et al., 2021). Of note, the pUL97—-cyclin T1 interaction (here
becoming clear that this is equally true for cyclin H) has two separable
binding interfaces, IF1 (329-634) and IF2 (231-280; Schiitz et al., 2021;
Steingruber et al., 2016; Steingruber and Marschall, 2020). While IF2 is
essential for the interaction, IF1 can be deleted on larger stretches
without strict loss of binding and is thus supposed to possess a rein-
forcing function. Thus, IF2 is considered dominant over IF1 in
pUL97-cyclin H/T1 interaction whereas IF1 seems to be auxiliary
(Schiitz et al., 2021). A refined prediction of this situation of binding
sites now suggests that pUL97(231-280) uses a similar surface patch for
cyclin H recognition as previously observed for MAT1 (Fig. 1A). MAT1 is
a RING finger protein (ménage a trois) that physiologically associates
with the CDK7-cyclin H complex and functions as a regulatory cofactor
(Patel and Simon, 2010; Rossi et al., 2001). In the context of
HCMV-specific complex formation, this short and functionally dominant
cyclin binding site (IF2) of pUL97(231-280) is in the immediate vicinity
of the cyclin H-CDK?7 interface but does not overlap; therefore, simul-
taneous binding of both kinases, pUL97 and CDK7, to cyclin H should be
possible (Fig. 1B). In a further modelling, we investigated whether
pUL97 could additionally bind to cyclin H via its additional larger cyclin
binding interface (IF1), pUL97(329-634), which includes essential sub-
domains of the pUL97 kinase domain (Hutterer et al., 2016; Romaker
et al, 2006; Steingruber et al., 2016). Principally, such
IF1-plus-IF2-based interaction of pUL97 with cyclin H might displace
CDKY from this complex. The corresponding model (Fig. 1C) shows that
the distance between the C-terminal residue of IF2 (Ile280) and the
N-terminal residue of the kinase domain (Asp329) comprises approxi-
mately 40 A, which can be easily bridged by the connecting 48 residues.
In summary, this refined molecular modelling strongly supports our
previously suggested mode of interaction between pUL97 and cyclin H
involving the two distinct interfaces, IF1 and IF2, which allows the
formation of both binary pUL97-cyclin H complexes (Fig. 1C) and
ternary pUL97-cyclin H-CDK7 complexes (Fig. 1B).

As another striking property in this context of pUL97-cyclin inter-
action, we identified a consistent upregulation of cyclin H in various
human cell types by strains of HCMV. Analyzing protein samples derived
from time courses of HCMV infection with several selected strains and
cell types, the obtained Wb staining patterns depicted that cyclin H is
generally upregulated upon HCMV infection under various conditions,
such as viral MOI, time points, virus strain, host environment, and other
parameters (Fig. 2; Schiitz et al., 2022; Steingruber et al., 2019;
Steingruber et al., 2016). It should be emphasized that we focused here
on the clinically relevant HCMV strain Merlin, which showed a marked
upregulation of cyclin H both in the placental cell type TEV-1 (Fig. 2A)
and in primary human fibroblasts HFF (Fig. 2D). Densitometric quan-
titation of the Wb data (with a second series of Wb stainings, used for the
quantitative determination in densitometric quadruplicates, is depicted
in Fig. S1) revealed a statistically significant level of upregulation that
increased over the time course of a multi-round period of infection
(approximately 3 d for 1 round of HCMV replication), with particularly
high levels at late time points of 3-7 d p.i. (Fig. 2B and E). This upre-
gulation could also be observed on the RNA level using, for quantitation,
a one-step RT-qPCR. As an important result, cyclin H mRNA levels were
12-fold increased in HCMV-infected TEV-1, compared to mock-infected
cells (Fig. 2C), and 3.5-fold increased in HCMV-infected HFFs at the time
point of 7 d p.i. (Fig. 2F). This upregulation could be substantially
reduced by the addition of 1 pM of MBV resulting in a 68% or 28%
reduction of the HCMV-induced increase of cyclin H mRNA levels for
TEV-1 cells or HFFs, respectively.

In this context of upregulated cyclin H during viral replication, the
previously characterized complexation of pUL97-cyclin H appeared
very relevant. Several investigative approaches, including mass
spectrometry-based proteomics, CoIP settings, recombinant cellular
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pUL97(329-634)

Fig. 1. Structural model of the interaction between pUL97 and cyclin H. (A) Predicted binding site of pUL97(231-280) (orange) superimposed with the
experimental cyclin H-CDK7-MAT1 complex structure (gray, cyan, and dark blue). This model suggests that pUL97(231-280) uses the same binding pocket as MAT1
for targeting the cyclin H-CDK7 complex. (B) Model of a ternary pUL97—cyclin H-CDK7 complex, in which pUL97 is attached to cyclin H exclusively through IF2
formed by the 231-280 sequence stretch. The pUL97 kinase domain (residues 329-634, marked in red) is connected to the complex by a nonstructured, flexible linker
(residues 281-328, indicated as dark orange connecting line). (C) Model of a pUL97-cyclin H complex, in which pUL97 interacts with cyclin H both through IF2,
pUL97(231-280) (orange), and the globular kinase domain IF1, pUL97(329-634) (red), thereby displacing CDK7.

expression systems, and others, demonstrated this interaction for
HCMV-infected cells (Schiitz et al., 2021; Steingruber et al., 2019;
Steingruber et al., 2016). Here, we add the information that the viral
kinase pUL97 consistently interacts with human cyclin H, in both cases
of using material derived from HCMV-infected cells (Steingruber et al.,
2016) or plasmid-transfected 293T cells (Fig. S2), provided that the
expression levels are sufficiently high to ensure the sensitivity of
detection. This finding reemphasizes the importance of the pUL97
interface IF2, which was previously identified as the dominant region for
pUL97—cyclin T1 interaction and pUL97-pUL97 self-interaction (Graf
et al., 2013; Schiitz et al., 2021; Steingruber and Marschall, 2020). In
this context, it has to be emphasized that an additional larger interface
formed by the pUL97 kinase domain (IF1, amino acids 329-634) may
also contribute to cyclin interactions (Schiitz et al., 2021; Steingruber
et al., 2019). Our combined bioinformatic investigations and CoIP
deletion mapping experiments strongly suggest a very similar situation
of concerted activity between IF2 and IF1 (providing dominant or
accessory binding effects, respectively) being jointly responsible for
pUL97 interaction with cyclins T1 and H (Schiitz et al., 2021; Steing-
ruber et al., 2015; reviewed in Steingruber and Marschall 2020).

Next, we addressed the question whether cyclin H-associated kinases
in HCMV-infected cells (i.e. CDK7 and vCDK/pUL97) may share similar
properties of substrate phosphorylation. To this end, we focused on

known viral substrate proteins of pUL97, and performed CDK7-specific
non-radioactive in vitro kinase assays (IVKAs) using immunoprecipita-
tion samples of this selection of viral proteins to investigate their
property as putative CDK7 substrates (Fig. 3). ATPyS was added to the
IVKA reaction, which is used by kinases to thiophosphorylate substrates.
This thiophosphorylation was then detected by Western blot analysis
using a thiophosphate ester (TPE)-specific antibody. The functionality of
IVKA reactions was confirmed by the autophosphorylation of pUL97
(Fig. 3A, lane 2). Identical IVKA reactions were used as negative controls
in the absence of ATPyS (Fig. 3B). A key finding was that all analyzed
viral proteins, i.e. pUL44, pp65, pUL50, pUL53, pUL69, pUL56, and
pUL97, showed phosphorylation signals when immunoprecipitated
together with CDK?7, as depicted in Fig. 3A, lanes 3, 5, 7 and 9. Inter-
estingly, phosphorylation signals for pUL44, pp65, pUL50, pUL69, and
pUL97 were also detected in samples lacking specific antibodies for the
IP of these proteins, suggesting that they might form relatively stable
complexes with each other. However, this implied that the detected
phosphorylation of viral proteins was not necessarily solely performed
by CDK7 but could additionally be based on the vCDK/pUL97 activity.
To specify this question, the selective CDK7-inhibitor LDC4297 (Hut-
terer et al., 2015) was added to duplicates of the immunoprecipitates
shortly before the IVKA reaction. It has to be emphasized that parallel
control testings made sure the applied concentration of LDC4297 did not
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Fig. 2. Cyclin upregulation upon HCMV infection in TEV-1 cells and HFFs. TEV-1 cells (A) or HFFs (D) were seeded in 12-well plates and infected 1 d later with
HCMV Merlin at MOI of 0.5. Cells were harvested at indicated time points in duplicates originating from different wells (see duplicate samples indicated by odd- and
even-numbered lanes) before cells were lysed and prepared for standard SDS-PAGE and Wb analysis using the indicated antibodies. Two independent SDS-PAGEs/
Whbs were used for densitometry measurements in quadruplicate using ImageJ. Cyclin H signal intensity was normalized to p-actin and set in relation to mock-infected
controls for infected TEV-1 cells (B) and infected HFFs (E). TEV-1 cells (C) or HFFs (F) were infected in 12-well plates with HCMV Merlin at MOI of 0.5 to assess
cyclin H mRNA levels. Optionally, cells were treated with 1 uM of MBV or equal amounts of DMSO. Cells were harvested at the indicated time point, total RNA was
extracted and cyclin H mRNA levels were determined by a one-step RT-qPCR using cyclin H-specific primers and probe. The values obtained were normalized to the

mock-infected controls. Statistical analysis was performed using an ordinary one-way ANOVA test and post-hoc Tukey correction: ns, not significant; *

p<0.01; *** p<0.001; **** p<0.0001.

affect pUL97 kinase activity but completely blocked CDK7 activity
(Fig. S3). In this SDS-PAGE/Wb-based IVKA determination of substrate
specificity, the inhibition of CDK7 resulted in reduced phosphorylation
signals for all viral proteins analyzed (Fig. 3A, lanes 4, 6, 8, 10)
compared to untreated samples (Fig. 3A, lanes 3, 5, 7, 9). The control Wb
detection of all IP samples and total lysate input samples verified the
reliability of the measurement (Fig. 3C, D). Densitometric quantitation
of the phosphorylation signals confirmed that, upon CDK?7 inhibition, all
viral proteins analyzed were lower in phosphorylation levels compared
to untreated samples (Fig. 3E). Thus, the phosphorylation of the viral
proteins pUL97, pUL53, pUL56, pUL50, pUL44, pp65, and pUL69 was,
at least in part, sensitive to CDK7 inhibition, indicating that these pro-
teins may indeed be phosphorylation substrates of CDK7. To confirm
this point, an additional experiment was performed utilizing material
from HFFs infected with a recombinant HCMV that does not express
pUL97 (HCMV AUL97) in comparison to HCMV WT (Fig. S4). Consistent
with the results shown in Fig. 3, phosphorylation was detectable for
pUL53, pUL56, pUL50, pUL44, and pp65, when considering this

, p<0.05; **,

evaluation on a primarily qualitative basis, and thus suggested that no
less than these five viral proteins serve as CDK7 phosphorylation sub-
strates in vitro. In the context of previously published data demon-
strating their role as viral kinase pUL97 substrates (except for pUL56,
detected here for the first time), these five proteins may be dually
phosphorylated by both vCDK/pUL97 and CDK?7, although quantitative
statements or predictions about the preference of phosphorylation by
either of the two kinases cannot be made at this stage. Combined, these
novel data substantiate the interaction, on both physical and functional
levels, between vCDK/pUL97, cyclin H and CDK7. This deepened un-
derstanding then raised more specified questions about the molecular,
regulatory basis of this interaction, which we subsequently investigated.

3.2. Increased quantities of cyclin H exert a significant impact on the
vCDK/pUL97 kinase activity in vitro

As a next step, we investigated whether cyclin H has a direct effect on
vCDK/pUL97 kinase activity in vitro. Therefore, we generated 293T cells
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Fig. 3. Viral protein substrate phosphorylation by CDK7. HFFs were infected with HCMV AD169-GFP at MOI of 1 and lysed 3 d.p.i. (A) Viral proteins were
coimmunoprecipitated with cellular kinase CDK7 (lanes 3-10) and exposed to the non-radioactive IVKA reaction. Specific phosphorylation signals are marked to
indicate single (°) or continuous (arrows in respective colors) bands. Autophosphorylation signals of viral kinase pUL97 served as a positive control (lane 2). Du-
plicates of each immunoprecipitate were treated with 5 uM of CDK7-inhibitor LDC4297 shortly before the IVKA reaction (lanes 4, 6, 8, 10). (B) An IVKA reaction
conducted in parallel without ATPyS served as a negative control. Successful IP (C) and reliable expression levels (D) of all proteins of interest were demonstrated by

Wb analysis. (E) Phosphorylation signals from IVKA reactions shown in (A) were

quantitated three times with varying background parameters, resulting in triplicate

determinations of each sample, and mean values + SD were then normalized to IP control.

with a stable and dox-inducible anti-cyclin H shRNA (sp3) KD. An initial
Wb revealed a KD efficiency of approximately 50% compared to non-
induced cells (Fig. 4A). Lysate material from cells transfected with
either pUL97-Flag or an empty vector was then used for a qSox-IVKA to
quantitatively measure pUL97 kinase activity (Schiitz et al., 2022). For
this purpose, pUL97-Flag was immunoprecipitated from dox-induced or

non-induced material using Dynabeads-anti-Flag antibody IP com-
plexes. The quantities of immunoprecipitated proteins were determined
and normalized to non-induced samples by Wb analysis (Fig. 4A).
Dynabead-bound pUL97, or empty beads derived from mock-transfected
material, were used to measure pUL97 kinase activity, in dependence of
cyclin H. Strikingly, pUL97 kinase activity was significantly reduced to
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Fig. 4. The exogenous addition of recombinant cyclin H increases pUL97 in vitro kinase activity. (A) Cyclin H KD in 293T cells was induced by the addition of
500 ng/ml doxycycline (dox) for 5 d. KD efficiency was determined by Wb using the indicated antibodies. Dox-induced and non-induced 293T cells were transiently
transfected with plasmids encoding pUL97-Flag or empty vector control. Cells were lysed 2 d post-transfection, and pUL97-Flag was immunoprecipitated using the
indicated antibodies; a mouse Fc fragment served as a negative control. Dynabeads-bound proteins were eluted in 100 pl enzyme buffer. Volumes of 25 ul of eluted
Dynabeads were denatured in 25 pl 2x loading buffer and subjected to SDS-PAGE and Wb analysis. The quantity of immunoprecipitated pUL97-Flag was determined
densitometrically, measuring the mean expression levels derived from two different Wbs, and by subsequent normalization of these mean values towards non-
induced reference samples (lane 2). (B) Immunoprecipitated pUL97-Flag and Fc control samples from dox-induced or non-induced 293T cells were subjected to a
qSox-IVKA (using the pUL97-specific sensor peptide AQT0258). The background signal of the Fc control was subtracted from the IP-specific pUL97 kinase signal. The
resulting pUL97 kinase signal was first multiplied by the normalization factor from (A), to compensate for different quantities in the IVKA reactions, and then
normalized to the non-induced reference samples. Mean values + SD are given, as derived from three independent biological replicates, with measurements in
triplicates each. (C) pUL97-Flag derived from lysed WT 293T cells was immunoprecipitated, eluted in 120 ul enzyme buffer, before a qSox-IVKA was performed. A
mouse Fc fragment, used instead of an IP antibody, served as a negative control. Additionally, three different concentrations of recombinant cyclin H (100, 50, 0 nM)
were applied to the reactions. The background signal of the Fc control was subtracted from the pUL97 kinase signal. The resulting pUL97 signal was normalized to the
sample without cyclin H addition. Mean values + SD are given, as derived from three independent biological replicates, with measurements in triplicates each.

Statistical analysis was performed using an ordinary two-way ANOVA: *, p < 0.05; **, p < 0.01; n.s., not significant.

62.1%, when immunoprecipitated under conditions of cyclin H KD
(+dox), compared to the non-KD (-dox) control (Fig. 4B). To confirm
this finding in a reciprocal setting, we immunoprecipitated pUL97-Flag
from transfected-cell material and exogenously added recombinant
cyclin H to the qSox-IVKA reaction. The exogenous addition of 100 nM
recombinant cyclin H increased the in vitro kinase activity of pUL97 by
31.5% (Fig. 4C). These results are consistent with our previously pub-
lished results and provide further evidence that cyclin H binding has a
positive effect on pUL97 kinase activity.

3.3. CDK7 in vitro activity is trans-stimulated by the presence of active
vCDK/pUL97

Following these findings, we attempted to investigate whether
pUL97, in a complex with cyclin H, which may inherently include the
cyclin H-associated CDK?7 (see Fig. 1), might have a stimulatory effect on
CDK?7 kinase activity. As before, we transfected 293T cells with plasmids
coding for pUL97-Flag or empty vector control and used the cell material
for the subsequent immunoprecipitation of pUL97-Flag, and/or CDK7,
or used nonreactive Fc fragment as a negative control. In this setting, the
two kinases were either immunoprecipitated separately or simulta-
neously. The quantity of immunoprecipitated protein was determined
and normalized according to Wb analysis (Fig. 5A). For the subsequent
qSox-IVKA, a CDK7-specific Sox-peptide (which is strongly recognized
by CDK7, but only marginally recognized by pUL97) was used as a ki-
nase sensor. Firstly, the kinase activity of single immunoprecipitates of
CDK7 and pUL97 was measured. Secondly, the kinase activity of CDK7/
pUL97-Flag coimmunoprecipitation was measured and pUL97 single
kinase activity was subtracted from the coimmunoprecipitated activity

values, thus revealing the specific kinase activity of CDK7. The activity
values of jointly coimmunoprecipitated CDK7 plus pUL97 were
normalized to the values derived from CDK?7 single immunoprecipita-
tion. Strikingly, the CDK7 activity derived from pUL97-transfected
samples was significantly increased by 35.1% compared to the non-
transfected control (Fig. 5B). This increased CDK7 kinase activity
could be abolished by the addition of 0.35 uM MBV (concentration
corresponding to its mean ECsg value in cultured cell-based antiviral
assays), thus confirming the activating potential of pUL97 on CDK7
(Fig. 5C). Of note, CDK7 was not inhibited by the concentration of 0.35
uM MBV (corresponding to the pUL97-specific ECsq value), and pUL97
kinase activity was reduced to 50% by this concentration of 0.35 pM,
thereby confirming both the pronounced specificity and sensitivity of
MBV (Fig. S3). In a reciprocal setting, we also investigated whether
CDK7 is likewise capable of activating pUL97. The kinase activity of
coimmunoprecipitated pUL97-Flag/CDK7 was measured using a pUL97-
specific sensor qSox-peptide. Optionally, 0.01 uM CDK?7-specific inhib-
itor LDC4297 or DMSO as solvent control was added to the reaction
(Fig. 6). Interestingly, no change in pUL97 activity was detected in the
presence or inhibition of CDK7. Therefore, our data suggest that this
mode of kinase trans-stimulation is unidirectional from vCDK/pUL97 to
CDK?7, but not vice versa.

Based on HCMV-infected primary human fibroblasts (HFFs), we
identified another remarkable correlation between the phosphorylation
patterns of CDK7 (an indicative marker of catalytic activity), on the one
hand, and the influences of HCMV infection and pUL97 kinase activity,
on the other hand. Wb analyses applying commercially available,
phosphosite-specific antibodies against CDK7 T-loop phosphorylation
sites pSer164 and pThr170 (as well as antibodies against CDK9 pThr186
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Fig. 5. Mode of in vitro trans-
stimulation: vCDK/pUL97 can in-
crease the activity of human CDK7
significantly. (A) 293T cells were
transiently transfected with plasmids
T encoding pUL97-Flag or with an empty
vector control. Cells were lysed 2 d post-
transfection, and pUL97-Flag and/or
CDK7 were immunoprecipitated using
the indicated antibodies; a mouse Fc
fragment served as a negative control.
Dynabeads-bound proteins were eluted
in 150 pl enzyme buffer. 25 pl of eluted
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3). (B) Samples based on the immuno-

precipitation of CDK7, pUL97-Flag, CDK7 plus pUL97-Flag, as well as Fc control samples, were subjected to a qSox-IVKA (using the CDK7-specific sensor peptide
AQTO0459). The background signal of the Fc control was subtracted from kinase signals. The resulting kinase-specific signals were multiplied by the normalization
factors from (A), to compensate for different quantities of the kinases in the IVKA reactions. Additionally, the kinase signal of single-immunoprecipitated pUL97-Flag
was subtracted from double-immunoprecipitated CDK7 plus pUL97-Flag, to obtain a corrected CDK7-specific kinase signal. All kinase signals were then normalized to
the kinase signal derived from CDK7 single immunoprecipitation. Mean values & SD from three independent biological replicates are given, as derived from
measurements in triplicates. (C) The concentration of 0.35 uM of pUL97-specific inhibitor maribavir (MBV; corresponds to mean antiviral ECso value) or DMSO as
solvent control was added to CDK7 + pUL97-Flag samples and CDK7-specific kinase activity was measured using a qSox-IVKA (using the CDK7-specific sensor
peptide AQT0459). Mean values + SD are given, as derived from one representative biological replicate, with measurements in triplicates. Statistical analysis was
performed using an ordinary two-way ANOVA: *** p < 0.001; *, p < 0.05; n.s., not significant.

or CTD-RNAP II pSer2) were performed. The results indicated the
following characteristics: firstly, an upregulation of expression and
phosphorylation levels for CDK7 upon HCMV infection was detected
(note a modest increase in CDK7 pThr170); secondly, a dependence of
the two CDK7 phosphomarkers pSer164 and pThr170 on the presence of
active pUL97 kinase (either K355M mutant or MBV treatment; and
thirdly, an unexpected modest increase of these two CDK7 phospho-
markers under conditions of an impaired or inhibited activity of viral
pUL97 activity (Figs. 7, S5; note that the phosphorylation specificity of
antibodies was verified by controls based on alkaline phosphatase-based
dephosphorylation of protein samples, see Fig. S6). Especially the latter
finding may be explained by a compensatory effect in HCMV-infected
cells. Such compensation might be a result of the lack of pUL97 kinase
activity. Such counterregulation, in terms of the observed increase of
these two CDK7 phosphomarkers in the absence of pUL97, might
concern a balancing of CDK7-mediated transcriptional activity in
HCMV-infected cells to maintain an activated state required for efficient
HCMV replication. This latter scenario, however, lacks supporting data,
i.e. specific experimentation should address this point in a follow-up
study.

3.4. An inducible knock-down of cyclin H exerts a substantial impact on
the HCMV replication efficiency

To better understand the functional significance of cyclin H in HCMV
infection, we pursued the conditional depletion of cyclin H expression
from HCMV-permissive primary HFFs. However, previous attempts to
generate a stable and complete CRISPR/Cas9 knock-out of cyclin H
proved difficult due to the multiple roles of cyclin H-CDK7 complexes in
cell cycle, transcription, and other regulatory functions (Schiitz et al.,
2022). To overcome this limitation, here we selected five HFF

populations with stably transduced doxycycline (dox) inducible
anti-cyclin H short hairpin RNAs (shRNAs), as designated sh53, sh107,
spl, sp3, and sp4 (Figs. 8, S7). shRNA was induced for 5 d before
infection of HFFs to determine HCMV infection kinetics by Wb analysis
and qPCR-based viral genome quantitation. For Wb analysis,
dox-induced and non-induced HFF WT, sp3, and sh53 cells were har-
vested at 1, 2, 3, 4, and 5 d p.i., before immediate early (IE) protein
IE1p72, early (E) protein pUL44 and late (L) protein MCP were detected
together as viral markers, in addition to cyclin H and p-actin as a loading
control. In WT cells, no difference in viral protein expression was
observed between dox addition and the control without dox (Fig. 8A). IE
protein IE1p72 was strongly detectable from 1 d p.i., E protein pUL44
from 2 d p.i. of infection, and L protein MCP from 4 d p.i.. Similar to
Fig. 2, cyclin H was strongly upregulated from 2 d p.i. onwards. The
qPCR-based replication kinetics were consistent with the Wb result and
revealed no difference in viral genomic copy numbers between +dox
and -dox (Fig. 8B). In contrast to WT cells, cyclin H expression in
dox-induced sp3 HFFs was close to the detection limit and no upregu-
lation of cyclin H was noted upon infection (Fig. 8C). Consequently,
protein levels of IE1p72 were reduced in shRNA-expressing cells,
compared to -dox control cells, at all time points analyzed. Strikingly,
the expression of E protein pUL44 was strongly delayed and only weakly
detectable at 4 d p.i., compared to 2 d p.i. in the control cells. L protein
MCP was also delayed and barely apparent at 5 d p.i.. Importantly, also a
highly significant, 2-fold log10 reduction in the release of viral genome
equivalents was detected by qPCR (Fig. 8D). Concerning infection of
HFF sh53 cells, also here viral protein production in dox-induced was
reduced compared to non-induced cells, although to a lesser extent than
in HFF sp3 cells (Fig. 8E, F). This correlates with the expression of cyclin
H, as its HCMV-mediated upregulation upon infection was only slightly
affected by the addition of dox, but not completely abolished. The
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Fig. 6. Human CDK7 does not increase pUL97 in vitro kinase activity. (A)
293T cells were transiently transfected with plasmids encoding pUL97-Flag.
Cells were lysed 2 d post-transfection, and pUL97-Flag and CDK7 were immu-
noprecipitated using the indicated antibodies; a mouse Fc fragment served as a
negative control. Dynabeads-bound proteins were eluted in 150 ul enzyme
buffer. 25 ul of eluted Dynabeads were denatured in 25 pl 2x loading buffer and
subjected to SDS-PAGE and Wb to confirm successful precipitation of pUL97-
Flag and CDK?7. (B) Samples derived from immunoprecipitation of CDK7 plus
pUL97-Flag, as well as Fc control samples, were subjected to a qSox-IVKA
(using the pUL97-specific sensor peptide AQT0258). Optionally, 0.01 uM of
CDK7-specific inhibitor LDC4297 (corresponds to the mean antiviral ECsg
value) or equal amounts of DMSO were added to the reactions. Background
activity determined with the Fc control was subtracted from values of combined
pUL97-Flag plus CDK7 kinase activity. Mean values + SD derived from one
representative experiment are given, as derived from measurements in tripli-
cates. Statistical analysis was performed using an ordinary two-way ANOVA: n.
s., not significant.

production of viral genome equivalents was also impaired and delayed
by about 1-fold logl0O in dox-induced HFF sh53 cells compared to
non-induced cells.

Another Wb dataset of HFF sp3 and HFF WT was generated to
confirm the cyclin H dependence of HCMV AD169 in terms of viral
protein production and viral replication efficiency (Fig. 9A). In addition,
the KD efficiency of cyclin H was determined by densitometry and was
reduced up to 15% compared to WT cells, while the upregulation of
cyclin H in non-induced cells was comparable to WT HFFs. Again, pro-
tein production of IE protein IE1p72, E protein pUL44, and L protein
MCP was strongly delayed and reduced in HFF sp3 cells compared to
non-induced HFF sp3 and WT HFFs. Moreover, we addressed the ques-
tion of whether cyclin H is also important for the genetically intact,
clinically relevant HCMV strain Merlin by applying qPCR-based repli-
cation kinetics (Fig. 9B, C). HFF sp3 dox-induced and non-induced cells
were infected either with HCMV Merlin WT or the Merlin mutant
expressing ganciclovir resistance-conferring ORF-UL97 A594V, before
viral genome equivalents released into the supernatant were quantified.
Starting at 6 d p.i., a genomic increase could be detected for both HCMV
Merlin WT and mutant A594V in the non-induced cells, whereas no
increase in viral genome equivalents could be detected in dox-induced
cells over the entire time course of the experiment. This complete lack
of viral release of genome equivalents was even more pronounced than
previously observed for laboratory strain HCMV AD169, suggesting that
cyclin H may play an even more crucial role for HCMV Merlin than for
HCMV AD169.
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3.5. Analysis of covalent inhibitors potentially targeting the pUL97—cyclin
interaction

In an approach to validate this important key aspect of virus-host
interaction, we analyzed putative PPI inhibitors of the pUL97-cyclin H
interaction using the established NanoBiT® system (Fig. 10A). In this
assay, proteins of interest are fused to LargeBiT (LgBiT) or SmallBiT
(SmBiT) fragments of a recombinant luciferase. Both constructs are
transiently coexpressed in 293T cells. The interaction of proteins leads
to the structural complementation of LgBiT and SmBiT, generating a
functional NanoLuc that converts a chemical substrate and emits a
chemoluminescent reporter signal. In a first test, 293T cells were
transfected with constructs coding for red fluorescent protein (RFP),
SmBiT::cyclin H, LgBiT::CDK7, LgBiT::UL97 or LgBiT::UL97(231-280),
either as single transfection controls, or cotransfected with SmBiT::
cyclin H together with one of the three LgBiT constructs LgBiT::CDK7,
LgBiT::UL97 or LgBiT::UL97(231-280). While single-transfected cells
produced only marginal levels of luminescence signal, LgBiT::CDK7 +
SmBiT::cyclin H produced a strong signal. Regarding the interaction of
vCDK/pUL97 with cyclin H, luminescence levels of full-length pUL97
were very low, whereas the minimally required binding fragment pUL97
(231-280) was able to strongly interact with cyclin H and complement to
a fully functional NanoLuc luciferase and generate luminescence
(Fig. 10B). Apparently, the expression of the minimal interaction frag-
ment in fusion construct LgBiT::UL97(231-280) led to the most promi-
nent PPI signal in this assay system (and a lack of signals with the full-
length pUL97 version might refer to a limited stability of overex-
pressed pUL97, which is consistent with our earlier experience in
expressing pUL97 in other systems; Marschall et al., 2002; Schiitz et al.,
2021; Steingruber et al., 2015; Webel et al., 2014). We then performed a
small-scale comparative analysis with a selected series of small mole-
cules, addressing the question of PPI disruption detected by this system
(Fig. 10C). For this purpose, we used covalently binding inhibitors,
referred to as warhead compounds, which possess a strong inherent
reactivity of covalent binding to accessible cysteine residues in target
proteins (Petri et al., 2020). Previously, our studies already identified
warheads comprising anti-HCMV activity in cultured cell models, in the
absence of marked cytotoxicity, in a micromolar range of ECsq values
(Tillmanns et al., 2023). Here, we focused on blocking effects on pUL97
(231-280)-cyclin H interaction in the NanoBiT by applying inhibitors at
a concentration of 10 uM. As a main finding, we identified a strong
inhibitory activity of the compound LDC492 (Fig. 10C). The chemical
structure and the o, p-unsaturated carbonyl groups responsible for co-
valent binding to the target are marked by red circles (Fig. 10D). A
concentration-dependent evaluation of the mean inhibitory activity
revealed an ICsg value of 5.3 uM =+ 2.7 uM (Fig. 10E). Of specific rele-
vance is the point that we recognized two possibly structurally exposed
cysteine residues in the minimal binding fragment of pUL97—cyclin H
(IF2) and generated alanine replacement mutants, by introducing
C272A and C272A/C274A into LgBiT::UL97(231-280) using
site-directed mutagenesis. Both the single-mutant as well as the
double-mutant revealed a marked reduction of the PPI blocking activity
of the warhead compound LDC492, as measured with the NanoBiT
system under identical conditions (ICsq values of 16 uM + 0 uM and uM
13 + 3, respectively, Fig. 10E). This result strongly underlined our
concept that this covalent binder, at least in part, is directed to the
pUL97—cyclin H interaction. It should be noted that this compound is
only considered a preliminary example of an experimental warhead so
far, with the potency to block virus-relevant PPI. Nevertheless, a
confirmatory experiment, including specificity testing, was undertaken
by a CoIP approach, in which we used the identical type of protein
samples applied to the NanoBiT experimentation. These samples of
transient expression were subjected to a ColP reaction to confirm the
PPI-inhibitory activity of LDC492 towards pUL97-Flag in its interaction
with endogenous cyclin H (Fig. 10F). The result shows that the com-
pound is effective in blocking pUL97-cyclin H interaction also in the
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Fig. 7. Phosphorylation patterns of CDK7 depend on the state of HCMV infection and pUL97 kinase activity. (A) HFFs were seeded in T75 cell culture flasks
and infected 1 d later with HCMV AD169, or pUL97 kinase-deficient mutant ORF-UL97 K355A at MOI of 0.5, or remained-mock infected. 24 h after infection HCMV
AD169 infected cells were treated with 0.35 pM (i.e. ECs¢) pUL97-specific inhibitor maribavir (MBV), or with equal amounts of DMSO. Cells were harvested 3 d p.i.
and samples were subjected to standard SDS-PAGE and Wb analysis. Proteins of interest and site-specific phosphorylation were stained using the indicated antibodies.
(B) Mean values + SD of phosphorylation intensity of CDK7 at sites Ser164 and Thr170, as well as CDK9 Thr186, was determined by quadruplicate densitometric
quantitation of those Wbs depicted in (A) together with a second biological replicate (shown in Fig. S5). Statistical analysis was performed using an ordinary one-way
ANOVA and post-hoc Tukey correction: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; n.s., not significant.

ColP approach, especially at the higher concentrations of 10 and 20 uM
(Fig. 10F, upper Wb panel), while it is inactive against CDK7-cyclin H
interaction (second upper panel). This finding confirms, on the one
hand, the blocking activity of the compound against pUL97—-cyclin H
with an independent, second method (ColIP in addition to NanoBiT), and
provides, on the other hand, a binding specificity control, as the com-
pound does not interfere with CDK7—cyclin H. To build on this finding
obtained with the compound LDC492, further information on binding
characteristics, target specificity, or antiviral developmental potential of
this group of small molecules has still to be provided by future analysis.
At this stage of investigation, the approach points to the basic option of
exploiting this type of PP, i.e. herpesviral kinase—cyclin interaction, as a
novel strategy of antiviral drug targeting.

3.6. Conclusion: combined data of the study illustrate the codetermination
of efficiency of the HCMV replication by vCDK/pUL97, cyclin H and
CDK7

As demonstrated by the findings of this study, the efficiency of HCMV
replication is codetermined by viral and cellular CDK-cyclin complexes
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(summarized in Table 1). Previous reports already illustrated that both,
vCDK/pUL97 inhibitors, such as MBV (ECsg 0.35 + 0.42 uM), and CDK7
inhibitors, such as LDC4297 (ECso 0.009 + 0.002 pM), exert a very
pronounced antiviral activity (Biron et al., 2002; Hutterer et al., 2015;
Steingruber and Marschall, 2020). Our recent reports also revealed a
strong drug synergism between several combination treatments with
vCDK/pUL97 and CDK inhibitors (Wild et al., 2022; Wild et al., 2021).
Moreover, our current investigations demonstrated a strong functional
relevance of cyclin H for HCMV replication in various host cell types
(Schiitz et al., 2022; Schiitz et al., 2021; present study). In particular, the
experimental settings of transient cyclin H knock-out (KO) and inducible
cyclin H KD showed a significant reduction of HCMV replication
compared to control cells (60.9 +0.5/199 +55/6.0+1.2/9.4 +
0.4, respectively, as depending on the experimental conditions). Com-
bined, these results provide evidence for the importance of these regu-
latory factors as codeterminants of HCMV replication efficiency.
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Fig. 8. Evaluation of viral replication efficiency in stably transduced HFFs expressing doxycycline-inducible anti-cyclin H shRNAs. HFF WT (A) or stably
transduced HFFs, under conditional dox-inducible KD, termed HFF sp3 (C) and HFF sh53 (E) were seeded in 12-well plates before shRNA was induced by the addition
of 500 ng/ml dox for 5 d. Next, dox-induced and non-induced HFFs were infected with HCMV AD169 at MOI of 0.25 and were harvested at indicated time points for
standard SDS-PAGE and Wb analysis using the indicated antibodies. Additionally, dox-induced and non-induced HFFs were infected with HCMV AD169 at MOI of
0.001 (B, D, F). Viral supernatants were collected at the indicated time points and viral genome equivalents were determined by qPCR. Mean values + SD of two
independent biological replicates, each measured in technical duplicates, are shown. Statistical analysis was performed using an ordinary two-way ANOVA and post-
hoc Sidak correction: ***, p < 0.001; **** p < 0.0001.
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Fig. 9. Viral replication efficiency in transduced HFF cell populations carrying an expression module of inducible anti-cyclin H shRNA sp3. (A) Non-
transduced HFFs WT or transduced HFFs carrying the dox-inducible anti-cyclin H shRNA sp3 module were seeded in 12-well plates and shRNA was induced by
the addition of 500 ng/ml dox for 5 d. Thereafter, dox-induced and non-induced HFFs were infected with HCMV AD169 at MOI of 0.25 and were harvested at
indicated time points for standard SDS-PAGE and Wb analysis using the indicated antibodies. KD efficiency of cyclin H was quantitatively determined by densi-
tometric evaluation. Dox-induced and non-induced HFF sp3 were infected with HCMV Merlin WT (B) or mutant Merlin expressing GCV resistance-conferring A594V
variant of pUL97 (Schiitz et al., 2022) (C) at MOI of 0.001. Viral supernatants were collected at the indicated time points and viral genome equivalents were
determined by qPCR. Mean values + SD of two independent biological replicates, each measured in technical duplicates, are shown. Statistical analysis was per-
formed using an ordinary two-way ANOVA and post-hoc Sidak correction: ****, p < 0.0001.

4. Discussion
4.1. Relevance of CDK—cyclin complexes for host cell regulation

In this research, we substantiated our knowledge about CDK7 and its
multiple roles during HCMV infection. Data of this study strongly sup-
port the previous statement that cyclin H contributes to the HCMV
vCDK/pUL97 activity in concert with host CDK7. As a translational
aspect of the current investigations, which is further discussed below,
we provide the first experimental evidence that the pUL97-cyclin H
interaction, as part of an important regulatory complex constituted by
these two components together with CDK7, may be exploited as a drug-
accessible target. Regarding the host-specific components of this regu-
latory complex, it should be mentioned that CDK7 requires two addi-
tional proteins to reach its fully activated state, namely cyclin H and the
RING-finger protein MAT1 (Peissert et al., 2020; Tassan et al., 1995).
This heterotrimeric complex then stimulates the cell cycle CDKs, i.e.
primarily CDKs 1, 2, and 4/6, via T-loop phosphorylation and is there-
fore referred to as the CDK-activating kinase (CAK) complex (Lolli and
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Johnson, 2005). The CAK also plays an important role in transcriptional
regulation by associating with the general transcription factor II H
(TFIIH). While phosphorylation is not obligatory for CDK7 activity per
se, the T-loop can be phosphorylated at two positions Serl64 and
Thr170, thereby enhancing both CDK7 kinase activity and cyclin H
binding (Glover-Cutter et al., 2009; Sava et al., 2020). Especially CDK7
phosphorylation at Thr170 appears to enhance CDK7 activity as a part of
the transcriptional TFIIH complex towards RNAP II without significantly
affecting activity towards CDK2 (Larochelle et al., 2001). Notably, the
T-loop phosphorylation-induced increase in activity is solely attributed
to an accelerated enzyme turnover (Larochelle et al., 2001). In HCMV
infections, the CAK has previously been reported to be more highly
expressed and active towards RNAP II CTD than in the uninfected state.
Interestingly, CDK7 activity is elevated even before a detectable increase
in CDK7 expression levels, suggesting an additional virus-induced
mechanism (Tamrakar et al., 2005). In this study, we provide evi-
dence that viral pUL97 activity exerts a stimulatory effect on CDK7 ac-
tivity, as exemplified by the use of sensitive qSox-IVKA methodology.
Based on this finding, it seems plausible that pUL97 might likewise
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Fig. 10. Measurements in the NanoBiT system demonstrate a warhead-mediated inhibition of pUL97(231-280)-cyclin H interaction. (A) Schematic
depiction of the NanoBiT system. Proteins of interest are fused to LargeBiT (LgBiT) or SmallBiT (SmBiT) fragments of recombinant luciferase, to be coexpressed in
transiently transfected cells. Interaction of proteins leads to the complementation of LgBiT and SmBiT, thereby generating a functional NanoLuc luciferase that
converts a chemical substrate and thereby emits a chemoluminescence reporter signal. (B) NanoBiT test measurement of cells expressing red fluorescent protein
(RFP), LgBiT::UL97, LgBiT::UL97(231-280), or LgBiT::CDK7 to evaluate the specificity of the system. Additionally, cells expressing LgBiT::CDK7, as well as the
complete pUL97 (LgBiT::UL97) or solely the cyclin H interaction interface (LgBiT::UL97(231-280) were tested together with SmBiT::cyclin H to identify the most
robust interaction pair. LgBiT::UL97(231-280)-SmBiT::cyclin H was used for further inhibitor analysis. (C) NanoBiT primary small-scale screening of potential in-
hibitors of the interaction LgBiT::pUL97(231-280) + SmBiT::Cyclin H. LgBiT:pUL97(231-280) and SmBiT::Cyclin H coexpressing cells were treated with a series of
experimental compounds (LDC compounds, 10 pM), maribavir (MBV, 10 uM) or staurosporine (STP, 1 pM), the latter two as reference controls, before luciferase
signal was measured. Signal intensities were normalized to the DMSO control. (D) The chemical structure of LDC492 is given and the «, p-unsaturated carbonyl
groups are marked with red circles (E) 293T cells were transfected with LgBiT::UL97(231-280) WT, point mutants C272A/C274A or C274A, together with SmBiT::
cyclin H, and treated with serial concentrations of LDC492 to determine ICsq values of pUL97(231-280)-cyclin H interaction (black curves). Replacement mutants
C272A/C274A and C274A of LgBiT::pUL97(231-280) are depicted as orange or green curves, respectively. 293T cells were transiently transfected with plasmids
encoding pUL97-Flag or empty vector control (F). Cells were lysed 2 d post-transfection and human cyclin H was immunoprecipitated; a rabbit Fc fragment served as
a specificity control. A range of different concentrations of LDC492 or equal amounts of DMSO were added during cell lysis and ColIP. Subsequently, CoIP samples and
l‘ysate controls, taken before the addition of IP-Abs were then subjected to standard Wb analysis using the indicated antibodies.

phosphorylate CDK?7 in its T-loop, possibly inducing an efficiency in- 4.2. Cyclin H is important for the function of both CDK7 and vCDK/
crease of RNAP II CTD phosphorylation. In addition, the ternary mode of pUL97
interaction of pUL97(231-280) close to the cyclin H-CDK7 interface

(Fig. 1B) might stabilize this complex, thereby also enhancing CDK7 We reported previously that cyclin H is an important coregulator of
activity. However, this hypothesis still requires experimental confir- HCMV replication (Schiitz et al., 2022). However, it remained an open
mation. In general terms, it appears reasonable that a strong CDK7 question whether this cyclin H dependence was specifically related to
phosphorylation, associated with a high level of transcriptional activity, the inactive CAK complex or whether the lack of pUL97-cyclin H
is beneficial for the lytic cycle of HCMV infection. Primarily, CDK7 interaction may similarly exert a negative effect on HCMV replication. In
phosphorylates RNAP II CTD at Ser5 to mediate transcription initiation. particular, the efficient inhibition of HCMV replication by
In addition, CDK7 activates CDK9, which in turn phosphorylates the CDK?7-directed drugs suggested that the inactive CAK might play a major
CTD of RNAP II at Ser2 to mediate transcription elongation (Sava et al., role in the observed cyclin H KO/KD phenotype (Wild et al., 2022).
2020). Importantly, pUL97 has also been shown to phosphorylate RNAP However, here we provide experimental evidence that not exclusively

II at both sites of Ser2 and Ser5 in vitro (Baek et al., 2004). Interestingly, CDK7, but also pUL97 activity, depends on cyclin H in the context of
the increased phosphorylation levels of the CDK7 T-loop upon phar- HCMV replication. KD of cyclin H significantly reduced pUL97 kinase
macological inhibition of vCDK/pUL97, observed in the present study, activity and the exogenous addition of recombinant cyclin H was able to
may represent a compensatory mechanism to maintain upregulated improve pUL97 kinase activity in vitro. We thus concluded that the
CDK7 activity in the absence of pUL97 activity. Another interesting KO/KD of cyclin H not only affects the CAK complex but likewise
aspect in this context is the fact that pharmacological inhibition of both vCDK/pUL97 in its activity. To our knowledge, this is the first evidence
pUL97 and CDK?7, through drug combination treatment, produces strong that a herpesviral kinase requires human cyclin interaction to achieve
synergistic effects in antiviral potency, indicating that a lack of both full functionality.

kinase activities cannot be overcome by the virus. Taken together, these

findings further underscore the importance of the interplay between 4.3. Inhibition of vCDK/pUL97-cyclin H-CDK7 complexes as part of a
CDK?7 and vCDK/pUL97 for HCMV replication efficiency. novel antiviral targeting strategy

Recently, MBV has been clinically approved as the first kinase in-
hibitor in the entire field of antiviral therapy (Maertens et al., 2019;
Marty et al., 2011). This achievement strongly encourages the devel-
opment of additional kinase inhibitors against HCMV, other herpesvi-
ruses, and even unrelated human pathogenic viruses (Steingruber and
Marschall, 2020). In particular, the pronounced anti-HCMV efficacy of
host-directed CDK inhibitors has been reported and may favor the
development of such drugs. It should be noted that the CDK7 inhibitor

Table 1
Modes of antiviral interference exemplifying the codetermination of viral
replication efficiency by viral and host-specific factors.

vCDK/pUL97  CDK7 Cyclin H used in this study, LDC4297, is one of the rare examples of a highly

Impact on HCMV antiviral drug:  antiviral transient cyclin H KO: selective kinase inhibitor, as exemplified by the demonstration of a
replication ECso drug: % HCMV vs. control kinome-wide selectivity panel (Hutterer et al., 2015). Based on the
glg;ibj‘grQ 55204297 :;11569 6094 05« herpesviral expression of viral CDK orthologs (e.g. HCMV

pl‘VI ' 0.009 - (Schm; o ;ﬂ” 20f22) vCDK/pUL97), approaches for combination treatment with both CDK

(Wild et al., 0.002 M inducible cyclin H KD: and vCDK inhibitors may lead to the exploitation of drug synergisms in

2022) (Wild et al., % HCMV vs. control clinical settings. Beyond this aspect, the findings of the present study

2022) cells ‘ illustrated the importance of vCDK-cyclin interaction. This may repre-

I:A]Zil?j:vﬁg (fji)z . sent another key point for future drug targeting options. Small molecules

Merlin ORF-ULO7 with the potential to interfere with cyclin-associated complexes in

A594V 9.4 + 0.4* virus-infected cells, such as pUL97-cyclin H, may prove to be a mecha-

(present study) nistically innovative approach to future anti-HCMV drug development.

* HCMV replication efficiency in HFF KO/KD cells compared to control cells. The current report may provide a basis for similar analysis in related
Primary values of viral genome equivalents obtained from the replication ki- herpesviral systems similarly, which should broaden the understanding
netics (i.e. last day transient cyclin H KO AD169 7 d p.i., last day inducible cyclin of virus-host interaction at the molecular and medically oriented

H KD AD169 16 d pi., last day inducible cyclin H KD Merlin WT/A594V 17 d p.i) translational levels.
were divided by the respective genomic values obtained at 2 d p.i. and finally
normalized using their control values (i.e. HFFs WT or non-induced cells).
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