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A Conserved Regulatory Module at the C Terminus of the
Papillomavirus E1 Helicase Domain Controls E1 Helicase Assembly

Stephen Schuck, Arne Stenlund
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York, USA

ABSTRACT

Viruses frequently combine multiple activities into one polypeptide to conserve coding capacity. This strategy creates regulatory
challenges to ascertain that the combined activities are compatible and do not interfere with each other. The papillomavirus E1
protein, as many other helicases, has the intrinsic ability to form hexamers and double hexamers (DH) that serve as the replica-
tive DNA helicase. However, E1 also has the more unusual ability to generate local melting by forming a double trimer (DT)
complex that can untwist the double-stranded origin of DNA replication (ori) DNA in preparation for DH formation. Here we
describe a switching mechanism that allows the papillomavirus E1 protein to form these two different kinds of oligomers and to
transition between them. We show that a conserved regulatory module attached to the E1 helicase domain blocks hexamer and
DH formation and promotes DT formation. In the presence of the appropriate trigger, the inhibitory effect of the regulatory
module is relieved and the transition to DH formation can occur.

IMPORTANCE
This study provides a mechanistic understanding into how a multifunctional viral polypeptide can provide different, seemingly

incompatible activities. A conserved regulatory sequence module attached to the AAA™ helicase domain in the papillomavirus
E1 protein allows the formation of different oligomers with different biochemical activities.

NA helicases are important enzymes that catalyze the separa-
tion of the two cDNA strands in preparation for processes
that require exposure of single-stranded DNA (ssDNA), such as
DNA replication, repair, and recombination (for reviews, see ref-
erences 1 and 2). Hexameric DNA helicases are ring-shaped en-
zymes that function by encircling one of the DNA strands while
displacing the other in an ATP-dependent manner. These en-
zymes are highly processive, and the key to the processivity is
believed to be the encirclement of the DNA strand by the hexam-
eric ring, which prevents disassociation of the enzyme from the
substrate. Consistent with such a mode of action, a common fea-
ture of hexameric helicases is that the presence of ssDNA induces
formation of hexamers or stabilizes existing hexamers (1).
The viral E1 protein from the papillomavirus family represents
a subgroup of hexameric helicases. These DNA helicases, which
belong to the SF3 helicase family (3), are not dedicated helicases
but serve many different functions in the viral life cycle (for a
review, see reference 4). The E1 proteins are termed initiator pro-
teins because their primary function is to assist in the initiation of
replication of the viral genome. The E1 protein takes part in initi-
ation of DNA replication in at least four different ways. E1 binds
cooperatively with the viral E2 transcription factor to the origin of
DNA replication (ori), which contains binding sites (BS) for both
proteins, forming a highly sequence-specific E1-E2 complex (5-
15). In this complex, E1 uses its specific DNA binding domain
(DBD) to bind to two of the four E1 binding sites present in ori as
a head-to-head dimer (7, 8, 16, 17). The interaction between the
El helicase domain and the E2 transactivation domain has two
distinct effects on DNA binding (10, 18-23). The cooperativity in
the interaction contributes to the affinity of binding, and the in-
teraction also blocks a nonspecific DNA binding activity present
in the E1 helicase domain, contributing to the specificity of DNA
binding (12).
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In the next step, through processes that are not well under-
stood, E2 is displaced and the E1-E2 complex is converted into an
El double-trimer (DT) complex on the ori (24-28). In the DT, E1
is bound to the ori as two head-to-head trimers, encircling dou-
ble-stranded DNA (dsDNA) (24, 29). Formation of this complex
depends on binding of the E1 DBD to the four E1 BS in the ori.
However, a nonspecific DNA binding activity present in the heli-
case domain, which makes non-sequence-specific contacts with
the DNA flanking the E1 BS, is also critical for formation of the DT
(24, 25,27, 30). This complex is capable of local melting of the ori
using an ATP hydrolysis-dependent untwisting process (25).

The locally melted template, with the two head-to-head trim-
ers constituting the DT, now becomes the substrate for additional
El molecules forming the E1 double hexamer (DH), which is
composed of two head-to-head hexamers (31). Each hexamer en-
circles ssDNA and functions as a helicase with the ability to un-
wind the dsDNA bidirectionally in front of the replication forks
(32-36). At this point, the enzymes involved in the replication
process such as topoisomerase I, DNA polymerase «, and replica-
tion protein A (RPA) are recruited to the ori through interaction
with E1 (21, 23, 37, 38). Although formation of the DH requires a
DT precursor, hexamers of E1 can readily form directly if ssDNA
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is provided (31, 36). Both full-length E1 and shorter C-terminal
fragments containing the E1 helicase domain are able to form such
ssDNA-induced hexamers by utilizing the intrinsic ability of the
oligomerization domain and helicase domain to bind ssDNA and
form hexamers (36, 39, 40).

The need to utilize one protein to provide multiple functions pres-
ents a challenge not only in that multiple activities have to be incor-
porated into one polypeptide, but also because mechanisms that pre-
vent the different activities from interfering with each other have to be
built in. As described above, some of the switches in activity that E1
undergoes are related to changes in oligomerization status. Because
E1 has the intrinsic ability to form hexamers and double hexamers, an
obvious requirement is to prevent hexamer formation when com-
plexes other than hexamers and DH (such as the E1-E2 and the DT
complexes) are required. Conversely, a block to hexamer and DH
formation has to be conditional and regulated such that the hexamer
and DH can form when so required. Consequently, the transition
from E1-E2 to DT to DH must involve regulatory steps that control
the ability of E1 to oligomerize.

Structural analyses provide an important part of how we un-
derstand E1 oligomerization. Multiple crystal structures contain-
ing the helicase and oligomerization domains of E1 have been
solved, providing excellent information about the overall struc-
ture of these helicases, how they form hexamers, how they bind
nucleotide, and how they associate with ssDNA (34, 41, 42). In
two of these structures, a 28-residue C-terminal peptide was
deemed to be protease sensitive and therefore removed from the
helicase domain to facilitate crystallization (34, 41). In the third
structure, even though the peptide was present, it was not ordered
in the structure and therefore not visible, indicating that this pep-
tide is not an integral part of the helicase domain (42).

Here we show that the short C-terminal peptide has critical
functions in the biochemical activities of the E1 protein. The 28-
residue peptide contains two separate elements, an acidic region
and a C-terminal tail (C tail), which together regulate E1 oli-
gomerization. The acidic region is a negative regulator of oli-
gomerization and promotes DT formation. The C tail is required
for DH formation by counteracting the effect of the acidic region.
Using these two elements, E1 can undertake the orderly transition
between the DT complex, which melts the ori, and the DH, which
unwinds the viral DNA in front of the replication fork, providing
a glimpse into how multifunctional initiator proteins transition
from one activity to another.

MATERIALS AND METHODS

Expression and purification of E1 and E2. Full-length E1 and E1 fragments
from bovine papillomavirus type 1 (BPV-1) were expressed in Escherichia
coli as N-terminal glutathione S-transferase (GST) fusions and purified by
glutathione agarose affinity chromatography. The GST portion was re-
moved by digestion with thrombin and the material further purified by
ion-exchange chromatography. E2 was expressed without a tag and puri-
fied by mono-S and mono-Q ion-exchange chromatography (43).

EMSA. Four percent acrylamide gels (39:1, acrylamide/bisacrylamide)
containing 0.5X Tris-borate-EDTA (TBE) lacking EDTA were used for
all electrophoretic mobility shift assays (EMSAs). E1 was added to **P-
labeled probe (~2 fmol) in 10 .l binding buffer (BB; 20 mM HEPES [pH
7.5], 70 mM NaCl, 0.7 mg/ml bovine serum albumin [BSA], 0.1% NP-40,
5% glycerol, 5 mM dithiothreitol [DTT], 5 mM MgCl,) and 2 mM ATP or
ADP. After incubation at room temperature (RT) for 1 h, the samples
were loaded and run for 2 h at 9 V/cm (24).
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Probes. The 84-bp ori probe for EMSA was generated by PCR using
one primer labeled with *?P at the 5" end with polynucleotide kinase and
[y-**P]ATP with a cloned fragment containing the BPV-1 ori sequence as
a template. The probe contains the sequences between nucleotides (nt)
7906 and 48 in the BPV-1 genome. To generate the wild-type (wt) 84-bp
probe (see Fig. 6), four staggered oligonucleotides were generated, which
after phosphorylation and ligation generated the 84-bp probe with perfect
complementarity. To generate the bubble probe (see Fig. 6), one of the
four oligonucleotides was replaced with an oligonucleotide that after an-
nealing generated a 6-bp single-stranded region between nt 7928 and 7933
in the BPV-1 genome.

Glycerol gradient sedimentation. Glycerol gradients (5 ml) were gen-
erated in 20 mM HEPES (pH 7.5), 70 mM NaCl, and 5 mM DTT. In the
experiment whose results are shown in Fig. 1D and E, 1 pg of E1 protein
was incubated with 200 ng of a 41-nt oligonucleotide labeled with **P and
then loaded onto a 15 to 30% glycerol gradient, which was run for 16 h at
49,000 rpm in an SW 55 rotor. For the experiment whose results are
shown in Fig. 1F and 2D, 100 pg of El5_s,, and El,4_s4;, respectively,
was loaded onto a 5 to 30% glycerol gradient, which was run for 23 h at
49,000 rpm in an SW55 rotor. The gradients were fractionated into 150-pl
fractions, and the peaks were localized by Bradford assays (for marker
proteins and for E1544_s,, and El544_s4,) or by counting in a scintillation
counter to detect P in DNA-containing samples. Marker proteins were
purchased from Sigma-Aldrich and run in parallel gradients.

DNA helicase assays. Short helicase substrates were generated by an-
nealing an end-labeled 41-mer oligonucleotide to a 59-mer oligonucleo-
tide with partial complementarity, generating a molecule with 26 bp of
dsDNA, 15 nt of 5 ssDNA, and 33 nt of 3" ssDNA. After gel purification,
the substrate (~2 fmol) was incubated with E1 in BB containing 2 mM
ATP but lacking NaCl for 15 min at 37°C. After the incubation, SDS was
added to 0.1% and the sample was loaded onto 10% acrylamide gels (29:1,
acrylamide/bisacrylamide).

The long helicase substrates were generated by annealing a primer to
M13 mp18 and extending with Klenow DNA polymerase in the presence
of 50 uM dATP, dGTP, and dTTP, 10 puM dCTP, 80 uM ddATP, and 40
uCi [a->*P]dCTP. The average length of the extension products is deter-
mined by the relative levels of ddATP. The helicase assays were carried out
as described above, except that 12 pug/ml of E. coli ssDNA binding protein
(SSB) was included in the reaction mixture. The samples were treated with
proteinase K (200 pg/ml) and analyzed by agarose gel electrophoresis.

Unwinding assays. Unwinding assays were performed by incubating 2
fmol of probe with E1 at 32°C for 30 min under EMSA conditions (see
above) but in the presence of 10 pg/ml E. coli SSB. Before loading samples
on the EMSA gel, Sarkosyl was added to 0.1% to disrupt EI-DNA com-
plexes without affecting ssDNA-SSB complexes (see Fig. 5D).

ATPase assays. ATPase assays were performed in a 20-pl reaction
mixture containing 30 mM HEPES (pH 7.5), 30 mM NaCl, 1 mM DTT, 7
mM MgCl,, 100 pg of bovine serum albumin/ml, 100 pM ATP, and
40,000 cpm of [y-**P]ATP and E1. Reaction mixtures were incubated for
1 h at room temperature, and the reactions were stopped by the addition
of EDTA to a final concentration of 10 mM. Then, 2-pl portions of the
reaction mixtures were spotted onto a polyethyleneimine (PEI)-cellulose
plate, and the plates were then developed in 1 M formic acid and 0.5 M
LiCl, for 40 min. After drying, each plate was exposed to a Fuji imaging
plate, and the level of free phosphate was determined by scanning the plate
using a Fuji BAS imager.

Pulldown assays. Pulldown assays were performed as described pre-
viously (44). El;qg_s,7 and El;y4_4,, were subcloned into the pET 11 C
vector and in vitro transcribed and translated using a TNT coupled rabbit
reticulocyte kit (Promega) according to the manufacturer’s instructions.
Two hundred nanograms of GST fusion protein (GST, GST El5,, s, OF
GST Elguy_60s5 3 x ) Was incubated with 1 wl of in vitro translation mix-
ture in 20 pl of a solution containing 20 mM HEPES (pH 7.9), 50 mM
KCl, 2.5 mM MgCl,, 10% glycerol, 1 mM DTT, 0.2% NP-40, and 3 pl of
fetal bovine serum. After 2 h of incubation, 5 ml of glutathione agarose
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FIG 1 A C-terminal 28-aa peptide is important for complex formation by El504_40s. (A) The C-terminal regions from 6 different papillomavirus E1 proteins and
simian virus 40 (SV40) T-ag were aligned. Highly conserved residues are highlighted, and the acidic region is bracketed. (B) A 41-mer ssDNA probe was incubated
with three levels (8, 16, and 32 ng) of E1505_¢05 (lanes 2 to 4) or E15y4_5,, (lanes 6 to 8) in the presence of ADP and subjected to EMSA. Inlanes 1 and 5, no protein
was added. The position of the E1 hexamer complex is indicated. (C) Two femtomoles of helicase substrate was incubated with four quantities (8, 16, 32, and 64
ng) of full-length E1,_,5 (lanes 3 to 6), E1505_¢05 (lanes 7 to 10), and El5y4_5,, (lanes 11 to 14) in the presence of ATP. Lane 1 contained probe alone, while lane
2 contained boiled probe. The migrations of dsDNA and ssDNA are indicated. (D) Binding reactions for EMSA with E1;y5_(s, as shown in panel B, were scaled
up and sedimented in a 15 to 30% glycerol gradient. The radioactivity in the fractions was quantitated and plotted. The peak fractions were loaded onto an EMSA
gel to verify that the gradient peak corresponded to the complex that we observe by EMSA (inset). Arrows indicate the sedimentation of the marker proteins
bovine serum albumin (BSA), alcohol dehydrogenase (ADH), and B-amylase. (E) Binding reactions for EMSA with El5,4_s,,, as shown in panel B, were scaled
up and sedimented in a 15 to 30% glycerol gradient. The radioactivity in the fractions was quantitated and plotted. The last fraction plotted corresponds to the
bottom portion of the tube, which was cut off and quantified. (F) One hundred micrograms of El55_s,, was sedimented in a 5 to 30% glycerol gradient. The
protein was detected by Bradford assays and compared to the sedimentation of the marker proteins carbonic anhydrase and BSA.

beads was added, and the mixture was incubated for a further 30 min. The
beads were washed repeatedly with Tris-buffered saline (TBS) containing
0.1% NP-40, and the samples were analyzed by SDS-PAGE.

In vitro DNA replication. In vitro DNA replication assays were per-
formed essentially as described previously (9, 11). In vitro replication was
performed in 25-p.1 reaction mixtures containing 40 mM HEPES-KOH
(pH 7.5), 8 mM MgCl,, 0.5 mM DTT, 3 mM ATP, 0.2 mM (each) GTP,
UTP, and CTP, 0.1 mM (each) dATP, dGTP, and dTTP, 10 uM [**P]
dCTP (2 nCi; 3,000 Ci/mmol), 40 mM creatine phosphate, 400 ng crea-
tine kinase, 10 .l S100 extract, and 0.5 wl high-salt nuclear extract from
H293 cells. The concentration of template in the in vitro reaction mixtures
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was 2 ng/pl. Reaction mixtures were incubated for 60 min at 37°C, the
reactions were stopped by addition of SDS to 1% and EDTA to 10 mM,
and the mixtures were treated with proteinase K followed by phenol-
chloroform extraction and precipitation with ethanol and ammonium
acetate. The products were analyzed by electrophoresis on 1% agarose gels
in Tris-acetate-EDTA (TAE) buffer.

RESULTS

A 28-aa C-terminal peptide in the papillomavirus E1 protein
controls the formation of hexamers on ssDNA. An alignment of
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the 30 to 35 C-terminal amino acids (aa) from multiple E1 pro-
teins shows the presence of a short ~10-aa stretch of largely acidic
residues (acidic region [Fig. 1A]) followed by a 13- to 18-residue-
long sequence, which we have termed the C tail (Fig. 1A). The
presence of multiple aspartic and glutamic acid residues is well
conserved in the acidic region, although the exact sequence is not.
The C tail contains three highly conserved residues, G588, F594,
and C596, but otherwise shows limited conservation. The acidic
region and the C tail clearly are not integral parts of the E1 helicase
domain structure. These peptides were removed prior to crystal-
lization in two structures of the E1 helicase domain (34, 41); in the
third structure, these peptides were present in the crystallized
fragment but were not visible in the structure, demonstrating that
they were not sufficiently ordered to be resolved (42).

To address the function of the acidic region and the C tail, we
expressed and purified El;45_405, which includes these two pep-
tides, and El;y4_s,,, which lacks these peptides, from E. coli and
tested the biochemical properties of these proteins. El;ps_gos
formed a robust complex on ssDNA (Fig. 1B, lanes 1 to 4). In
contrast, El5p5_s,, formed a complex that did not enter the gel,
indicating a very high molecular mass (Fig. 1B, lanes 5 to 8). To
examine the nature of the complexes formed on ssDNA, we ana-
lyzed them by glycerol gradient sedimentation (Fig. 1C). El545_g05
in the presence of radiolabeled ssDNA and ATP formed a discrete
complex sedimenting slightly faster than 3-amylase, indicating an
apparent molecular mass of approximately 200 kDa, consistent
with a hexamer. In contrast, under the same conditions El55_5,,
formed a complex that pelleted in the gradient, indicating a much
greater molecular mass (Fig. 1D).

To determine whether this large complex was formed because
the E1544_s,-, protein was aggregated, we sedimented El55_s,,ina
glycerol gradient in the absence of ssDNA. El;ys_s,, formed a
discrete peak with an apparent molecular mass of ~29 kDa, indi-
cating that it is monomeric and not aggregated (Fig. 1E). This
indicates that it is the presence of ssDNA that induces the forma-
tion of the high-molecular-mass complex observed for E1545_s5.
We next tested the El545_605 and El;o4_s,, proteins for DNA he-
licase activity using a short partially double-stranded oligonucle-
otide. The two proteins had similar levels of helicase activity (Fig.
1F, compare lanes 3 to 6 to lanes 7 to 10), which was surprising
since the El544_5,, protein failed to form a hexamer with ssDNA.

To address the function of the C-terminal 28 residues, we gen-
erated small deletions in this region (Fig. 2A). We generated the
proteins Elso5_ 600> E1308-507 El308 505> and El3o5 550, which af-
fect the C-terminal tail, and the deletion protein E1yg4_s44, which

FIG 2 The C-terminal 28 residues regulate E1 hexamer formation. (A) Car-
toon showing the sequence of the C-terminal module with deletions and point
mutations in the context of E;g_¢s. (B) The deletion mutants in the C-terminal
module were tested for hexamer formation in the context of E15y5_¢05 using an
ssDNA probe. Two, 4, and 8 ng each of the proteins El505_s77, E1505_sg4 El305_5509>
El305_502> Els0s_s97> Elsos_600> and Elspg_g0s wWere incubated with a 41-mer
ssDNA probe (~2 fmol) in the presence of ADP and tested for hexamer for-
mation by EMSA. The migration of the E1 hexamer is indicated. (C) Two, 4,
and 8 ng each of the proteins with point mutations G588A, F594A, and C596A
and the deletion mutants El;pg_ s, 754 and El5qg < 55 Were incubated with
a41-mer ssDNA probe in the presence of ADP and tested for hexamer forma-
tion by EMSA. (D) One hundred micrograms of El5,5_s, was sedimented in
a 5 to 30% glycerol gradient. The protein was detected by Bradford assays and
its sedimentation was compared to that of the marker proteins carbonic anhy-
drase and bovine serum albumin (BSA).
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also affects the acidic region. In addition, we generated alanine
substitutions in the conserved residues G588, F594, and C596 in
the C-terminal tail. We first tested these proteins for the ability to
form the E1 hexamer on ssDNA (Fig. 2B and C). As observed in
Fig. 1B, El;04_57, formed a complex that did not enter the gel (Fig.
2B, lanes 2 to 4), while El;y5_¢,5 formed a robust hexamer (Fig.
2B, lanes 20 to 22). El545_600 (Fig. 2B, lanes 17 to 19) behaved like
El;05_60s5> Dut the rest of the proteins with deletions, El5pg_sg4,
Els05_5800 Els0g_502> and Elsng 597, all showed severe defects for
hexamer formation (Fig. 2B, lanes 5 to 7, 8 to 10, 11 to 13, and 14
to 16, respectively). Similarly, proteins with the point mutations
F594A and C596A in the C-terminal tail failed to form the E1
hexamer (Fig. 2C, lanes 8 to 10 and 11 to 13), while G588A had no
obvious effect on E1 hexamer formation (Fig. 2C, lanes 5 to 7).
These results demonstrate that the majority of the mutations in
the C-terminal module affect E1 hexamer formation.

We were surprised that none of the proteins with deletions or
point mutations, although defective for hexamer formation, ex-
hibited the same phenotype as E155_s,,, which forms large com-
plexes in the well. After examining the structure of El544_s,,, we
considered the possibility that the deletion to residue 577 could
cause structural issues in the folding of the helicase domain, pos-
sibly because the presence of residues immediately C terminal to
residue 577 is important. To address this possibility, we added either
seven alanines (7 X N) or seven asparagines (7 X A) to the endpoint
at residue 577, generating El ;g 5,7 75n and Eljgg_s77 754, Tespec-
tively, and tested these for hexamer formation in the presence of ss-
DNA. As shown in Fig. 2C, lanes 14 to 19, these additions restored
fully the ability to form the E1 hexamer. This result was surprising
since it demonstrates that the acidic region and the C tail are not per se
required for hexamer formation by the E1 helicase domain, contrary
to expectation. We were also intrigued by the fact that El505 577 75n
and El;og_577 7% A (Fig. 2C, lanes 14 to 19) formed discrete hexamers
at wt levels while E15,4_sg, had a severe defect for hexamer formation
(Fig. 2B, lanes 5 to 7), although these proteins all have seven residues
added to the C terminus of El;04_s,,. This difference demonstrates
that the 7 residues of the acidic region present in El;,4_sg, have a
direct negative effect on E1 hexamer formation and that the function
of the acidic region therefore appears to be to inhibit hexamer forma-
tion. In the presence of the C tail, this block to hexamer formation on
ssDNA can be bypassed.

To ascertain that deletions in the C-terminal module did not
cause gross structural defects, we performed sedimentation anal-
ysis with one of these mutants. As shown in Fig. 2D, El;u5_so,
sedimented as a discrete peak similar to the marker protein car-
bonic anhydrase (molecular mass, 29 kDa), demonstrating that it
remains a discrete monomer.

As results displayed in Fig. 1E show, both El555_¢o5s and El5og_s77
had helicase activity when tested using short partially double-
stranded oligonucleotides. For a more stringent helicase assay,
more relevant to the role of E1 as a replicative DNA helicase, we
generated substrates with much longer double-stranded regions
by extending a primer annealed to a single-stranded M 13 template
in the presence of **P-labeled nucleotide and low levels of dide-
oxynucleotide to generate a substrate with a double-stranded re-
gion ranging between 1 and 5 kb in length. Such a substrate can
provide an estimate of the processivity of the helicase (Fig. 3A to
D). El;y5_s,, failed to unwind this substrate, as did the deletion
proteins El5ps_sg4 El50g 580, and Elsog_s0, (Fig. 3A, lanes 3 to 15).
El;05_597 sShowed a very low level of unwinding (Fig. 3B, lane 5),
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while E1505_ 00 and El5o5_ o5 showed robust helicase activity (Fig.
3B, lanes 7 to 12). Addition of 7 X N or 7 X A restored helicase
activity to El5,4_s5, (Fig. 3C, lanes 7 to 12). Proteins with the point
mutations in the conserved residues in the C-terminal tail (F594
and C596; Fig. 3D, lanes 10 to 15) showed a very low level of
activity for DNA helicase activity, while mutation of the conserved
G588 showed no defect. (Fig. 3D, lanes 7 to 9). These results show
that all mutants that could form the hexamer well were also able to
unwind the long helicase substrate while mutations defective for
hexamer formation were unable to do so.

ATP hydrolysis by the E1 protein and other hexameric helicases is
dependent on the ATP binding and hydrolysis site formed by two
adjacent subunits in the hexamer (34, 42, 45). Because hexamer for-
mation is greatly stimulated by the presence of ssDNA, consequently
ATPase is greatly stimulated by ssDNA. We tested the ability of our
C-terminal mutants to hydrolyze [y->*P]ATP (Fig. 3E). In the ab-
sence of ssDNA, El5,5_ 05 had a low level of ATPase activity (Fig. 3E,
lane 1), which was greatly stimulated (6-fold) in the presence of ss-
DNA (Fig. 3E, lane 2). The remaining samples were tested in the
presence of ssDNA. El54_s, showed a low level of ATPase activity
(Fig. 3E, lane 4), while the deletion mutants E15,g_sg4, E1305_sg0, and
El;05_50, showed only a trace of ATPase activity (Fig. 3E, lanes 5to 7).
El505_s0, had a significantly higher activity, and activity was restored
completely for El5qs_g0o (Fig. 3E, lanes 8 to 9). As observed with the
helicase activity, El505_s77 74 and El5o5_s77 75 both showed a fully
restored ATPase activity (Fig. 3E, lanes 11 to 12). Two of the three
proteins with point mutations in the C-terminal tail, G588A (Fig. 3E,
lane 13) and C596A (Fig. 3E, lane 15), showed a modest reduction of
activity, while that with mutation F594A (lane 14) lacked activity
altogether. These results are consistent with the ability of the different
mutants to form hexamers on ssDNA.

The results shown in Fig. 2 and 3 clearly demonstrate that for
the activities associated with the C-terminal half of E1 (hexamer
formation on ssDNA, DNA helicase activity, and DNA-dependent
ATPase activity) the acidic region and the C tail are largely dis-
pensable. However, when present, the acidic region clearly has a
negative effect on all of these activities, likely because the acidic
region inhibits E1 hexamer formation. In the presence of the C
tail, the acidic region is no longer inhibitory for hexamer forma-
tion.

The acidic region and the C tail affect DT and DH formation
by full-length E1. Because the acidic region and the C tail appear
to be dispensable for the activities found in the E1 oligomerization
and helicase domains, we generated the same deletions and mu-
tations as those that we had tested in El;yg_¢,5 in the context of
full-length E1 (Fig. 4). In contrast to El;pg_g0s, full-length E1
forms several discrete types of complexes with dsDNA. E1 can
form an E1,E2, complex together with the viral transcription fac-
tor E2. This complex serves to recognize the ori site specifically
(5-15). E1 also forms a DT complex on the ori; this complex
generates local melting of the ori and serves as a precursor for the
E1 DH, which is the viral replicative DNA helicase (24, 25, 27, 32,
33). We first tested the C-terminal deletions mutants for DT for-
mation (Fig. 4B and C). All the deletion mutants, with the excep-
tion of E1,_s,,, formed the DT well (Fig. 4B, lanes 5 to 16). Addi-
tion of 7 X N or 7 X A to E1,_,, did not restore the ability to
form the DT (Fig. 4C, lanes 5 to 10), and the five alanine substi-
tutions in the C tail had no effect on DT formation (Fig. 4C, lanes
11 to 25). These results establish two important facts. First, there is
a specific requirement for the acidic region for DT formation, since
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FIG 3 Mutations in the C-terminal module affect the helicase and ATPase activity of E1. A helicase substrate was generated by annealing a primer to M13 ssDNA
followed by extension with a mixture of deoxy- and dideoxynucleoside triphosphates (ANTPs and ddNTPs) and Klenow DNA polymerase to generate partially
double-stranded templates with long (0.2- to 5-kb) radiolabeled strands. In each set, 2 fmol of the substrate was incubated with 3 levels (4, 8, and 16 ng) of the
proteins. Proteins Elog_s77, El3os 554 E1305 _550» and Elsgs_se5 (A), Elsgs 5075 Elsos_g00> and Elsgg _s05 (B)s Elsgs 577 Elsos 577 75> El30s 577 73 a0d Elsgg 05
(C), and El;p5_¢0s> Elsos_605s G588A, El5os 05 F594A, and El5p5_ 05 C596A (D) were tested. In each panel, a size marker (first lane), a boiled probe (B), and a
no-El (—) sample were included. (E) Point mutants and deletions in the C-terminal module in the context of E15y5_4,5 were tested for ATPase activity. Samples
were incubated with [y->*P]ATP in the presence of ssDNA except where otherwise indicated, followed by separation of free phosphate from ATP by thin-layer

chromatography. The level of hydrolysis is shown below each lane.

E1,_sg, forms the DT (Fig. 4B, lanes 14 to 16) while E1, s, 5 does
not (Fig. 4C, lanes 5 to 7). Second, the C tail is clearly not required for
DT formation.

We next examined the mutant proteins for their ability to form
the E1 DH by EMSA (Fig. 4D and E). When E1 is incubated with
probe in the presence of ATP, the DT is slowly converted into a
DH, in a process that requires local melting of the dsDNA (24, 25,
27). Interestingly, only one of the deletions, E1,_,, was still able
to form the DH, demonstrating that the C tail is critically impor-
tant for DH formation (Fig. 4D, lanes 20 to 22). Results consistent
with this finding were observed with point mutations in the C tail;
proteins with mutations G588A, M591A, and T593A formed the
DH (Fig. 4E, lanes 11 to 19). However, mutation of the conserved
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residues F594A (Fig. 4E, lanes 20 to 22) and C596A (Fig. 4E, lanes
23 to 25) resulted in failure to form the DH. Together, these results
show that the C tail plays a specific role in the formation of the DH
but plays no role in DT formation, while the acidic region is spe-
cifically required for DT formation.

To ascertain that the acidic region plays a role for DT forma-
tion also in the context of the intact E1,_,s, we introduced argi-
nine substitutions into the acidic region (Fig. 4F). Because the
acidic region contains many acidic residues and the alignment
with other E1 proteins indicates that considerable sequence vari-
ation is allowed as long as the acidic nature is maintained, we
generated radical substitutions in multiple positions. We gener-
ated the proteins with mutations D586R, D579R/D583R, D579R/
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point mutations in the C-terminal module in the context of E1,_5. (B) The 84-bp ori probe was incubated with three levels (2.5, 5, and 10 ng) of the deletion
mutants E1,_sg7, E1;_s95, E11_s59, E1;_sg4,and E1,_s, in the presence of ADP and tested for DT formation by EMSA. The mobility of the DT complex is indicated.
(C) The 84-bp ori probe was incubated with three levels (2.5, 5, and 10 ng) of the mutants E1,_s,, 7 X N, E1,_5,,, E1,_405 G588A, E1,_40s M591A, E1,_405 T593A,
El,_405 F594A, and E1,_,; C596A in the presence of ADP and tested for DT formation. The mobility of the DT complex is indicated. (D) The 84-bp ori probe
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proteins E1,_ o, 750, E1y_s77, E1|_g05s G588A, E1,_¢os M591A, E1,_(o5 T593A, E1,_¢o5 F594A, and E1,_¢y5 C596A and tested for DH formation in the presence
of ATP by EMSA. (F) The 84-bp ori probe was incubated with three levels (2.5, 5, and 10 ng) of wt E1 or the mutants E1,_g,5 579R/583R and E1,_, and tested
for DT formation in the presence of ADP by EMSA. For the mutants E1,_4y5 586R, E1,_g,5 579R/583R/586R, and E1,_,5 579R/583R/586R/587R, four levels of
E1(1.2,2.5,5and 10 ng) were used. (G) To determine whether the arginine substitutions in the acidic region caused structural defects, these mutants were tested
for the ability to form the E1,E2, complex: 1.2 and 2.5 ng of wt EIl or the mutant E1,_g,5 586R, E1,_go5 579R/583R, E1,_qy5 579R/583R/586R, or E1,_4s
579R/583R/586R/587R were incubated with the 84-bp ori probe and 2 ng of E2 and tested for E1,E2, complex formation by EMSA. In lane 12, 1.2 ng of E1,_5,
was tested for E1,E2, complex formation.
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D583R/E586R, and D579R/D583R/E586R/D587R in the context
of E1,_¢s. After expression and purification, we tested these mu-
tants for DT formation by EMSA. As expected, the single mutation
(E586R) had little effect on DT formation (Fig. 4F, lanes 8 to 11).
The double mutant (D579R/D583R) could still form the DT but
now also formed a larger complex (Fig. 4F, lanes 5 to 7), some-
thing that we never observed with wt E1. The triple and quadruple
mutations were shown to cause severe defects for DT formation,
generating complexes similar to those generated by E1,_5,, (Fig.
4F, compare lanes 12 to 19 and 20 to 22). These results demon-
strate that the acidic region in the context of full-length EI is
necessary for formation of the DT.

To verify that the defects for DT formation were not caused by
structural effects of the arginine substitutions, we tested the mu-
tants for formation of a different complex that does not rely on the
ability of E1 to oligomerize (Fig. 4G). E1 can together with the
viral E2 protein form an E1,E2, complex on the ori. Formation of
this complex depends on site-specific DNA binding by both pro-
teins as well as interactions between the E1 and E2 DBDs and
between the E1 helicase domain and the activation domain of E2
(6, 9, 10, 41, 46). Clearly, all the arginine substitution mutants
were capable of forming the E1,E2, complex (Fig. 4G, lanes 4 to
11) as was E1,_s,,, ruling out serious structural defects for these
proteins.

The acidic region and the C tail are required for unwinding
and in vitro DNA replication. The EMSA whose results are dis-
played in Fig. 4 showed that mutation of the acidic region results
in a defect for DT and DH formation. To provide functional anal-
ysis of mutations affecting the acidic region and the C tail, we
utilized an unwinding assay. The E1 DT formed on the ori can
locally melt the DNA, allowing formation of the E1 DH, which
then unwinds the ori DNA and generates ssDNA (24, 25). We can
detect the ssDNA generated in this process by the addition of E.
coli SSB, which forms a complex with ssDNA that can be detected
by EMSA. As expected, the deletion mutants E1; 554, E1;_5g0, and
E1,_s9, (Fig. 5A, lanes 3 to 11), which fail to form the DH, lacked any
detectable unwinding activity. E1,_s,, showed a trace of unwinding
(lanes 12 to 14), while E1,_, and full-length E1 (E1,_¢,5) showed
substantial activity (lanes 15 to 20). We next tested point muta-
tions in the C-terminal tail and the acidic region for unwinding
(Fig. 5B and C). Similar to the results for DH formation, G588A
and M591A mutants showed wt levels of unwinding (Fig. 5B,
compare lanes 3 to 5 to lanes 6 to 11). However, proteins with the
point mutations T593A, F594A, and C596A showed only a faint
trace of activity (Fig. 5B, lanes 12 to 20). E1,_s,, ;. (Fig. 5B, lanes
21 to 23) lacked activity altogether. The arginine substitutions in
the acidic region had more-modest effects on unwinding. D586R
showed a 2- to 4-fold reduction in unwinding (Fig. 5C, lanes 7 to
10), while D579R/D583R/D586R showed a 4-8-fold reduction ef-
fect for unwinding (Fig. 5C, compare lanes 3 to 6 to lanes 15 to 18).
With the results shown in Fig. 5D, we demonstrated that the
Sarkosyl treatment used to disrupt E1 complexes in panels A to C
does not affect SSB-ssDNA complexes (compare lanes 2 and 3, 5
and 6, and 7 and 8).

As a final step in measuring the activity of the mutations in the
C terminus of E1, we measured cell-free DNA replication in hu-
man cell extracts. As shown in Fig. 5E, E1,_4,, had close to wt
activity (compare lanes 2 and 3) while all the remaining deletion
mutants, Ely_so;, E1;_ 505, E1; 589, E1_sg4, and E1,_5,, (Fig. 5E,
lanes 4 to 8) as well as the two F594A and C596A mutants (Fig. 5E,
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lanes 12 and 13) lacked activity altogether. Of the remaining point
mutation proteins, the T593A mutant had a reduced activity (Fig.
5E, lane 11) while the G588A and M591A mutants (Fig. 5E, lanes
9 and 10) had close to wt activity.

As shown in Fig. 5F, we tested the activities of the arginine
substitutions in the acidic region for in vitro replication. The
E586R mutant had partial activity (Fig. 5F, lanes 8 to 10) while the
D579R/D583R (Fig. 5F, lanes 5 to 7) and D579R/D583R/E586R
(Fig. 5F, lanes 11 to 13) mutants lacked detectable replication
activity. These results are generally consistent with the defects ob-
served for complex formation and unwinding and show that the
acidic region and the C tail are essential for viral DNA replication.

Our ability to knock out the acidic region with multiple point
mutations indicated to us that it might be possible to test whether
the C tail becomes dispensable when the acidic region is inactive.
Such a result would strongly support the notion that the function of
the C tail is to counteract the activity of the acidic region. We there-
fore generated the constructs E1 505 _ 605 579r 583r 5868 1 Which the acid
region isknocked out,and E1 595605 579r 583r 586R C596> i1 Which both
the acidic region and the C tail are knocked out. Surprisingly, we
failed to purify El;05_605 570r s83R 5868 dU€ to poor solubility; how-
ever, E1505_ 605 579r 583R 586R C5064 COULd readily be purified, and we
tested this protein for the formation of hexamer on ssDNA as well
as for ATPase activity (Fig. 5G). Strikingly, knocking out the acidic
region in the context of El555_605 cs064» Which has a severe defect
for hexamer formation (Fig. 5G, lanes 5 to 7), restores hexamer
formation to wt levels (Fig. 5G, compare lanes 2 to 4 and 8 to
10). Similarly, El545_¢05 csesa> Which has a significant defect for
ATPase activity, can be restored to wt activity by knocking out
the acidic region (Fig. 5H, compare lanes 3, 4, and 5). Although
these results are not completely conclusive since we were un-
able to measure that activity of the acidic region mutant alone,
they clearly suggest that the defects of the mutants in the C tail
are caused by the exposure of the acidic region.

Theacidic region interacts with the oligomerization domain.
The results in Fig. 2 and 3 demonstrate that the acidic region is a
negative regulator of E1 hexamer formation. An obvious possibil-
ity is that the acidic peptide can interact with the oligomerization
domain and prevent the interaction between the oligomerization
domains that is required for hexamer formation. To determine
whether we could detect such an interaction, we performed pull-
down assays using a GST fusion containing a C-terminal fragment
from El including the acidic region and the C tail (GSTE15,,_40s)-
This protein interacted well with the in vitro-translated oligomer-
ization and helicase domain fragment E15,4_s,, (Fig. 6A, lane 3).
The interaction was entirely dependent on the acidic region as
illustrated by the fact that the triple arginine substitution (D579R/
D583R/E586R) in the acidic region caused loss of the ability to
bring down the fragment (GST 544—605 3 X R [Fig. 6A, lane 2]).
We observed a similar result using an in vitro-translated oligomer-
ization domain fragment (Elsqg_4,,) (Fig. 6C, compare lanes 2
and 3), demonstrating that the oligomerization domain by itself is
sufficient for the interaction with the acidic region.

ssDNA is a trigger for DH formation. E155_,5 forms hexam-
ers on ssDNA in the presence of either ADP or ATP, demonstrat-
ing that nucleotide hydrolysis is not necessary for hexamer forma-
tion (36, 42). DH formation with E1,_,5, however, requires ATP
likely because the generation of ssDNA, which is required for DH
formation, is dependent on ATP hydrolysis by the DT (24, 25). We
reasoned that it might be possible to bypass the ATP dependence if
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we could bypass the local melting step. We therefore generated an
ori probe containing a 6-bp single-stranded region at the position
in the ori (nt 7928 to 7933) where the E1 helicase domain interacts
with and melts the dsDNA (25-27). We then tested this “bubble
probe” for complex formation in parallel with a completely dou-
ble-stranded probe. On the completely double-stranded probe, wt
El forms a DT in the presence of ADP, but formation of DH
requires ATP (Fig. 6E, lanes 2 to 7). Strikingly, using the bubble
probe, we could generate a DH complex also in the presence of
ADP (Fig. 6E, lanes 9 to 11). This result indicates that in the pres-
ence of ssDNA, ATP hydrolysis is no longer necessary for DH
formation, consistent with an ability of E15,5_405 to form hexam-
ers on ssDNA without ATP hydrolysis.

Our data indicate that the acidic region is required for DT
formation because it inhibits hexamer formation. This inhibition
clearly is conditional since prolonged incubation of the DT in the
presence of ATP results in the transition to a DH. The timing of
the first appearance of DH (~10 to 12 min) correlates with the
time required to generate local melting, indicating that the trigger
for DH formation likely is ssDNA (25). Consistent with this idea,
the DH forms instantly (in <1 min) on the bubble probe, where
melting is not required (Fig. 6E, lanes 9 to 11).

Our data show that the C tail in the presence of ssDNA can
counteract the inhibitory effect that the acidic region exerts on
oligomerization, and a logical conclusion is therefore that it is the
recognition of ssDNA by the C tail that triggers DH formation. We
therefore tested whether the C tail C594A and F596A mutants
could form the DH on the bubble probe in the presence of ADP
(Fig. 6, lanes 12 to 17). Interestingly, both of these mutants failed
to form the DH, demonstrating that without the C tail, ssDNA no
longer triggers DH formation. Although this result does not prove
that the C tail recognizes ssDNA, it is clearly consistent with such
a possibility. These data together provide strong evidence that
ssDNA is the trigger for DH formation, likely through recognition
by the C tail.

DISCUSSION

The El initiator protein combines multiple activities that are re-
quired for initiation of papillomavirus DNA replication. These
activities are deployed sequentially and result in recognition of the

ori by an E1-E2 complex, local melting of the ds viral DNA by an
E1 DT complex, formation of an E1 DH helicase that encircles
ssDNA, and eventually unwinding of the dsDNA. We have iden-
tified a short peptide in the C terminus of E1 that functions as a
regulatory module in this process. The peptide contains a negative
regulator of oligomerization, the acidic region, which promotes
DT formation. Another part of the peptide, the C tail, can coun-
teract the negative regulator and therefore promotes E1 oligomer-
ization and DH formation.

We were initially interested in the function of the E1 C-termi-
nal peptide because it is fairly well conserved but not visible in the
crystal structures, indicating that it is not an integral part of the
helicase domain. This prediction appears to be correct, because
the acidic region and the C tail can be functionally replaced by 7 X
N or 7 X A; the acidic region and the C tail clearly represent
add-ons that do not affect the structure of the helicase domain.

Our mutational analysis of the C-terminal peptide in the con-
text of the oligomerization and helicase domain (El;p5_¢5) re-
sulted in several surprising observations. The intact Elsog_g05
fragment readily formed the expected hexamer with ssDNA and
had robust helicase and ATPase activities (Fig. 2 and 3). The
shorter El;p5_s,, fragment, which corresponds to the fragment
used for structure determination of the E1 hexamer in complex
with ssDNA (34), failed to form a discrete complex and had poor
helicase activity on long substrates as well as reduced ATPase ac-
tivity. Strikingly, although this defect is due to the absence of the
C-terminal module, the defect is not specific since addition of 7 X
Aor7 X N atresidue 577 restored wt activity to the fragment. We
believe that the deletion to residue 577 may compromise folding
in some way. This folding defect must be fairly subtle, however,
since El544_s,, remains monomeric and does not aggregate in the
absence of DNA (Fig. 1). Also, under crystallization conditions
this protein clearly forms hexamers (34).

Because the C-terminal module is not visible in the E1 hexamer
structure, Whelan et al. (49) performed small-angle X-ray scatter-
ing to determine the position of the C-terminal module in the
hexamer. The authors found that it occupied a cleft between ad-
jacent subunits in the ring, and based on electrostatic potential
calculations the authors suggested that the C-terminal module
may bridge adjacent subunits. Comparison of El,ge 05 and

FIG 5 The C-terminal module is required for unwinding and DNA replication in vitro. (A) The 84-bp ori probe was incubated with three levels (2.5, 5, and 10
ng) of E1\_s54 E1} 550, E1 5055 E1| 597, E1_g00> and E1,_ 45 in the presence of ATP and E. coli SSB and analyzed by EMSA. ssDNA + SSB complexes are indicated.
(B) The 84-bp ori probe was incubated with three levels (2.5, 5, and 10 ng) of E1,_¢,s, E1,_¢05 G588A, E1,_405s M591A, E1,_4o5 T593A, E1,_¢,5 F594A, E1,_405
C596A, and E1,_s; ;5 in the presence of ATP and E. coli SSB and analyzed by EMSA. (C) The 84-bp ori probe was incubated with four levels (2.5, 5, 10 and 20
ng) of E1_ o5, E14_g05 586R, E1,_405 579R/583R, E1,_4o5 579R/583R/586R, and E1,_5, in the presence of ATP and E. coli SSB and analyzed by EMSA. (D) Low
levels of Sarkosyl disrupt E1 complexes with ssDNA and dsDNA but do not affect complexes between E. coli SSB and ssDNA. The double-stranded 84-bp ori
probe was incubated with E1 in the presence of ADP (lanes 2 and 3). Immediately before loading onto an EMSA gel, one sample (lane 3) was treated with 0.1%
Sarkosyl. The ssDNA probe was incubated with E1 in the presence of ADP (lanes 5 and 6). Immediately before loading onto an EMSA gel, one sample (lane 6)
was treated with 0.1% Sarkosyl. The ssDNA probe was incubated with E. coli SSB (lanes 7 and 8). Immediately prior to loading onto the EMSA gel, one sample
(lane 8) was treated with 0.1% Sarkosyl. (E) Deletions and point mutations in the acidic region and C tail were expressed and purified from E. coli and tested for
DNA replication in vitro as described in Materials and Methods. Two hundred nanograms of each mutant protein was incubated in replication extract in the
presence of [a->*P]dCTP and analyzed by agarose gel electrophoresis. (F) The arginine substitutions in the acidic region were tested for DNA replication in vitro.
Three quantities (100, 200, and 400 ng) of wt E1 and the E1 579R/583R, 586R, 579R/583R/586R mutants and E1,_s, were used in cell-free replication reactions
in the presence of [a-**P]dCTP and analyzed by agarose gel electrophoresis. (G) Inactivation of the acidic region in the context of the E1;5_ 405 cs0a restores E1
hexamer formation and ATPase activity to wt levels. Mutants in the C-terminal module were tested for hexamer formation in the context of E1504_¢,5 using an
ssDNA probe. Two, 4, and 8 ng each of the proteins El55_s0s» E1305_605 csosa> a0d El505 05 cs96a D579R/D573RES86R WETE INCubated with a 41-mer ssDNA probe
(~2 fmol) in the presence of ADP and tested for hexamer formation by EMSA. The migration of the E1 hexamer is indicated. The altered mobility of the
complexes formed with El505_g0s5 cso6a Ds79r/Ds73RESs6R 1S CaUsed by the E586R substitution. (H) Mutants in the C-terminal module in the context of E15p5_¢5
were tested for ATPase activity. The proteins El505_¢os, E130s_05 csosar ANAE 1305605 cs06a D37or/Ds73REs86R Were incubated with [y-*?PJATP and ssDNA, unless
otherwise indicated, and tested for ATPase activity as described in Materials and Methods. The migration of ATP and free phosphate is indicated, and the level
of hydrolyzed ATP is shown below the lanes.
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FIG 6 The C-terminal module interacts with the E1 oligomerization domain.
(A) El;ps_s,, and luciferase were translated in vitro in a reticulocyte lysate in
the presence of [**S]methionine, used in pulldown experiments with GST,
GSTs44_577 579R/583R/586R, or GSTs,,_ 05, and analyzed by SDS-PAGE fol-
lowed by autoradiography. In the input lane, 1% of input was loaded. (B) The
same gel as that described for panel A was stained with Coomassie brilliant blue
(CBB) to show the presence of the GST fusion proteins. (C) Elsyg_4,o Was
translated in vitro in a reticulocyte lysate in the presence of [**S]methionine,
used in pulldown experiments with GST, GSTs,,_s,, 579R/583R/586R, or
GSTs44_577> and analyzed by SDS-PAGE followed by autoradiography. (D)
The same gel as for panel C was stained with CBB to show the presence of the
GST fusion proteins. (E) The C tail is required to sense the presence of ssDNA.
Three quantities (2.5, 5, or 10 ng) of wt E1 or the F594A or C596A mutant were
used in EMSA using two different probes. Wild-type E1 was incubated with the
wt 84-bp ori probe in the presence of ADP or ATP. Wild-type E1 or the F594A
or C596A mutant was incubated with a probe that differed from the wt probe
by a 6-bp mismatched region (bubble probe) in the presence of ADP. Migra-
tion of the DT and DH complexes is indicated.
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El,9,_s70 showed that a 26-aa deletion that removes the C-termi-
nal module resulted in a protein that was less capable of forming
hexamers with ssDNA, had reduced ATPase activity, and espe-
cially on longer substrates had poor helicase activity compared to
the intact protein. Based on these data, the authors suggested that
the C-terminal module functions as a brace that holds the hex-
amer together during unwinding of dsDNA. In the hexameric T7
gene 4 helicase, a 31-aa N-terminal tail crosses over from one
subunit and interacts with the adjacent subunit (47, 48).

The data that we present here clearly contradict a model in
which the C-terminal module functions as a brace. The restora-
tion of ATPase, DNA binding, and DNA helicase activities that
can be accomplished by replacing the 28-residue C-terminal mod-
ule with short oligopeptides (7 X N or 7 X A) clearly shows that
neither the sequence nor the length of the peptide is critical for
restoration of activity; and it is hard to imagine a brace without
sequence dependence. Our interpretation, as stated above, is that
the deletion of the whole C-terminal module results in folding
problems that can be rescued by increasing the length of the poly-
peptide slightly.

Opverall, the deletion mutant (E1,49_5,¢) used by Whelan et al.
(49) showed defects similar to those that we observe in El5p5_s,5,
including a reduced ability to form hexamers, reduced processiv-
ity of the helicase, and reduced ATPase activity. The slight differ-
ences that do exist, e.g., El,49_57¢ forming a hexamer poorly while
El;45_5,, forms a complex in the well is likely due to subtle differ-
ences in the constructs and/or expression and purification proce-
dures. In our hands, a mutant with a slightly smaller deletion than
that of El505_s77 (El505_s5;) produces a mixture of hexamers and
complexes that stick in the well (data not shown).

We observe excellent correlation between hexamer formation
by El505_g05 on ssDNA and DH formation on dsDNA by E1,_s,
indicating that these processes are closely related and that E1 oli-
gomerizes in the same way in the hexamer and the DH (Fig. 7A).
The critical component for forming the hexamer is the oligomer-
ization domain, which is positioned immediately N terminal to
the helicase domain and forms a tight structure that holds the
hexamer together (34, 42). In the DH, the oligomerization do-
main likely adopts the same structure. We have less information
about the structure of the DT complex, but based on biochemical
analysis the DT is critically dependent on template length, while
the formation of the DH is not. This is consistent with formation
of planar rings in the hexamer and DH. In contrast, in the DT, E1
is likely to bind in a helical arrangement (24, 30, 34, 42). Because
the oligomerization arrangement is unlikely to be shared between
the hexamer and the DT, it is plausible that blocking of the oli-
gomerization domain to prevent formation of hexamers and DHs
would still allow the DT to form.

Function of the acidic region and C tail in E1;y_ 5. We were
surprised that small deletions from the C terminus (El;pg_sg4,
Els05_580> El30g_502> and El5pg_so7) resulted in proteins that behaved
differently from either El;p5_s77, Elsgg_s77 75n> OF Elsgg_gos- The
small deletions resulted in severe defects for hexamer formation
and ATPase and helicase activity (Fig. 2 and 3). However, the
defects were not due to formation of larger complexes (as in
El;45_57,) but were caused by a failure to form any complex, indica-
tive of a defect in ssDNA binding and/or oligomerization. Compari-
son of the two proteins El5,g_sg, and El54g_s77 75, Which both have
seven residues added after residue 577, shows that E1505_s-7 55 in all
respects behaved as El5y5_ 05, while E1504_54, was defective for all
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FIG 7 Effects of mutations in the C-terminal module on E1 complex formation and model of control of oligomerization of E1 by the C-terminal module. (A)
Summary of how point mutations and deletions in the C-terminal module affect hexamer (H), double trimer (DT), and double hexamer (DH) formation in the
context of E1505_g05 and E1,_g,5. (B) Model for how the acidic region and C tail control oligomerization of E1. See the text for details.

the activities that reside in the helicase/oligomerization domain
fragment (which are all dependent on hexamer formation) (Fig. 2
and 3). This result demonstrates, first, that the acidic region and
the C tail are not required for hexamer formation in the context of
Els05_60s5- Second, when present alone, the acidic region has a
strong negative effect on hexamer formation. When both the
acidic region and the C-terminal tail are present (as in El555_405),
this negative effect of the acidic region is neutralized, indicating
that the C tail is a modulator of the acidic region and that the
acidic region and the C tail likely function together. This notion is
supported by the results in Fig. 5G and H, which indicate that
mutation of the acidic region restores the activity to the C tail
C596A mutant, consistent with a role for the C tail in blocking the
activity of the acidic region.

Function of theacidicregionand Ctailin E1,_s. Because the
acidic region and the C tail do not serve a specific function in the
context of El544_405, We examined mutations in these two regions
in full-length E1,_¢,s. In the presence of ds ori DNA, which is the
substrate for E1,_ s, we observed striking effects of removal of the
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acidic region and the C tail. E1,_5,, ; « , could still bind DNA but
no longer formed discrete complexes (Fig. 4). Restoration of the
acidicregion, e.g., E1|_s44, E1|_sg0, E1| 595, and E1,_s,, resulted in
formation of the discrete DT complex on dsDNA. This result es-
tablishes that the acidic region has to be present to form the DT.
Based on the strong inhibitory effect of the acidic region on hex-
amer formation in the context of E15y4_¢s, it is likely that the way
the acidic region promotes DT formation is by inhibiting hexamer
formation. We believe that the acidic region inhibits oligomeriza-
tion by directly interacting with the oligomerization domain (Fig.
6A to D). Because the monomer of the El helicase domain in
solution may look quite different from the monomer extracted
from the hexamer structure, we cannot predict with any accuracy
how such an interaction comes about.

Inactivation of the C tail also produces a very clear phenotype
in E1,_4y5. Point mutations or deletions in the C tail result in
failure to form the DH complex, although DT formation is unaf-
fected. In analogy with the function of the C tail in El;qg_g0s,
where the C tail clearly counteracts the inhibitory effect of the
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acidic region and promotes hexamer formation, the C tail in full-
length E1 likely promotes DH formation by counteracting the
acidic region. We can clearly rule out any direct effect of the C tail
in hexamer formation, since the whole C-terminal module can be
removed without affecting hexamer formation.

We can combine the data obtained from El;y4_g05 and from
El,_¢5 and describe a comprehensive model for the function of
the C-terminal module in viral DNA replication (Fig. 7B). Our
data show that two short peptides, the acidic region and the C tail,
together form a regulatory module, which is attached to the C
terminus of the helicase domain. This module is not required for
hexamer formation on ssDNA. In the absence of this module,

s_ars <N Can use the intrinsic ability of the oligomerization and
helicase domains to bind ssDNA and to form hexamers, an ability
that is common to many helicases (Fig. 7B, row I). In full-length
E1, however, the C-terminal module plays an essential role. The
ability of E1 to perform local melting of dsDNA is critically depen-
dent on the DT, which forms only in the presence of the acidic
region. In the absence of the acidic region, ssDNA cannot be gen-
erated, and therefore the DH cannot form either.

If the C tail is removed or mutated in El;qg_g05, Where the
acidic region is present, we observe a strong inhibitory effect of the
acidic region on hexamer formation with ssDNA (Fig. 7B, row II).
Because we can detect a physical interaction between the acidic
region and the oligomerization domain and because the oli-
gomerization domain is required for hexamer formation, we be-
lieve that the acidic region inhibits oligomerization directly. If the
C tail is removed or mutated in E1,_ 5, where the acidic region is
present, E1 is fully competent to form the DT complex. However,
the DT cannot progress to DH since the C tail is not available to
reverse the block to oligomerization for which the exposed acidic
region is responsible.

When both the acidic region and the C tail are present in the
context of El5p5_¢s, the inhibitory effect of the acidic region is no
longer observed, and in the presence of ssDNA, the hexamer is
formed (Fig. 7B, row III). We believe that ssDNA triggers the C tail
to counteract the inhibitory effect that the acidic region has on
oligomerization. Full-length E1 first forms a DT, demonstrating
that the acidic region, which promotes DT formation, is active. As
local melting proceeds and ssDNA becomes available, the C tail
recognizes the ssDNA and triggers DH formation.

In conclusion, our data clearly show that the C-terminal mod-
ule, which is present in all papillomavirus E1 proteins, is an essen-
tial part of the machinery required for viral DNA replication. This
module is an add-on to the helicase domain that modifies the
activity of the E1 protein. The net result is that the acidic region
and the C tail extend the functionality of E1, since in addition to
forming the hexamer and DH helicases, which are intrinsic to the
helicase and oligomerization domains, the presence of the acidic
region allows the formation of the DT complex, which can melt
dsDNA locally. The transition to the DH then requires the C tail.
The critical importance of these two short peptides in the C-ter-
minal module raises the possibility that these peptides could rep-
resent targets for antiviral compounds.
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