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Abstract
An unresolved question in herpesvirus biology is why some herpesviruses contain more

than one lytic origin of replication (oriLyt). Using murine gammaherpesvirus 68 (MHV-68) as

model virus containing two oriLyts, we demonstrate that loss of either of the two oriLyts was

well tolerated in some situations but not in others both in vitro and in vivo. This was related

to the cell type, the organ or the route of inoculation. Depending on the cell type, different

cellular proteins, for example Hexim1 and Rbbp4, were found to be associated with oriLyt

DNA. Overexpression or downregulation of these proteins differentially affected the growth

of mutants lacking either the left or the right oriLyt. Thus, multiple oriLyts are required to

ensure optimal fitness in different cell types and tissues.

Author Summary

Herpesviruses show two stages in their life cycle: lytic replication and latency. Lytic DNA
replication is initiated at a defined site on the viral genome, the so-called lytic origin of rep-
lication (oriLyt). While some herpesviruses have a single oriLyt, others have multiple ori-
Lyts. Why some herpesviruses need more than one oriLyt is not known. This study
demonstrates that the presence of multiple oriLyts enables gammaherpesviruses to effi-
ciently establish infection in different cell or tissue types and during different phases of the
viral life cycle. Depending on the cell type, different cellular proteins were found to be
associated with oriLyt DNA, and overexpression or downregulation of these proteins dif-
ferentially affected the growth of viruses containing only a single oriLyt. Thus, multiple
oriLyts ensure optimal viral fitness in different cell types and tissues.

Introduction
Herpesviruses show two stages in their life cycle: lytic replication and latency. Lytic DNA repli-
cation is initiated at a defined site on the viral genome, the lytic origin of replication (oriLyt).
While some herpesviruses, for example human cytomegalovirus (HCMV), have a single oriLyt,
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others have multiple oriLyts [1]. Why some herpesviruses need more than one oriLyt is not
known [2].

Across different herpesvirus family members, oriLyts may vary in size and in complexity,
but are usually characterized by the presence of binding sites for transcription factors and
repeat sequences [3]. "Trans"-acting factors, usually multi-protein complexes, are necessary for
efficient oriLyt-dependent DNA replication. During the lytic cycle, a multi-protein complex is
formed at the oriLyt and initiates the replication process [4]. This complex is composed of viral
proteins, which first form a pre-replication complex that is then recruited to the oriLyt, binds
to it and subsequently becomes the replication initiation complex. The viral proteins are con-
served among the various herpesviruses, and are often referred to as the six core replication
proteins: DNA polymerase, processivity factor, helicase, primase, primase-associated factor
and ssDNA binding protein. In addition to these factors, each herpesvirus needs at least one
origin-binding protein, e.g. Zta for Epstein-Barr virus (EBV) and Rta and bZIP for Kaposi's sar-
coma-associated herpesvirus (KSHV) [5]. Besides viral proteins, cellular proteins are also
involved in the complex. While the identity of viral proteins is relatively well established, not
all of the cellular proteins are known [6]. For KSHV, Topoisomerase I and II, for example, have
been shown to interact with the oriLyt [6]. Using depletion of Topoisomerase I and II by
shRNA-mediated "gene silencing" or by chemical inhibition, lytic replication of KSHV could
be significantly inhibited [7].

The two known human gammaherpesviruses (γHV) EBV and KSHV belong to those her-
pesviruses that have more than one oriLyt, namely two [8,9]. The prototypic γ1-herpesvirus
EBV is associated with lymphomas and nasopharyngeal carcinoma [10]. KSHV, a γ2-herpesvi-
rus, is associated with lymphoproliferative disorders and Kaposi’s sarcoma [11]. In Kaposi's
sarcoma lesions, most of the endothelial-derived spindle cells are latently infected with KSHV.
In some cells, however, there is also spontaneous lytic replication which might contribute to
viral spread and thereby to the preservation of the pool of latently infected cells [12]. In addi-
tion, soluble factors are produced during lytic replication which promote tumorigenesis by
paracrine mechanisms [13,14]. Consistent with these findings is the observation that treatment
with ganciclovir which inhibits lytic replication limited the development of Kaposi's sarcoma
[15]. It was therefore postulated that for KSHV, lytic replication and continuous re-infection of
naive cells are of great importance for tumorigenesis [6]. To gain insight into why γHV like
KSHV need two oriLyts may thus not only lead to a better understanding of oriLyt-dependent
lytic replication in general but might also aid in the development of new avenues for interfer-
ence with herpesvirus lytic replication and disease development.

Although there are suitable cell culture systems to study EBV and KSHV lytic replication,
they are rather inefficient when compared to other viruses. Murine gammaherpesvirus 68
(MHV-68) is also a member of the γHV and closely related to KSHV and EBV [16]. MHV-68
replicates well in tissue culture and infection of mice serves as a small animal model to investi-
gate γHV pathogenesis [17]. Thus, it is a good model to study oriLyt-dependent lytic replica-
tion in vitro and in vivo. Importantly, since MHV-68 also contains two oriLyts [4,18,19], it
represents a suitable model to approach the question why γHV need more than one oriLyt.

In the present study, we investigate the role of the oriLyts in the context of a γHV infection
using MHV-68 mutants lacking either a functional left or right oriLyt. We find that in vitro,
the efficiency of replication of the oriLyt mutants is dependent on the cell type. In vivo, we
observe differences amongst the mutants with regard to acute lytic replication, latent viral load
and reactivation capacity. Identification of oriLyt-bound cellular proteins reveals that, depend-
ing on the cell line, a different repertoire of proteins interacts with the respective oriLyt or the
associated replication complex. Overexpression or downregulation of such proteins differen-
tially affects the growth of mutants lacking either the left or the right oriLyt. Taken together,
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our data suggest that the presence of multiple oriLyts enables γHV to efficiently establish infec-
tion in different cell or tissue types and during different phases of the viral life cycle.

Results

Lytic growth of oriLyt mutants varies between cell types
Throughout the infection process in vivo, MHV-68 encounters various cell types in various tis-
sues. This might pose specific challenges to the capacity of an oriLyt in these tissues and cells.
In order to model this situation in vitro, we first analyzed the growth of mutants lacking the
left or the right oriLyt (Fig A in S1 Text) in thirteen cell lines of different cell type and origin.
In some cell lines, for example in the smooth muscle cell line MOVAS (Fig 1A), both oriLyt
mutants attained similar titers as the parental virus. However, in other cell lines like MHEC
and SVEC4-10 endothelial cells, both mutants showed a replication deficit compared to paren-
tal virus (Fig 1B and 1C). Interestingly, cell lines were also found in which only one but not the
other mutant was impaired in lytic growth, indicating that the oriLyts are of varying impor-
tance in these cell lines. For example, the Δright oriLyt mutant attained titers comparable to
parental virus in the epithelial cell line TCMK-1, whereas the Δleft oriLyt mutant showed a rep-
lication deficit of more than one order of magnitude in this cell line (Fig 1D). In contrast, in
the alveolar macrophage cell line MH-S and in the mesenchymal stromal cell line CS16, only
the Δright oriLyt mutant was impaired in lytic replication while the Δleft oriLyt mutant was
not (Fig 1E and 1F). Table A in S1 Text summarizes the results for lytic growth of the mutants
in comparison to parental virus in all tested cell lines. To demonstrate that the phenotypes
observed with the oriLyt mutants were due to the deletion of the oriLyt and not to rearrange-
ments outside of the mutated region or side effects of the deletion on neighbouring genes,
ectopic revertants were constructed. In these revertants, the oriLyt-sequence has been re-
inserted at an ectopic position while the original deletion is still present (Fig A in S1 Text).
Thus, a complete reversion of the mutant phenotype clearly indicates that it was not due to dis-
ruption of other structures or to side effects on neighboring genes. We selected a cell line
(MHEC) in which both oriLyt mutants displayed reduced growth, and tested the respective
ectopic revertants. A shown in Fig B in S1 Text, both ectopic revertants showed a complete
reversion of the phenotype of their respective mutant. Our results demonstrate that differences
exist between the two oriLyt mutants regarding their capacity for lytic growth in specific cell
lines.

Reduced lung titers after infection with oriLyt mutants
To analyze whether the observed growth differences between the two oriLyt mutants are only
an in vitro phenomenon, or whether the two oriLyts might have different functions also in
vivo, C57BL/6 mice were inoculated intranasally (i.n.). Following i.n. inoculation, there is an
acute phase of lytic virus replication which involves alveolar epithelial cells [17]. Virus titers
were determined in lung homogenates by plaque assay at an early time point (day 3 p.i.) and at
a time point when peak viral titers are usually reached (day 6 p.i.). No differences in viral titers
were detected at day 3 after infection (Fig 2A). Consistent with results published previously by
our group, viral titers in the lungs of mice infected with the Δright oriLyt mutant were signifi-
cantly lower at day 6 p.i. when compared to parental virus (Fig 2A; [20]). Likewise, viral titers
in mice infected with the Δleft oriLyt mutant were reduced; however, the titers were signifi-
cantly higher than after infection with the Δright oriLyt mutant. Viral titers after infection with
the ectopic revertants, both for the right oriLyt (Fig 2B) and for the left oriLyt (Fig 2C), were
not significantly reduced when compared to parental virus. This indicated that the phenotypes
observed with the oriLyt mutants were indeed due to the deletion of the oriLyt and not to
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rearrangements outside of the mutated region or side effects of the deletion on neighboring
genes. Taken together, our results show that deletions of the right or the left oriLyt also differ-
entially affect lytic replication in vivo.

OriLyt deletions affect latency and reactivation
To analyze the oriLyt mutants during the latent phase of infection, C57BL/6 mice were i.n.
inoculated. After i.n. inoculation, the spleen is a major site of latently infected cells [17]. Thus,
ex vivo reactivation of latently infected splenocytes and the viral genomic load in the spleen
were determined 17 days after infection (early latency). At this stage, the majority of cells in the
spleen harbouring MHV-68 are B cells [17]. Significantly fewer splenocytes reactivated from
mice infected with the oriLyt mutants compared to those infected with parental virus, the num-
ber of reactivating splenocytes being lowest in mice infected with the Δright oriLyt mutant (Fig
3A). The frequency of reactivating splenocytes was 1 in 9849 for the parental virus. This num-
ber was significantly lower in mice infected with the Δright oriLyt mutant (1 in 250649;

Fig 1. Virus replication in vitro.MOVAS (A), MHEC (B), SVEC 4–10 (C), TCMK-1 (D), MH-S (E) and CS16 stromal cells (F) were infected with the indicated
viruses at an MOI of 0.01 (MOVAS, MHEC, SVEC 4–10, TCMK-1, CS16) or 1 (MH-S). Cells and cell culture supernatants were harvested at different time
points p.i., and titers were determined by plaque assay on BHK-21 cells. Data shown are the means ± SD from three (SVEC 4–10 and MH-S), four (MOVAS
and MHEC) or five (TCMK-1 and mMSC CS16) independent experiments.

doi:10.1371/journal.ppat.1005510.g001

Gammaherpesvirus OriLyts

PLOS Pathogens | DOI:10.1371/journal.ppat.1005510 March 23, 2016 4 / 22



P = 0.0021 versus parental virus) and in mice infected with the Δleft oriLyt mutant (1 in 53122;
P = 0.004 versus parental virus). In all experiments, the frequency of reactivating splenocytes
from mice infected with the Δright oriLyt mutant was found to be significantly lower than in
mice infected with the Δleft oriLyt mutant (P = 0.0145). Splenocytes from mice infected with
the ectopic revertants showed a frequency of reactivation similar to splenocytes from mice
infected with parental virus (Fig 3B). The viral genomic load in the spleens of infected mice
was determined by real-time PCR. A significantly lower viral copy number was found in both
groups infected with oriLyt mutant viruses when compared to mice infected with parental
virus (Fig 3C). The copy numbers between the group infected with the Δright oriLyt mutant
and the group infected with the Δleft oriLyt mutant were comparable. Thus, the reduced reacti-
vation frequency of the Δleft oriLyt mutant might solely be due to the lower viral copy number
while for the Δright oriLyt mutant, a defect in reactivation itself seems to be present addition-
ally. Importantly, the viral copy numbers after infection with the ectopic revertants were not
significantly reduced compared to the copy numbers after infection with parental virus, neither
for the right oriLyt (Fig 3D) nor for the left oriLyt (Fig 3E). We also tested ex vivo reactivation
and viral genomic load at day 42 post infection (late latency). Here, no reactivation could be
detected and the viral genomic loads were comparable between the group with parental virus
and the two groups with mutant viruses (8.3 ± 1.6, 10.1 ± 1.8 and 14.6 ± 4.4 copies gB/1000
copies L8 [means ± SEM; n = 6] for parental virus, Δright oriLyt mutant and Δleft oriLyt
mutant, respectively). Our results regarding viral latency after i.n. inoculation demonstrate that
both the deletion of the right or the left oriLyt affect latency establishment and the capacity to
reactivate from early latency (day 17 post infection). Deletion of the right oriLyt had a stronger
effect than deletion of the left oriLyt. The defect in latency establishment and reactivation of
the oriLyt mutants might be the result of inefficient acute replication (Fig 2A) but could also be
due to effects on latency establishment and reactivation itself. Although we cannot formally
rule out the first option, we favor the second alternative for the following reasons: i) vaccination

Fig 2. Lytic replication in the lungs after i.n. inoculation. C57BL/6 mice were inoculated i.n. with 1x 103 PFU of the indicated viruses. Lungs of mice were
harvested at day 3 after infection (parental virus or mutant viruses) and at day 6 after infection (parental or mutant viruses and ectopic revertants). Virus titers
were determined from organ homogenates by plaque assay. Each symbol represents an individual mouse, and the bars represent the median value. (A) The
data are compiled from two (day 3) and five (day 6 mutant viruses) or six (day 6 parental virus) independent experiments. (B and C) The data are compiled
from two independent experiments in each case. The asterisks indicate a statistically significant difference between the groups (* P < 0.05; ** P < 0.01;
*** P < 0.001).

doi:10.1371/journal.ppat.1005510.g002
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Fig 3. Latent infection in the spleen after i.n. inoculation. (A and B) ex vivo reactivation of splenocytes; (C–E) viral genomic load in the spleen. C57BL/6
mice were inoculated with 1 x 103 PFU of the indicated viruses. At day 17 after infection, spleens were harvested. Single splenocyte suspensions were
prepared and analyzed in the ex vivo reactivation assay or used for DNA isolation for real-time PCR analysis. Data shown in panel A are the
means ± standard errors of the means pooled from six (parental virus) and five (mutant viruses) independent experiments. Data shown in panel B are pooled
from two independent experiments. In each experiment, splenocytes from three mice per group were pooled. The dashed line indicates the point of 63.2%
Poisson distribution, determined by nonlinear regression, which was used to calculate the frequency of cells reactivating lytic replication. The obtained values
for reactivation frequency were statistically analyzed by Student’s t-test to calculate significances. Statistical significance was found between the group with
parental virus and the group with the Δright oriLyt mutant (P = 0.0021), between the group with parental virus and the group with the Δleft oriLyt mutant
(P = 0.004), and between the two groups with mutant virus (P = 0.0145). In panels C–E, each symbol represents an individual mouse, and the bars represent
the median value. The data in panel C are compiled from six (parental virus) and five (mutant viruses) independent experiments. The data in panels D and E
are from two independent experiments each. The asterisks in panels C–E indicate statistical significance between the groups (* P < 0.05; ** P < 0.01;
*** P < 0.001).

doi:10.1371/journal.ppat.1005510.g003
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studies with MHV-68 suggest that efficient acute infection is not a mandatory step for latency
establishment [21,22], and ii) the level of latently infected cells in the spleen is largely indepen-
dent of the dose used for inoculation—in case of i.n. inoculation over a range from 4 x 101 to 4
x 105 PFU [23]. In our study, the titers of the oriLyt mutants during acute infection were within
this range and were approx. 20-fold lower when compared to parental virus (Fig 2A).

The need for two oriLyts is related to the inoculation route
The route of inoculation determines, at least to a certain extent, which cell types are initially
infected and how viruses subsequently spread. Consequently, the requirements for oriLyts
might differ between various routes of inoculation. Another site of MHV-68 latency is the peri-
toneum, where macrophages are the major cell type harbouring latent MHV-68 [17]. Thus, we
also investigated latency establishment and reactivation from latency in peritoneal exudate
cells (PECs) after intraperitoneal (i.p.) inoculation. C57BL/6 mice were inoculated i.p., and ex
vivo reactivation and viral genomic load of latently infected PECs were determined 17 days p.i.
The frequency of reactivating cells was lower in both groups infected with mutant virus com-
pared to parental virus (Fig 4A and 4B; 1 in 34114 for parental virus, 1 in 145053 for the Δright
oriLyt mutant, and 1 in 198144 for the Δleft oriLyt mutant). The viral copy number found in
PECs of mice infected with the Δright oriLyt mutant was reduced only by trend but did not
reach statistical significance (Fig 4C). In contrast, a significantly lower viral copy number was
found in PECs of mice infected with the Δleft oriLyt mutant when compared to mice infected
with parental virus (Fig 4D). Ex vivo reactivation and viral copy numbers after infection with
the ectopic revertants were not significantly reduced when compared to parental virus (Fig
4A–4D). Thus, our results regarding viral latency after i.p. inoculation demonstrate that the
deletion of the right or the left oriLyt influences latency establishment in PECs, and that differ-
ences regarding the need for two oriLyts exist depending on the compartment and the route of
inoculation. Table B in S1 Text provides a schematic summary of all results obtained in vivo,
indicating that, as in vitro, specific differences between the two oriLyt mutants also exist in
vivo.

Identification of proteins associated with the right oriLyt
Since we observed that the loss of one oriLyt can obviously be completely compensated by the
other oriLyt in some but not in all cell types, we hypothesized that two oriLyts are necessary to
guarantee optimal fitness throughout the viral life cycle in all cell types which are encountered
during the course of infection. One way to achieve this goal might be by differential interaction
of either oriLyt with cell-type specific factors which might impose either activating or inhibi-
tory effects. To test this hypothesis, we chose to investigate the right oriLyt. To identify proteins
that might interact with the right oriLyt in one cell line but not in the other, we selected
TCMK-1, a cell line in which we had observed reduced growth of the Δleft oriLyt mutant (con-
tains only the right oriLyt), and as control NIH 3T3, a cell line in which the Δleft oriLyt mutant
grew like parental virus (Table A in S1 Text). Proteins bound to the right oriLyt were identified
by a modification of the DNA-affinity purification method described previously by Wang et al.
[6]. Using this method, 193 proteins could be identified which were exclusively detected in
extracts from TCMK-1 cells and 37 proteins in extracts from NIH 3T3 cells (Table 1). Two
candidate proteins, Hexim1, found in TCMK-1 cells only, and Rbbp4, found in NIH 3T3 cells
only, were chosen for further investigation (Fig C in S1 Text and Table C in S1 Text). A list of
all proteins which were identified by nanoHPLC-ESI-MS/MS is provided in S1 Table.

Since the MS data were suggestive of cell line specificity, we wanted to confirm the associa-
tion of Hexim1 and Rbbp4 with the right oriLyt by additional approaches. First, formaldehyde
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Fig 4. Latent infection in PECs after i.p. inoculation. C57BL/6 mice were inoculated i.p. with 1x 104 PFU of the indicated viruses. PECs were harvested at
day 17 after infection to analyze latent infection in the ex vivo reactivation assay (A and B) or for DNA isolation and real-time PCR analysis of the viral
genomic load (C and D). Data for parental virus and virus mutants are obtained from two independent experiments, each with five mice per group. Data for
the ectopic revertants (ER Δright oriLyt and ER Δleft oriLyt) are obtained from a single experiment with five mice per group. For the ex vivo reactivation assay,
cells from five mice per group were pooled in each experiment and data shown are the means ± SEM (parental virus or virus mutants) or values from a single
experiment (ectopic revertants). The dashed line indicates the point of 63.2% Poisson distribution, determined by nonlinear regression, which was used to
calculate the frequency of cells reactivating lytic replication. In panels C and D, each symbol represents an individual mouse, and the bars represent the
median value. Asterisks indicate a statistically significant difference between the groups (* P < 0.05).

doi:10.1371/journal.ppat.1005510.g004
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cross-linking chromatin immunoprecipitation (ChIP) assays were performed. Chromatin from
TCMK-1 and NIH 3T3 cells, respectively, infected with MHV-68, was immunoprecipitated
with specific antibodies against Hexim1 or Rbbp4. Isotype matched antibodies were used as a
control. Quantification of the precipitated protein-bound DNA by qPCR showed that the
DNA of the right oriLyt could be enriched by precipitation with a Hexim1- or a Rbbp4-specific
antibody while DNA of the left oriLyt or DNA of an unrelated genomic region (ORF23), that
was used as a negative control, could not be enriched (Fig 5A and 5B). Second, Western Blots
for Hexim1 and Rbbp4 with samples from both TCMK-1 and NIH 3T3 cells after DNA-affin-
ity purification were performed (Fig D in S1 Text). Hexim1 was only detected in samples from
TCMK-1 cells purified with the specific oriLyt DNA but not in NIH 3T3 cells, whereas Rbbp4
was only found in DNA-affinity purified samples from NIH 3T3 cells. As a control, Topoisom-
erase I could be detected in samples from both cell lines. No bands were found in any sample
purified with unspecific control DNA.

Hexim1 affects lytic growth of the Δleft oriLyt mutant
Hexim1 was found to be associated with the DNA of the right oriLyt in TCMK-1 cells but not
in NIH 3T3 cells. Since the mutant containing only the right oriLyt showed reduced growth in
TCMK-1 cells but not in NIH 3T3 cells, we hypothesized that in TCMK-1 cells, Hexim1 exerts
an inhibitory effect on lytic replication originating at the right oriLyt. This inhibitory effect is
normally compensated by the left oriLyt but this is not the case when the left oriLyt is absent.
Consequently, downregulation of Hexim1 in TCMK-1 cells should reverse the growth deficit
of the mutant containing only the right oriLyt, while forced overexpression of Hexim1 in NIH
3T3 cells might result in a growth deficit of this mutant. To prove these hypotheses, we first
upregulated Hexim1 in NIH 3T3 cells by treatment with the chemical compound Hexamethy-
lene bis-acetamide (HMBA) which is known to induce expression of Hexim1 [24,25]. Two dif-
ferent concentrations of HMBA were used, and upregulation of Hexim1 was confirmed by
RT-PCR andWestern Blot (Fig 6A and 6B). Multistep growth curves were performed with
HMBA-treated cells and the growth of parental virus and the mutant containing only the right
oriLyt was tested in parallel with or without HMBA-treatment. The viral titers of the mutant

Table 1. Proteins associated with the right oriLyt as identified by DNA-affinity purification andmass
spectrometry analysisa.

found in. . . number of proteins examples

Both cell lines 162 DNA topoisomerase I

X-ray repair cross-complementing protein 5 (Ku86)

Poly [ADP-ribose] polymerase 1 (PARP1)

Heterogeneous nuclear ribonucleoprotein A3 (hnRNP A3)

TCMK-1 193 Heterogeneous nuclear ribonucleoprotein K (hnRNP K)

Hexamethylene bis-acetamide-inducible protein 1 (HEXIM1)

Cyclin-dependent kinase 9 (CDK9)

Polycomb protein Suz12

NIH 3T3 37 Heterogeneous nuclear ribonucleoprotein U (SAF-A)

Retinoblastoma-binding protein 4 (Rbbp4)

7SK snRNA methylphosphate capping enzyme (MePCE)

ASH2-like protein (ASH2L)

a Proteins highlighted in bold letters were previously shown also to interact with the oriLyt of KSHV by

Wang et al. [6].

doi:10.1371/journal.ppat.1005510.t001
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containing only the right oriLyt were comparable to parental virus in untreated cells, but treat-
ment with HMBA (both at 5 or 10 mM) resulted in viral titers of about one order of magnitude
lower than in cells infected with parental virus (Fig 7A–7C), indicating that Hexim1 in fact
reduces virus replication originating at the right oriLyt. This inhibitory effect was specific for
the right oriLyt since treatment with 10 mMHMBA did not significantly affect the growth of
the mutant containing only the left oriLyt (Fig E in S1 Text). In a second set of experiments,
expression of Hexim1 was downregulated in TCMK-1 cells. For this purpose, stable cell lines
expressing shRNAs specific for Hexim1 were generated. Downregulation was confirmed on
mRNA and protein level (Fig 6C and 6D). Two cell lines with the most prominent reduction of
Hexim1 expression were chosen and multistep growth curves were performed. Again, lytic
growth of the parental virus and the mutant containing only the right oriLyt was tested in par-
allel in the same cell lines. As a control, a cell line stably expressing a scrambled shRNA was
used. Consistent with our previous results (Fig 1D), the mutant containing only the right oriLyt
showed reduced growth in the control cell line expressing a scrambled shRNA when compared
to the parental virus. However, in the cell lines expressing shRNAs specific for Hexim1, no or
only a marginal reduction in lytic virus growth of the mutant containing only the right oriLyt
was observed when compared to parental virus (Fig 7D). We conclude from these results that
Hexim1 inhibits lytic replication originating at the right oriLyt but this is normally compen-
sated by the presence of the left oriLyt.

Rbbp4 differentially affects lytic growth of oriLyt mutants
Rbbp4 was found to be associated with the DNA of the right oriLyt in NIH 3T3 cells but not in
TCMK-1 cells (Table 1). The mutant containing only the right oriLyt showed reduced growth
in TCMK-1 cells but not in NIH 3T3 cells (Table A in S1 Text). Thus, we hypothesized that
Rbbp4 supports lytic replication originating at the right oriLyt. Consequently, forced overex-
pression of Rbbp4 in TCMK-1 cells should, at least partially, release the growth deficit of the
mutant containing only the right oriLyt also in this cell line. To prove this hypothesis, we
inserted an Rbbp4 expression cassette in the mutant containing only the right oriLyt, resulting

Fig 5. Confirmation of results from DNA-affinity purification and MassSpec. Formaldehyde cross-linking ChIP assays were performed to ensure that
Hexim1 and Rbbp4 are associated with DNA of the right oriLyt of MHV-68. The immunoprecipitates isolated from TCMK-1 cells by a specific antibody against
Hexim1 (A) or from NIH 3T3 cells by a specific antibody against Rbbp4 (B) were analyzed by quantitative PCR with primer pairs designed to amplify a part of
the DNA sequence of the right oriLyt and the left oriLyt, respectively, or by a primer pair amplifying a non-relevant sequence located in the viral ORF23.

doi:10.1371/journal.ppat.1005510.g005
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in the recombinant virus Δleft oriLyt-Rbbp4. Thus, infection with this mutant should lead to
the expression of Rbbp4 in infected cells. This was confirmed by Western Blot (Fig F in S1
Text). Multistep growth curves were performed and the growth of parental virus, Δleft oriLyt
mutant (containing only the right oriLyt) and Δleft oriLyt-Rbbp4 virus was tested in parallel.
Expression of Rbbp4 by the Δleft oriLyt-Rbbp4 virus partially reversed the growth deficit of the
Δleft oriLyt mutant (Fig 8A), indicating that Rbbp4 in fact supports virus replication originat-
ing at the right oriLyt. In contrast to the mutant containing only the right oriLyt, the mutant
containing only the left oriLyt showed reduced growth in NIH 3T3 cells but not in TCMK-1
cells (Table A in S1 Text). Thus, we hypothesized that Rbbp4 exerts an inhibitory effect on lytic
replication originating at the left oriLyt. If so, forced overexpression of Rbbp4 should inhibit
lytic replication of the mutant containing only the left oriLyt even further. Moreover, neither
the inhibitory nor the supporting effect of Rbbp4 overexpression should become apparent in
the parental wildtype virus since both effects are compensated by the simultaneous presence of
both the right and the left oriLyt. To prove these hypotheses, we also inserted the Rbbp4

Fig 6. Confirmation of up- or downregulation of Hexim1.Upregulation of Hexim1 was accomplished by stimulation of NIH 3T3 cells with HMBA, and the
expression of Hexim1 was analyzed by quantitative PCR on mRNA level (A) and byWestern Blot on protein level (B). In addition to the predicted 54 kDa
band, a second band at approximately 40 kDa was detected byWestern Blot with lysates from NIH 3T3 cells, probably representing a modified form of the
protein. To downregulate Hexim1, stable cell lines of TCMK-1 cells expressing shRNA specific for Hexim1 were generated. Downregulation of Hexim1 in
these cell lines was confirmed by quantitative PCR (C) and byWestern Blot (D). The shRNAs 1 and 2 proved to be most effective regarding downregulation
of Hexim1.

doi:10.1371/journal.ppat.1005510.g006
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Fig 7. Virus replication in vitro after upregulation or downregulation of Hexim1. To upregulate Hexim1, NIH 3T3 cells were plated and after 4 hours
stimulated with 5 mM or 10 mMHMBA or left untreated. 24 hours later, cells were infected with the indicated viruses at an MOI of 0.01 for 1 hour. After
removing the inoculum, cells were incubated with fresh medium without HMBA (A), with 5 mMHMBA (B) or with 10 mMHMBA (C) at 37°C and 5% CO2 until
the supernatants together with the cells were harvested at different time points after infection. Virus titers were determined by plaque assay. For the “no
treatment” control, the means ± SEM of duplicates from three independent experiments are shown. Data shown for the HMBA treated cells are from three
independent experiments showing each single experiment. To downregulate Hexim1, TCMK-1 cells were stable transfected with two different shRNAs
specific for Hexim1 or with a scrambled control shRNA, respectively (D). Cells were plated and after 24 hours infected with the indicated viruses at an MOI of
0.01 for 1 hour. After removing the inoculum, cells were incubated with fresh medium at 37°C and 5%CO2 until the supernatants together with the cells were
harvested at different time points after infection. Virus titers were determined by plaque assay. For the “scrambled shRNA” control, the means ± SEM of
duplicates from two independent experiments are shown. For the shRNAs specific for Hexim1, the means ± SD of two independent experiments each are
shown.

doi:10.1371/journal.ppat.1005510.g007
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expression cassette both in the mutant containing only the left oriLyt and in the parental virus,
resulting in the recombinant viruses Δright oriLyt-Rbbp4 and parental virus-Rbbp4, respec-
tively. Again, infection with these recombinant viruses resulted in expression of Rbbp4 in
infected cells which was confirmed by Western Blot (Fig F in S1 Text). Consistent with our
hypothesis, overexpression of Rbbp4 exerted an inhibitory effect on the mutant containing

Fig 8. Analysis of the influence of Rbbp4 on lytic virus replication. To analyze lytic growth of recombinant viruses expressing Rbbp4, TCMK-1 cells were
plated and after 24 hours infected with the indicated viruses at an MOI of 0.01 for 1 hour. After removing the inoculum, cells were incubated with fresh
medium at 37°C and 5% CO2 until the supernatants together with the cells were harvested at the indicated time points after infection. Virus titers were
determined by plaque assay. The means + SD of three independent experiments are shown (A and E). BHK-21 cells were plated and after 24 hours
transfected with 2 μg of the indicated BAC plasmid DNA. Plaque development and cytopathic effect (virus reconstitution) were monitored by light microscopy,
and photomicrographs were taken at the indicated time points. Scale bar, 500 μm (B). Cell free supernatants from (B) were harvested and virus titers were
determined by plaque assay. Data shown are means + SD from duplicate determinations (C). BAC plasmid DNA replication was measured by real-time PCR
analysis after co-transfection of a BAC plasmid lacking the right oriLyt with an Rbbp4-expression plasmid or a control plasmid. Data shown are means + SD
from three independent experiments (D).

doi:10.1371/journal.ppat.1005510.g008
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only the left oriLyt, notably to a very strong extent. In fact, it was not possible to reconstitute
considerable amounts of infectious virus after transfection of cells with the respective BAC
DNA (Fig 8B, left panel, and Fig 8C). Since there was such a strong effect, we attempted to
exclude any unwanted side effects which might have occurred during the construction of the
recombinant virus Δright oriLyt-Rbbp4. To this end, we re-inserted the right oriLyt into the
Δright oriLyt-Rbbp4 virus, resulting in the recombinant virus Rev Δright oriLyt-Rbbp4. Trans-
fection of the respective BAC DNA readily resulted in virus reconstitution and production of
infectious virus (Fig 8B, right panel, and Fig 8C), thus clearly demonstrating the specificity of
the Rbbp4 inhibitory effect on the left oriLyt. To get a first insight whether the observed inhibi-
tory effect of Rbbp4 on the left oriLyt occurs at the level of DNA replication, we performed a
modified plasmid replication assay using the BAC plasmid of the Δright oriLyt mutant (con-
taining only the left oriLyt). To this end, we co-transfected the BAC plasmid DNA with either
an Rbbp4-expression plasmid or an appropriate control plasmid (expressing gfp), and mea-
sured the replication of the BAC plasmid DNA by real-time PCR eight hours after transfection.
Co-transfection with the Rbbp4-expression plasmid significantly inhibited the replication of
the BAC plasmid DNA, when compared to the co-transfection with the control plasmid (Fig
8D). Finally, consistent with our hypothesis, the growth of the parental virus was not affected
by overexpression of Rbbp4 (Fig 8E). We conclude from these results that Rbbp4 may exert
specific effects on each oriLyt and that wildtype virus is able to circumvent potential negative
effects by the presence of more than one oriLyt.

Discussion
Several herpesviruses including EBV and KSHV have two oriLyts but the need for more than
one oriLyt has never been defined [26]. In clinical EBV isolates, usually both oriLyts are found
but there are also laboratory strains, such as B95-8, which have only one oriLyt and still can
replicate lytically, at least in vitro [8]. The standard assay for studying oriLyt-dependent repli-
cation is the so called "transient in vitro plasmid replication assay". In this assay, a plasmid car-
rying the oriLyt sequence is transfected into cells and the trans-factors needed are provided by
co-transfection or co-infection. Then, the replication ability of the plasmid is determined [9].
This assay which examines the role of oriLyts as isolated DNA sequences cloned into a plasmid
provides important information but says little about the role of oriLyts in the context of an
infection [27]. Therefore, recombinant BACs are increasingly used to investigate the function
of the oriLyts. Using an EBV BAC, for example, it was shown that the BZLF1 oriLyt binding
sites (ZRE) are important but not essential for lytic replication [27]. The analysis of recombi-
nant KSHV BACs revealed that KSHV can replicate lytically in vitro with only one oriLyt.
Interestingly, deletion of the right oriLyt had no influence on replication, whereas deletion of
the left oriLyt led to the loss of replicative capacity [28]. In previous work, using recombinant
MHV-68 generated by BAC-technology, we could show that the absence of one oriLyt was well
tolerated regarding in vitro replication in NIH 3T3 cells [18] whereas in vivo, a significant
reduction of viral fitness was observed [20]. Viruses lacking both oriLyts could not replicate at
all [18].

Here, using recombinant, BAC-based MHV-68, we systematically addressed the question
why some herpesviruses need more than one oriLyt. Our central working hypothesis was that
the presence of two oriLyts provides optimal fitness to efficiently establish infection in different
cell or tissue types and during different phases of the viral life cycle by enabling interaction
with cell-type specific cellular proteins which might impose either activating or inhibitory
effects. Indeed, loss of either of the two oriLyts was well tolerated in some cell types but not in
others in vitro. Similarly, in vivo, loss of either of the two oriLyts resulted in different effects on
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the viral life cycle dependent on the organ and the route of inoculation. For example, both ori-
Lyt mutants showed reduced lytic replication in vitro in the alveolar epithelial cell line LA-4
(Table A in S1 Text), with a tendency of a stronger reduction of the Δright oriLyt mutant. The
same phenotype was observed during lytic replication in vivo in the lung (Fig 2) which mainly
takes place in alveolar epithelial cells. Thus, both the in vitro and the in vivo data were consis-
tent and in support of our hypothesis. Identification of oriLyt-bound cellular proteins by
DNA-affinity purification and mass spectrometry revealed that, depending on the cell line, a
different repertoire of proteins seemed to interact with the respective oriLyt or the associated
replication complex. We selected two of the differentially oriLyt-interacting cellular proteins,
Hexim1 and Rbbp4, for further investigation. In a recently performed extensive mutagenesis
screen in haploid human cells, Hexim1 was identified as a non-critical gene while Rbbp4 was
found to be a core essential gene that is required for cell survival [29].

In the absence of the left oriLyt, Hexim1 exerted an inhibitory effect on lytic replication in
TCMK-1 but not in NIH 3T3 cells. Hexim1 is an inhibitor of positive transcription elongation
factor b (P-TEFb) which plays a key role in regulation of RNA polymerase II elongation [30].
P-TEFb consists of cyclin-dependent kinase 9 (cdk9) and cyclin 1 [30]. In conjunction with
7SK non-coding RNA, Hexim1 inhibits the kinase activity of cdk9 [30]. Interestingly, it has
been shown that inhibition of cdk9 by overexpression of Hexim1 resulted in decreased viral
yields during herpes simplex virus 1 infection [31]. We demonstrated that upregulation of
Hexim1 in NIH 3T3 cells, a cell line where it was not found to be associated with the right ori-
Lyt, inhibited virus replication of the mutant lacking the left oriLyt. Since Hexim1 is present in
extracts of NIH 3T3 cells but could not be enriched by DNA affinity purification with DNA of
the right oriLyt (Fig D in S1 Text), we assume that Hexim1 does not directly bind to the DNA
of the right oriLyt but rather via one or more additional interaction partners which might be
present in TCMK-1 but not in NIH 3T3 cells. It is currently not clear how forced overexpres-
sion of Hexim1 can exert the observed effect on lytic replication at the right oriLyt. One possi-
ble explanation might be that, by the high abundance of Hexim1 after HMBA-induced
upregulation, the normally strict need for an additional interaction partner is circumvented.
Alternatively, HMBAmight also induce or up-regulate potential interaction partners. Another
explanation might be that the effect is mediated by an additional protein form of Hexim1
which we detected after treatment of NIH 3T3 cells with HMBA (Fig 6). The identity and func-
tion of this form has not been described yet. Downregulation of Hexim1 in TCMK-1, a cell line
where it was found to be associated with the right oriLyt, enhanced replication of the mutant
lacking the left oriLyt. Thus, overexpression and downregulation of Hexim1 either reduced or
enhanced, depending on the cell line, the replication of the mutant lacking the left oriLyt, indi-
cating that Hexim1 is a rate limiting cellular protein in a situation where only one oriLyt is
present. However, the virus can overcome this hurdle by the presence of two oriLyts, indicating
that two oriLyts are of advantage for optimal virus fitness. How Hexim1 is functioning in the
context of oriLyt-dependent DNA replication is not known at the moment but we can envisage
several scenarios: i) Hexim1 has additional, so far unknown functions in DNA-replication. ii)
By its interference with transcription, it might inhibit the generation of various RNA molecules
which might aid in lytic DNA replication. iii) Since it can bind RNA, it might simply sequester
RNAs important for lytic DNA replication. The latter two possibilities are particularly attrac-
tive since it has been shown that a GC-rich oriLyt transcript is an important component of the
EBV oriLyt [32]. Similarly, a tight coupling of DNA replication and transcription was shown
for KSHV: oriLyt-dependent DNA replication was inhibited when RNA transcription was pre-
maturely terminated [33,34].

The cellular protein Rbbp4 supported lytic replication originating at the right oriLyt while it
strongly inhibited lytic replication originating at the left oriLyt. We could show that the
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inhibitory effect of Rbbp4 on the left oriLyt also occurs at the level of DNA replication, how-
ever, this does not rule out additional effects on other steps of the viral life cycle. While we
could demonstrate an interaction of Rbbp4 with the right oriLyt, we did not find a direct inter-
action of Rbbp4 with the left oriLyt. Thus, it is currently not clear how forced overexpression
of Rbbp4 can exert the observed inhibitory effect on lytic replication at the left oriLyt. Never-
theless, it seems that Rbbp4, like Hexim1, is a rate limiting cellular protein in situations where
only one oriLyt is present. Again, the virus can overcome potential negative effects by the pres-
ence of two oriLyts. Rbbp4, also known as RbAp48 or NURF55, is a component of several
chromatin-related complexes, for example NuRD (nucleosome remodeling histone deacetylase
complex) and CAF-1 (chromatin assembly factor-1) [35]. The function of CAF-1 is known to
be tightly associated with DNA replication [35]. Interestingly, Rbbp4, most likely as a compo-
nent of a functional NuRD complex, has been shown to be required for efficient replication of
human cytomegalovirus (HCMV) [36]. Thus, it is easily conceivable that Rbbp4 might be
involved in oriLyt-dependent DNA replication.

Taken together, our data suggest that the presence of multiple oriLyts enables γHV to effi-
ciently deal with the variety of conditions which they encounter during the viral life cycle, for
example by facilitating interaction with cell-type specific proteins.

Materials and Methods

Cell lines
All cell lines used in this study were cultured under standard conditions and have been
described before [37–39] or are commercially available (American Type Culture Collection
[ATCC] or Leibniz Institute DSMZ—German Collection of Microorganisms and Cell Cultures
[DSMZ]). More details are provided in the Supplementary Information.

Plasmid construction
For this study, we constructed eight recombinant MHV-68 (schematically depicted in Fig A in
S1 Text): 1) The mutant virus Δleft oriLyt, lacking the essential part of the left oriLyt [19]. 2) A
revertant of the Δleft oriLyt mutant with an ectopic insertion of the left oriLyt (ER Δleft oriLyt).
3) The mutant virus Δright oriLyt with a deletion of the essential part of the right oriLyt. This
mutant has been described previously [18]. 4) A revertant of the Δright oriLyt mutant with an
ectopic insertion of the right oriLyt (ER Δright oriLyt). 5) Three recombinant MHV-68
expressing Rbbp4 from an intergenic expression cassette: Parental virus-Rbbp4, Δleft oriLyt-
Rbbp4 and Δright oriLyt-Rbbp4. 6) A revertant of the Δright oriLyt-Rbbp4. Details on the con-
struction of all recombinant MHV-68 used in this study can be found in the Supplementary
Information.

Reconstitution and characterization of recombinant MHV-68
To reconstitute recombinant MHV-68, BHK-21 cells were transfected with 2 μg of BACMHV-
68 DNA using X-treme GENE HP DNA Transfection Reagent (Roche, Mannheim, Germany).
When cells showed a total cytopathic effect (CPE), an aliquot of the supernatant was used to
infect Ref-Cre cells carrying the Cre recombinase to remove the BAC-cassette including the
GFP sequence. Removal of the BAC-cassette was done for all viruses to be used in vivo. BAC-
cassette free viruses were identified by a limiting dilution assay on BHK-21 cells performed in a
96 well plate. All recombinant viruses were grown and titrated on BHK-21 cells as previously
described [37], and were characterized by restriction enzyme and Southern blot analysis and
by sequencing across the mutated regions.
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In vitro experiments
To test in vitro growth of the virus mutants, cells of different type and origin were infected with
a MOI of 0.01 (or 1 for MH-S macrophages) for one hour. After removing the inoculum, cells
were incubated with fresh medium at 37°C and 5% CO2 until the supernatants together with
the cells were harvested at different time points after infection. Virus titers were determined by
plaque assay.

In vivo experiments
Female C57BL/6 mice (6–8 weeks old) were purchased from Charles River Laboratories (Sulz-
feld, Germany) and housed in individually ventilated cages (IVC) during the MHV-68 infec-
tion period. To characterize the recombinant MHV-68 in vivo, mice were inoculated i.n. with
1x 103 PFU or i.p. with 1x 104 PFU. Prior to i.n. inoculation, mice were anesthetized with keta-
mine and xylazine. To determine virus titers, organs were harvested at the indicated time
points after infection and homogenized by using the FASTPREP-24 instrument (MP Biomedi-
cals, Heidelberg, Germany). After two times freezing and thawing the homogenates, plaque
assays were performed with 10-fold dilutions of the supernatants on BHK-21 cells. For deter-
mination of spleen weight, frequency of virus reactivation and genomic load, spleens were har-
vested at the indicated time points after infection.

Ethics statement
All animal experiments were in compliance with the German Animal Welfare Act (German
Federal Law §8 Abs. 1 TierSchG), and the protocol was approved by the local Animal Care and
Use Committee (District Government of Upper Bavaria; permit number 124/08).

Limiting dilution reactivation assay
To determine the frequency of cells carrying virus reactivating from latency, threefold dilutions
of splenocytes or PECs were plated onto NIH 3T3 cells as described previously [40]. Frequen-
cies of reactivating cells were calculated on the basis of the Poisson distribution by determining
the cell number at which 63.2% of the wells scored positive for CPE.

Measurement of latent viral load by real time PCR
Viral load in splenocytes or PECs of infected mice was determined by quantitative real-time
PCR using the ABI 7300 Real Time PCR System (Applied Biosystems, Foster City, CA) as
described previously [20].

DNA-affinity purification
Proteins bound to the right oriLyt were purified using a modified method described earlier by
Wang et al. [6]. A biotinylated DNA fragment spanning the minimal region of the right oriLyt
plus a few extra nucleotides on both sides (genome coordinates 100.018–102.031) was ampli-
fied by PCR with MHV-68 DNA as a template. The primers for the right oriLyt were ori_right.
for (50-AGCGAGGGAGCGGGCTGC-30) and ori_right_Bio.rev (50-biotin-CCTACGTCATC
AAGCAGCGACG-30). An unspecific PCR-product amplified from the Kanamycin resistance
cassette of the plasmid pCP15 was used as a control. The primers for this control were
pCP15Kan_Bio.for (50-biotin-CCAGGGTTTTCCCAGTCACGACGT-30) and pCP15Kan.rev
(50-CACAGGAAACAGCTATGACCATGA-30). The resultant biotinylated PCR fragments
were diluted in buffer 1 (20 mMHEPES, pH 7.9, 20% glycerol, 0.2 mM EDTA, 1 mM dithio-
threitol (DTT), 0.05% NP-40, 15 mMMgCl2, 75 μg/ml salmon sperm DNA) and mixed with
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nuclear extracts prepared from cells infected with recombinant MHV-68 at an MOI of 0.1 for
48h. In each reaction mixture, 2/3 volume of biotinylated PCR-product was mixed with 1/3
volume of the nuclear extract in buffer 2 (20 mMHEPES, pH 7.9, 25% glycerol, 0.2 mM
EDTA, 0.42 M NaCl, 1 mM DTT, 0.05% NP-40, and a protease inhibitor tablet) and incubated
for 10 min at room temperature. Streptavidin MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) were added to each sample and incubated at room temperature for 5 min. The
labeled samples were applied to a MACS column placed in a MACS separator and the column
was washed three times in D150 buffer (20 mMHEPES, pH 7.9, 20% glycerol, 0.2 mM EDTA,
150 mM KCl, 1 mMDTT, 0.05% NP-40) and three times in D300 buffer (same as D150 buffer,
except the KCl concentration was increased to 300mM). The bound material was pre-incu-
bated with 25μl buffer D500 (KCl 500 mM) for 10 min at room temperature and then eluted
with 50μl buffer D500. DNA affinity-purified proteins were resolved on 10%Mini-PROTEAN
TGX gels (BioRad, Munich, Germany) and stained with FireSilver staining kit (Proteome Fac-
tory AG, Berlin, Germany). The protein bands were excised and subjected to mass spectromet-
ric analyses.

Protein identification by nanoHPLC-ESI-MS/MS
Protein identification using nanoHPLC-ESI-MS/MS was performed by Proteome Factory
(Proteome Factory AG, Berlin, Germany). Details can be found in the Supplementary
Information.

Chromatin ImmunoPrecipitation (ChIP)
ChIP was performed according to standard protocols and is described in detail in the Supple-
mentary Information.

Overexpression or knockdown of proteins
Overexpression of Hexim1 was accomplished by treatment with hexamethylene bis-acetamide
(HMBA) which induces Hexim1 expression [24,25]. 5mM or 10mMHMBA (Sigma-Aldrich,
Seelze, Germany) was added to NIH 3T3 cells for the indicated time periods. For downregula-
tion of Hexim1, four different TCMK-1/shRNA cell lines were established. Each cell line was
stably transfected with a plasmid vector expressing shRNA specific for Hexim1 (Genecopoeia,
Rockville, MD). The 19mer sequences specific for Hexim1 were: shRNA1: 5’-GTTGTCCATG
AAGAGCATA-3’; shRNA2: 5’-TTAAGCGGAGCTATAAGGT-3’; shRNA3: 5’-GTTTGCC
TACCTTGGTAAG-3’; shRNA4: 5’-TGCAGCTATTCTCAATCTC-3’. As a control, shRNA
with a scrambled sequence was used (Genecopoeia, Rockville, MD). Cells stably expressing
shRNA were selected by using puromycin at a concentration of 5 μg/ml. Up- or downregula-
tion of Hexim1 was determined by RT-PCR and Western Blot. Overexpression of Rbbp4 was
accomplished by insertion of a Rbbp4 expression cassette in the respective viruses, and overex-
pression of Rbbp4 was determined by Western Blot of infected cells.

Western blot
Overexpression/downregulation of selected proteins or presence of proteins in DNA-affinity
purified samples was analyzed by Western Blot. For analysis of protein expression, cells were
treated as specified and lysed in 2x Lämmli buffer. DNA affinity purified samples were pre-
pared as described and mixed with an equal amount of 2x Lämmli buffer. The samples were
separated by SDS-Page gel electrophoresis and transferred to nitrocellulose membrane. The
membrane was blocked in 5% skim milk (for Rbbp4, Topoisomerase I, and GAPDH) or 5%
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skim milk plus 0,5% BSA (for Hexim1) for 1 hour at room temperature and then incubated
with primary antibody in blocking solution at 4°C overnight. Primary antibodies used in this
paper were: rabbit anti-Hexim1 (Abcam, Cambridge, UK; dilution 1:2000), rabbit anti-Rbbp4
(Novus Biologicals, Cambridge, UK; 1:10000), rabbit anti-Topoisomerase I (Abcam, Cam-
bridge, UK; dilution 1:10000), and rabbit anti-GAPDH (Cell Signaling, Boston, MA; 1:2000).
The membrane was washed and then incubated with horseradish peroxidase-conjugated don-
key-anti-rabbit IgG (Amersham/GE Healthcare, Freiburg, Germany; 1:5000) for 1 hour at
room temperature. The signal was detected by an enhanced chemiluminescence system
(Pierce/Thermo Scientific, Rockford, IL) on X-ray film.

RT-PCR
mRNA was isolated from cell lines expressing shRNAs or HMBA-stimulated cells using the
RNeasy MiniKit (Qiagen, Hilden, Germany). Genomic DNA was removed with the TURBO
DNA-free Kit (Ambion/Life Technologies, Darmstadt, Germany), and RNA was reverse-tran-
scribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA). The cDNA was analyzed for the expression of Hexim1 and the ribosomal Protein L8
by real time quantitative PCR using the Taqman SYBR green PCR master mix (Applied Biosys-
tems, Foster City, CA). For Hexim1, a commercially available primer set was used (Qiagen,
Hilden, Germany). The following PCR primer set was used for L8: forward 5’-CAG TGA ATA
TCG GCA ATG TTT TG-3’; reverse 5’-TTC ACT CGA GTC TTC TTG GTC TC-3’. The fold
change in expression of each target mRNA relative to L8 was calculated based on the threshold
cycle (Ct) as 2-Δ (ΔCt), where ΔCt = CtHexim-CtL8 and Δ(ΔCt) = ΔCttreated-ΔCtcontrol.

Quantification of BAC plasmid DNA replication
BHK-21 cells were co-transfected with 200ng BAC plasmid DNA of the Δright oriLyt mutant
and 600ng of an Rbbp4-expression plasmid (OriGene Technologies, Rockville, MD, USA)
using X-treme GENE HP DNA Transfection Reagent (Roche, Mannheim, Germany). Co-
transfection of BAC plasmid DNA with a GFP-expression plasmid (OriGene Technologies,
Rockville, MD, USA) was used as a control. Cells were harvested 2 hours (= input DNA) and 8
hours (= input + replicated DNA) after transfection. DNA was isolated and the BAC plasmid
DNA copy number in the transfected cells was determined by quantitative real-time PCR using
the ABI 7300 Real Time PCR System (Applied Biosystems, Foster City, CA) as described previ-
ously [20].

Statistical methods
Datasets were tested for Gaussian distribution before statistical analysis by D’Agostino-Pearson
omnibus K2 normality test using the GraphPad Prism software, vs5 (GraphPad Software, Inc.,
San Diego, CA, USA). Datasets that passed the normality test were analyzed by Student’s t-test.
All other datasets were analyzed by Mann-Whitney U test. Results with a p-value< 0.05 were
considered significant.

Supporting Information
S1 Text. Includes Supplementary Figures A-F, Supplementary Tables A-C, Supplementary
Methods and Supplementary References. Figure A: Schematic diagram showing the structure
of the recombinant viruses used in this study. Figure B: Replication of oriLyt mutants and cor-
responding ectopic revertants in vitro. Figure C: MS/MS spectra for selected peptides.
Figure D: Confirmation of results from DNA affinity purification and MassSpec by Western
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oriLyt mutants in vitro. Table B: Phenotype of oriLyt mutants in vivo. Table C: Peptides
detected from selected proteins by MassSpec analysis.
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