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ABSTRACT. The association between the papillomavirus E1 and E2 proteins is an important regulatory
interaction, imparting coordinated control of viral transcription and replication. Using fluorescence
polarization, we have characterized the interactions between HPV-11 E1, HPV-11 E2, and DNA in solution
at equilibrium. For these studies, two double-stranded fluorescein-labeled oligonucleotides were prepared.
The first fluorescent oligonucleotide, designated FI-E2BS and containing a single E2 binding-site palindrome
(ACCGNsCGGT), was used to determine the affinity of E2 for its DNA binding site. HPV-11 E2 bound
FI-E2BS with an appareri{y of 0.84 nM. Binding was saturable and consistent with a single class of
noninteracting sites. The second oligonucleotide, designated FI-E1E2BS, contained both E1 and E2 sites
in sequence derived directly from the HPV-11 origin of replication. Under titration conditions identical

to those used for FI-E2BS, the E2 protein exhibited reduced affinity for FI-ELIERBS (100 nM). E1

binding to FI-E1E2BS was of very low affinity. Addition of excess HPV-11 E1 to FI-E1E2BS lowered
the dissociation constant for the E2:FI-E1E2BS interaction to 2 nM. This effect was not dependent upon
ATP or magnesium ion. Fluorescence polarization and other data suggest formation of a complex containing
six E1 molecules and a single dimer of E2 bound to a single FI-E1E2BS oligonucleotide; E2 dissociation
from the final complex did not occur. In summary, physical interaction between E1 and E2 increases the
DNA binding affinity of each. The role of this energy coupling may be to promote origin-specific binding

of both E1 and E2 to DNA.

The Papillomaviridae are a large family of double- The papillomavirus proteins responsible for virus tran-
stranded DNA viruses that cause benign tumors (warts) in scription and replication control are the E1 and E2 proteins.
infected epithelia. Concerns about human papillomavirus The E1 protein is a 7080 kDa nuclear phosphoprotein
(HPV)! infection increased when it was demonstrated that which is required for viral DNA replicationd4( 5). E1 binds
such infections were associated with genital condylomata, DNA both specifically and nonspecifically and binds to the
with dysplasia and carcinoma of the uterine cervix, and with viral origin of replication ORI). Sequence-specific DNA
some cancers of the head and neck (for review1s&e A binding by E1 is most likely mediated by the papillomavirus
goal of HPV research is to understand the biochemical E2 protein; association of E1 with E2 appears to enhance
mechanisms underlying viral transcription and replication the affinity of E1 for DNA ©—16). E1 has significant
control. Such an understanding will be necessary for the structural and functional homology to the simian virus 40
development of effective papillomavirus antiviral therapies (SV40) large T antigen protein, and possesses DNA helicase
3. activity (17—19). E1 also interacts with DNA polymerase

(20), and in doing so, E1 may serve as a modulator of
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(25) demonstrated a solution stoichiometry of one E2C dimer (for example, se81, 32 including HPV-11 E2C and DNA
binding to one DNA double-stranded oligonucleotide. Bind- (25). By measuring the fluorescence anisotropy of fluorescein-
ing occurred as a single class of noninteracting binding sites.labeled oligonucleotides as a function of added E1 and E2
Competitive E2C binding titrations between the same protein, the equilibrium affinity constants for E1:DNA, E2:
fluorescein-labeled E2 binding-site oligonucleotide and an DNA, and E1:E2:DNA complexes may be determined in
unlabeled oligonucleotide of identical sequence yielded a solution under equilibrium conditions. Furthermore, because
native complex dissociation constant of 45 107° M. measurements are made at equilibrium, factors such as the
Similar titrations of oligonucleotides with sequences from order of reagent addition and the possibility of multiple
the seven E2 binding sites within the HPV-11 genome reaction pathways do not affect experimental outcomes.
demonstrated that all high-affinity E2 binding sites were

located near th®RI, while sites distant from th@RIbound EXPERIMENTAL PROCEDURES

with only weak affinity.

Although E1 and E2 complex formation with DNA is well HPV-11 E2 ExpressiorDNA encoding the entire HPV-
established, there has been little quantitative analysis of thell E2 sequence plus an initiator methionine was obtained
E1:E2:DNA complex. Interaction between E1 and E2 with by polymerase chain amplification from an HPV-11 genome
the HPV-11 genome leads to the formation of an E1:E2: inserted into pUC plasmid pWw973%g). The PCR product
ORI complex; HPV-11 E2 association with E1 appears to encoding the full-length HPV-11 E2 protein was ligated into
enhance the DNA binding affinity of E2 for DNAL(, 26). a bacteriophage T7 expression vector, pSS28}, €ontain-
Sedman and Stenlund%) described how bovine papillo- inga T7 gene 10 promoteB4). Plasmids were purified from
mavirus (BPV) E2 and BPV E1 bind th@RlI individually recombinant colonies and used to transform BL21 DE3
with low sequence specificity; however, together they bind Escherichia coli.BL21 DE3 E. coli expressing E2 were
the ORI with greatly increased sequence specificity. Subse- grown for 18 h at 34C in enriched medium containing 50
quent work by these authors proposed that this EDR2: ug/mL kanamycin. PCR fidelity was confirmed by DNA
complex may serve as a precursor for the formation of a sequencing. Aliquots of recombinant BL21 DE3coli were
trimeric E1 complex 16), and then from this trimeric E1 ~ frozen at—80 °C, and were used to inoculate larger scale
complex to the formation of a hexameric E1 complex with cultures for E2 preparation.
helicase and ATPase activitie®7. DNA Affinity Column.A DNA affinity column was

Whether observations of BPV-E1 and E2 complex forma- prepared using a 42 base pair double strand oligonucleotide
tion with DNA are transferable to HPV proteins is unclear. containing two E2 binding-site palindromes. The oligonucle-
The model BPV E1:E2 binding DNA oligonucleotide studied otide sequences weré-6CCCCCACCGAAAACGGTC-
by Sedman and Stenlund5) contains a low-affinity E2 CCCCCACCGAAAACGGTCCCCCC and 3-GGGGGG-
binding-site palindrome. In contrast, the E2 binding site used ACCGTTTTCGGTGGGGGGACCGTTTTCGGTGGGGGG-
in our studies binds HPV-11 E2C with high affinit25). 3. One gram of cyanogen bromide-activated agarose
For this paper, we sought to determine quantitatively the (Pharmacia) bound 1.5 107 mol of annealed double-
affinity of the HPV-11 E1 and E2 proteins for DNA. We stranded oligonucleotide. After washing, the column was
also sought to determine the quantitative effects of E1:E2 stored at room temperature in 20% ethanol.
association on the affinity of each protein for DNA, and to  E2 Purification.Five liter overnight cultures were grown
determine if E2 remained in the final equilibrium complex. without induction at 34°C. Cells were collected by cen-
Because the E1 protein has both helicase and ATPasdrifugation at 5000 rpm for 15 min at 4C in a GSA rotor.
activities, we assessed the role of ATP as a potential regulatorThe bacterial pellets were then resuspended in 50 mL of
of E1:E2:DNA complex formation. Finally, we determined buffer containing 20 mM TRIS, pH 8.5, 5 mM EDTA, 10
the equilibrium stoichiometry of the E1:E2:DNA complex. mM DTT, and 1 mM PMSF. The resulting bacterial

Many studies of E2:DNA interaction have utilized an suspension was sonicated on ice at maximum power 2 times
oligonucleotide gel-shift method. Although gel retardation for 2 min intervals using a microtip. The sonicated bacteria
of labeled oligonucleotides by E2 is readily quantifiable, such were then centrifuged for 20 min at 18 500 rpm in an SS-34
measurements of the fractions of free and bound DNA are rotor. After centrifugation, the supernatant was saved and
not made at equilibrium due to the utilization of the gel frozen at—80 °C for later purification.
electrophoresis technique. In the course of electrophoresis, The thawed E2 supernatant was filtered through a 0.45
the relative E2 and DNA concentrations vary continuously, um filter unit (Millipore), and then fractionated by FPLC at
as do the solvent conditions. Furthermore, solutions used4 °C using a 1.6 cmx 10 cm heparirragarose (Sigma)
during the preequilibration steps often differ substantially column with a 6-1 M NaCl gradient in a buffer containing
from the TRIS-borate buffers used for electrophoresis. 20 mM TRIS, pH 85, 1 mM EDTA, and 5 mM DTT.
These factors could potentially result in specious measure-Fractions containing E2 protein were analyzed by Western
ments of theKy for the DNA:protein complex. Therefore, blot and pooled. No-salt DNA column buffer (20 mM TRIS,
because of shortcomings in the oligonucleotide gel-shift pH 8.0, 1 mM EDTA, 5 mM DTT, 0.1% Tween 20) was
method, fluorescence anisotropy determination was chosenadded to reduce the NaCl concentration<tb00 mM. The
as the technique for measuring E2:DNA, E1:DNA, and E1: diluted heparir-agarose column eluate was then applied at
E2:DNA complex formation. room temperature to a 1.5 csn8 cm DNA affinity column

Fluorescence anisotropy determination is a spectroscopic(described above). After loading, the column was washed
technique that is particularly well suited to the study of extensively with no-salt buffer DNA column buffer. E2 was
protein binding to small oligonucleotide2§—30), and has then eluted in a stepped gradient: first,-a®12 M NacCl
been used to study a variety of protein:DNA associations gradient in a buffer with 20 mM TRIS, pH 8, 1 mM EDTA,
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0.1% Tween 20, 0101 M NaCl. The column gradient was E. coli

then held at 0.12 M NaCl for several column volumes. After l Sonication MW (kDa)

the eluate absorbance returned to base line, the NaCl o 0 -

concentration was stepped immediately to 0.36 M. At this 1 Centrifugation 974

salt concentration, E2 protein eluted as a single sharp peak. Supernatant 68 ‘
Samples from purified E2 protein fractions were analyzed Heparin-agarose l Load under low NaCl conditions o

by SDS-PAGE and Western blot. E2-containing fractions  Chromatography ) . »

were pooled, aliquoted, and frozen-a80 °C for long-term | Bt with Nac gradicnt

storage. From each E2 preparation, a sample was removed Heparin-agarose eluate N 184

for quantitative amino acid analysis. DNA-affinity | voad under low NaCi conditions ol
HPV-11 E1 PurificationHPV-11 E1 protein purification Chromatography Elute with NaCl gradient 16% SDS.PAGE

from baculovirus-transfected Sf9 cells will be described i
elsewhere 35). Briefly, overexpressed E1 protein was DNA'am'i"y eluate I
purified to apparent homogeneity 85% purity, no detect-

able nuclease activity) using hepariagarose and immu-  Ficure 1: Purification of HPV-11 E2 from recombinag. coli.
noaffinity chromatography. For each E1 preparation, E1 Eluted fraction from DNA affinity column.

concentration was determined by Lowry assay or by quan-
titative amino acid analysis.

Synthetic OligonucleotideR?AGE-purified fluorescein-
labeled and unlabeled oligonucleotides were obtained com-
mercially (Genosys Corp.) and used without further purifi-
cation. Commercially obtained-8uorescein phosphoramidite-
labeled oligonucleotides were prepared by the method of
Schubert et al.36). Contaminating unlabeled oligonucleotide  _ .
was less than 2% (manufacturer's quality control report). q= [+ 2ID)sample (I + 2 prand finat Viinal
Oligonucleotide concentrations were calculated from mea- [+ ZID)sampIe_ (I + 21 D)piandinitial Vinitar (2)
sured 260 nm absorbancies. Complementary oligonucleotides ] N )
were annealed by combining equimolar amounts of each in Wherel, andl_g are the f_Iuorescenc_:e intensities vylth_ parallel
1x TBE buffer, and heating samples to 82 for 1 h. The and perpendicularly oriented excitation and emission polar-
oligonucleotide solutions were then allowed to cool 4€#h Izers. o o
to a temperature approximately 26 below the calculated Determination of the E1 and E2 Stoichiometries in the
melting point of each oligonucleotide pair and allowed to E1:E2:FI-E1IE2BS CompleX.o determine the stoichiometry
anneal for 48-72 h. PAGE analysis of samples showed near of E2 in the E1:E2:FI-E1E2BS complex, concentrated

100% annealing (data not shown). Annealed oligonucleotidessolutions of E1 and FI-E1E2BS in fixed ratios of 12 mol of
were stored at-80 °C. The structures of the FI-E2BS and E1to 1 mol of FI-E1E2BS (300 nM E1, 25 nM FI-E1E2BS)

Fluorescence Measurementsl fluorescence measure- 1M FI-E1E2BS) were prepared. Aliquots of purified E2
ments were made using an SLM-Aminco 8100 spectrofluo- Protein were then added, and the fluorescence anisotropy of
rometer assembled in the “T” geometry and equipped with the solutions was dete_rmlned fol_lowmg each E2 addition.
Glanz-Thompson polarizers in the excitation and emission Because fluorescent oligonucleotide was presumed to be the
beams. Samples were prepared in triplicate and werelimiting reagent for E1:E2:FI-E1E2BS complex formation,
maintained at 25+ 0.2 °C. A minimum of 10 min the stoichiometry of E2 in the E1:E2:FI-E1E2BS complex
equilibration time was given prior to each measurement. The could be determined. _
fluorescence anisotropy of each sample was determined by Similarly, the stoichiometry of E1 in the E1:E2:FI-E1E2BS
triplicate sets of 10 measurements per set. The dissociatiorcOmMplex was determined by combining high concentrations
constant for each complex was determined by measuremen®f E1 and FI-ELIE2BS in fixed ratios of 3 mol of E1 to 1
of the steady-state anisotropy of the fluorescein-labeled Mol of FI-E1IE2BS (300 nM E1, 100 nM FI-E1E2BS) and 1
oligonucleotide as a function of added E2 and/or E1 protein. Mol of E1 to 1 mol of FI-E1E2BS (300 nM E1, 300 nM
The anisotropy limits of the titrations, corresponding to free FI-E1E2BS). Aliquots to E2 were then added, and the
fluorescein-labeled oligonucleotidé and protein-bound ~ fluorescence anisotropy of the labeled oligonucleotide was
fluorescein-labeled oligonucleotideAy, as well as the ~ Measured. In this case, E1 was held as the reagent limiting
observed anisotropyAj and the fractional change in E1:E2:FI-E1E2BS complex formation. By def[ermlnlng how
fluorescein quantum yield upon binding)( were used to ~ much EL:E2:FI-E1E2BS complex could form in the presence
calculate the fraction of fluorescein-labeled oligonucleotide Of limiting E1, and assuming an E2 binding stoichiometry

remained less than 30% of the sample fluorescence intensity
throughout the titrations. The fractional change in fluorescein

guantum vyield was calculated by measuring the total

fluorescence intensities of the free and bound oligonucle-

otides, subtracting the intensities of the blank controls, and
then correcting for dilution as described in eq2B)

associated with E1 and/or E2 as described in eg9): ( of 1 E2 dimer per FI-E1E2BS oligonucleotide (see Results),
the stoichiometry of E1 in the E1:E2:FI-E1IE2BS complex
fraction oligonucleotide bounet could be measured.

(A= AN~ Aa+ A= AN (D) poeirg

All sample measurements were corrected for blank fluo- HPV-11 E2 Expression and Purificatioklilligram quan-
rescence. Even at the lowest oligonucleotide concentrationstities of homogeneously pure native sequence HPV-11 E2
(1 nM), blank fluorescence was initially less than 20% and protein could be prepared reproducibly (Figure 1). Using two
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Fluorescein-labeled 24-mer (Fl-E2BS)
I i -
CNH-(CHy)-0-P-O 0

l\/\

/co,'

5'-Fluorescein- CACACGACCGAAAACGGTCGATCC-3'
3.GTGTGCIGGCTTTTGCCAGCTAGG-5

DNA Chain

Fluorescein-labeled 62-mer (Fl-El1E2BS)

F-CCTTCTTATACTTAATAACAATCTTAGTTTAAAAAAGAGGAGGGACCGAAAACGGTTCAACC
GGAAGAATATGAATTATTGTTAGAATCAAATTTTTTCTCCTCCCTGGCTTTTGCCAAGTTGG

El E2

Ficure 2: Structures of fluorescein-labeled oligonucleotides FI-E2BS and FI-E1E2BS. lllustrated are the structure of the phosphoramidite-
linked fluorescein moiety and the sequences of the FI-E2BS and FI-E1E2BS oligonucleotides. The sequence of the smaller 24 base pair
fluorescent oligonucleotide, FI-E2BS, contains the full 12 base pair E2 binding-site palind2dné&lanking base pairs were added to
increase oligonucleotide duplex stability and to prevent formation of stable hairpin structures. The sequence of the 62 base pair FI-E1E2BS
was derived from base pairs 792@052 of the HPV-11 origin of replication, and includes the putative E1 binding-site palindrome and a
single E2 binding-site palindrome.

affinity chromatography steps, HPV-11 E2 was prepared
without the use of denaturing or harsh buffer conditions.
Degradation of E2 was not observed under routine storage
conditions. Quantitative amino acid analysis was used to
determine the concentration of E2 (data not shown). DNA
sequencing confirmed the anticipated nucleotide sequence
of E2 (11; 25).

Affinity of HPV-11 E2 Protein for Fluorescein-Labeled
Oligonucleotides.To determine the affinity of E2 for its
palindromic DNA binding site, fluorescein-labeled oligo-
nucleotides were titrated with purified E2 protein. E2:
oligonucleotide associations were determined by measuring

changes in fluorescein fluorescence anisotropy. For thisF 3 A ati f HPV-11 E2 with FLE2BS in EDTA

Pl ; : IGURE 3. ssociation o - Wi - n .
purpose, two 5fluorescein "'?‘be'ed _ollgonucle_otldes were The affinity of HPV-11 E2 protein for FI-E2BS was determined
prepared and annealed with their respective unlabeledyy measuring the increase in FI-E2BS fluorescence anisotropy as
complementary strands. These fluorescein-labeled double-a function of added E2. ¥ 102 M FI-E2BS in a buffer containing
stranded oligonucleotides were designated FI-E2BS (fluo- 20 mM TRIS, pH 8.0, 150 mM KCI, 5 mM EDTA, 5 mM DTT,

rescent E2 binding site) and FI-E1E2BS (fluorescent E1 and and 0.1 mg/mL salmon testis DNA was titrated with a stock solution
E2 binding sites) (Figure 2) of E2. Samples were excited with 480 nm light, with the excitation

A . slit at 8 mm. Emitted light was collected through 3 mm thick OG-
To determine if the full-length E2 protein bound DNA 515 fijters (Schott). The fluorescence anisotropy of the solution
with different affinity than E2C, FI-E2BS was titrated with  was determined after each addition of E2, as described under
full-length E2 under conditions identical to those used to Experimental Procedures. Using the observed fluorescence aniso-
determine the E2C:FI-E2BS dissociation const@8).(Fl- tropy and the anisotropies of the free and bound oligonucleotide,

L : he fraction of oligonucleotide bound to E2 could be calculated as
E2BS binding by E2 appeared to be saturable and consistenfj ived above. The data were fit to the Michaskienton

with a single class on noninteracting binding sites (Figure equation using a NewterGauss iterative least-squares regression
3). TheKq for this interaction was 0.84 nM. This dissociation analysis assuming a single class of noninteracting E2 binding sites

constant was substantially lower than the 45 KiMeported (SigmaPlot). The fraction of FI-E2BS bound by E2 was then plotted
for the E2C:FI-E2BS interaction. as a function of the log of the free E2 concentration. The binding

To assess the contributions of size and flanking base curve shown corresponds tda of 0.84 nM. Titrations performed

- . B o in the presence of poly(dl-dC) [10 base pairs of poly(dl-dC) per
sequences on the E2:oligonucleotide binding affinity, a 62 pase pair of oligonucleotide] gave similar results (data not shown).
base pair oligonucleotide which contained single E1 and E2
sites, FI-E1E2BS, was titrated with E2 in the presence of titrations performed in the presence of 0.1 mg/mL salmon
EDTA and 10 base pairs of poly(dl-dC) per oligonucleotide testis DNA and also with 0.0146 mg/mL poly(dl-dC) [10
base pair. The affinity of E2 for FI-E1E2BS was poor, with base pairs of poly(dl-dC) per base pair fluorescent oligo-
a Ky exceeding 100 nM (Figure 4). Results obtained from nucleotide] were very similar (data not shown).

o -
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Oligonucleotide Fraction Bound

12 11 10 -9 8 7 -6 -5 4
Log [Free E2]
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Ficure 4: Association of HPV-11 E2 with FI-E1E2BS in the FiGure 5. Association of HPV-11 E2 with FI-E1E2BS in the
presence and absence of excess HPV-1HEQTA). 3.9 x 1078 presence and absence of excess HPV-11-Bd¢>" and ATP).
M FI-E1E2BS (EL1 titration) or 1x 10° M FI-E1E2BS (-E1 3.9 x 108 M FI-ELIE2BS (EL1 titration) or 1 x 10° M
titration) in a buffer containing 20 mM TRIS, pH 8.0, 150 mM  FI-E1E2BS ¢+-EL1 titration) in a buffer containing 20 mM TRIS,
KCI, 5 mM EDTA, 5 mM DTT, and poly(dl-dC) [10 base pairs of  pH 8.0, 150 mM KCI, 0.5 mM MgG} 0.1 mM ATP, 5 mM DTT,
poly(dl-dC) per base pair of oligonucleotide] was titrated with a and poly(dI-dC) [10 base pairs of poly(dl-dC) per base pair of
stock solution of E2. For titrations in the presence of E1, 244 nM oligonucleotide] was titrated with a stock solution of E2. A
E1 was added to the titration buffer at the beginning of each stoichiometric amount of MgGlwas also added to the E2 stock
experiment. Samples were excited with 480 nm light, with the solution to bind EDTA present therein. For titrations in the presence
excitation slit at 8 mm. Emitted light was collected through of E1, 244 nM E1 was added to the titration buffer at the beginning
combined 3 mm thick OG-515 and 2 mm thick BG-28 filters. of each experiment. Samples were excited with 480 nm light, with
Because the E2:FI-E1E2BS interaction did not reach saturation, thethe excitation slit at 8 mm. Emitted light was collected through
affinity for the E2:FI-E1E2BS interaction could only be estimated. combined 3 mm thick OG-515 and 2 mm thick BG-28 filters.
Data were fit to a binding curve as described above. The binding Because the E2:FI-E1E2BS interaction did not reach saturation, the
curves shown correspond to E2:FI-E1E2BS dissociation constantsaffinity for the E2:FI-E1E2BS interaction could only be estimated.
of greater than 100 nM«E1) and 2.2 nM {E1). Data were fit to a binding curve as described above. The binding
curves shown correspond to E2:FI-E1E2BS dissociation constants
Effect of Saturating HPV-11 E1 on E2:FI-E1E2BS As- of greater than 100 nM<E1) and 2.1 nM {EL1).
sociation. Because papillomavirus E2 proteins promote
association of E1 with DNA, thermodynamic theory predicts to the oligonucleotide remained consistent with a single class
that the converse would also be true. To assess the effect obf noninteracting E2 sites on the oligonucleotide.
E1 on E2 binding to DNA, the affinity of E2 for FI-E1E2BS A free magnesium ion concentration of 0.5 mM was
was determined in the presence of a large excess of purifiedselected in keeping with observations that the intracellular
HPV-11 E1. Addition of 244 nM purified HPV-11 E1 protein  free magnesium ion concentrations range between 200 and
at the start of the titration lowered the E2:FI-E1E2BS 600 uM (37, 38. During preliminary experiments, it was
dissociation constant dramatically from100 nM in the noted that higher concentrations of magnesium ion increased
absence of E1 to 2.2 nM in the presence of E1 (Figure 4). the free anisotropy of the FI-ELE2BS oligonucleotide and
E2 binding to the oligonucleotide was again consistent with appeared to increase the affinity of E2 for DNA (data not
a single class of noninteracting E2 sites on the oligonucle- shown). Unfortunately, addition of magnesium ion to the
otide. unbound oligonucleotide prompted a substantial increase in
Presence of E2 in the E1:E2:FI-E1E2BS Compléx. the fluorescence anisotropy of the free oligonucleotide,
ascertain whether E2 remained associated with FI-E1E2BSthereby precluding accurate determination of the E2:FI-
in the final complex when excess E1 was present, anti-HPV- E1IE2BS affinity in high magnesium concentrations. This
11 E2 monoclonal antibody was added. Addition of E2 effect may have been due to magnesium ion-induced
binding antibody to a solution containing 1 nM E2, 6 nM aggregation of oligonucleotide strand9).
El, and 1.25 nM FI-E1E2BS led to an increase in FI-E1IE2BS  Determination of the E2 Stoichiometry in the E1:E2:FI-
anisotropy, suggesting that E2 remained associated with theE1E2BS ComplexBecause the addition of E1 dramatically
fluorescein-labeled oligonucleotide. Similarly, addition of increases the affinity of E2 for the FI-ELE2BS oligonucle-
anti-HPV-11 E1 monoclonal antibody prompted an increase otide, we were able to determine the stoichiometry of E2
in fluorescence anisotropy. These observations were alsobinding to the E1:FI-E1E2BS oligonucleotide complex. By
confirmed at higher concentrations of E1, E2, and fluorescent measuring the fluorescence anisotropy of the FI-E1E2BS
oligonucleotide (data not shown). oligonucleotide as a function of the molar ratio of E2 dimer
Effect of M@" and ATP on the Association of E2 with to FI-E1E2BS, we determined the number of moles of E2
DNA in the Presence and Absence of HPV-11 Bdcause associated with E1:FI-ELE2BS in solution at equilibrium
El is a helicase/ATPase required for HPV replication, the without the use of bifunctional cross-linking reagents (Figure
effects of Mg+ and ATP on E1 and E2 binding were 6). Because FI-E1E2BS was at concentrations 23- and 11-
assessed. The presence of 0.5 mM Mgid 0.1 mM ATP fold over theKy of E2 association with the E1:FI-E1E2BS
had little or no effect on the E2:FI-E1E2BS interaction complex, and because E1 was in 6- and 12-fold excesses
(Figure 5). Addition of 244 nM purified HPV-11 E1 protein  over the concentration of FI-E1E2BS (300 nM HPV-11 E1,
at the beginning of the titration again lowered the E2:FI- 50 nM FI-E1E2BS and 300 nM HPV-11 E1, 25 nM
E1E2BS dissociation constant fron100 nM in the absence  FI-E1E2BS), binding of E2 to the E1:FI-E1E2BS complex
of E1 to 2.1 nM in the presence of E1 (Figure 5). E2 binding was stoichiometric rather than hyperbolic. With addition of
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300 nM E1, 50 nM FI-E1E2BS
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Ficure 6: Determination of the E2 stoichiometry in the E1:E2:
FI-E1E2BS complex. Samples containing«3L0~" M E1 and 5x
108 M FI-E1E2BS (6:1) and 3« 107 M E1 and 2.5x 108 M
FI-E1IE2BS (12:1) were prepared in a buffer containing 20 mM
TRIS, pH 8.0, 150 mM KCI, 5 mM EDTA, 5 mM DTT, and 0.034
mg/mL poly(dI-dC) [10 base pairs of poly(dl-dC) per base pair of
oligonucleotide]. Total sample volume wax510~4 L. The samples
and appropriate fluorescence blanks were titrated with a stock
solution of E2. The binding curves above show anisotropy maxima
at 2x 10711 mol (6:1) and 1.75¢< 10 mol (12:1) E2 (expressed
as E2 dimer), corresponding to E2 stoichiometries of 0.8 (6:1) and
1.4 (12:1) in the E1:E2:FI-E1E1BS complex.

E2 to the E1:FI-E1E2BS complex, FI-E1E2BS was set as
the limiting reagent. If the stoichiometry of E2 (as dimer)

in the E1:E2:0ligonucleotide complex were 1, then oligo-
nucleotide would not be depleted until the ratio of E2 dimer
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FiIGURE 7: Determination of the E1 stoichiometry in the E1:E2:
FI-E1E2BS complex. % 107 M E1 and 3x 10’ M FI-ELIE2BS
(1:1 titration) and 3x 107 M E1 and 1x 107 M FI-E1E2BS
(3:1 titration) were combined in a buffer containing 20 mM TRIS,
pH 8.0, 150 mM KCI, 5 mM EDTA, 5 mM DTT, and 0.034 mg/
mL poly(dl-dC) [10 base pairs of poly(dl-dC) per base pair of
oligonucleotide]. Total sample volume was > 10 L. Each
sample and an appropriate fluorescence blank were titrated with a
stock solution of E2. The binding curves above show anisotropy
maxima at 2x 107! mol (1:1) and 2.5x 107 mol (3:1) E2
(expressed as E2 dimer), corresponding to E1 stoichiometries of
7.5 (1:1) and 6 (3:1) in the E1:E2:FI-E1E2BS complex.

to determine the E1 stoichiometry were not feasible. There-
fore, an alternate form of the experiment was performed.
The stoichiometry of E1 in the E1:E2:FI-E1IE2BS complex

to oligonucleotide was 1. If the stoichiometry of E2 dimer was determined by combining FI-ELIE2BS and HPV-11 E1
in the E1:E2:0ligonucleotide complex were 2, then oligo- in varying molar ratios and then titrating aliquots of HPV-
nucleotide would not be depleted until the ratio of E2 dimer 11 E2 (Figure 7). It was hypothesized that at low ratios of
to oligonucleotide was 2. Thus, the anisotropy peaks cor- E1 to FI-E1E2BS, the availability of E1 protein would limit
respond to the stoichiometry of E2 in the E1:E2:FI-E1E2BS formation of the complete E1:E2:FI-E1IE2BS complex. As
complex. Our data indicate that 0.8 mol of dimeric E2 protein in the experiments to determine the E2 stoichiometry in the
bound FI-E1E2BS in the presence of a 6-fold excesses of E1:E2:FI-ELIE2BS complex (above), it was assumed that,
E1 protein, while 1.4 mol of E2 dimer bound FI-E1E2BS in because FI-E1E2BS were at concentrations 136- and 45-fold
the presence of a 12-fold excess of E1. These results implyover theKy of E2 association with the E1:FI-E1E2BS com-
that a single dimer of E2 is present in the equilibrium E1: plex, binding of E2 to the E1:FI-E1IE2BS complex would
E2:FI-E1E2BS complex. At E2 quantities in excess of 0.8 be stoichiometric rather than hyperbolic. These titrations were
and 1.4 mol of E2 dimer/mol of oligonucleotide, respectively, designed with E1 as the limiting reagent for complex
the fluorescence anisotropy of the solutions declined gradu-formation. When stoichiometric quantities of E1 were
ally. This may be due to DNA-independent association of available, complex formation would proceed to completion.
E2 with the E1 protein (see Discussion). Specifically, if the stoichiometry of E1 in the E1:E2:

Determination of the E1 Stoichiometry in the E1:E2:FI-
E1E2BS ComplexBecause the affinity of E1 for the E2:FI-
E1E2BS complex is not high (data not shown), direct
titrations of high concentrations of E2:FI-E1E2BS with E1

oligonucleotide complex were 6, then E1 would not be
depleted until the ratios of E1 to oligonucleotide and E1 to
E2 dimer were both 6:1. If the E1 stoichiometry in the E1:
E2:DNA complex were 3, then E1 would not be depleted
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Table 1: Affinities of E2 Proteins for Fluorescein-Labeled of FI-E2BS and FI-E1E2BS. These interactions may increase
Oligonucleotides in the Presence and Absence 6f E1 or decrease the affinity of E2 for DNA, depending upon the
DNA sequence. Similarly, variation of DNA structure

proteins oligonucleatide K (M) surrounding the E2 binding-site palindrome appears to be a
Eg&ﬂ E%g Efﬁggﬂgm 4?)'5 determinant of E2:DNA binding affinity24). Thain et al.
HPV-11 E2C F1-E2BS{Mg?') 33 (41) demonstrated that DNA binding by HPV-16 E2 was
HPV-11 E2 F1-E2BS{EDTA) 0.84 also affected by structures extending beyond the 12 base pair
HPV-11 E2 F1-E1E2BS{EDTA) >100 E2 binding-site palindrome. The presence of the fluorescein
Eﬁ&ﬂ E;r HPV-11 E1 E%E%Eggﬁg&xw) >1O§_2 label may affect the apparent affinity of E2 for the labeled
HPV-11 E24+ HPV-11 E1  F1-E1E2BS#Mg2/ATP) 21 oligonucleotide. The addition of different nonspecific carrier

aThe table summarizes results for titrations of fluorescein-labeled DNAs, SUCh_a_S poly(dl-dC) or salmon sperm DNA.’ did not
oligonucleotides with E2C and E2. Experimental conditions, including affect the affinity of E2 for each labeled oligonucleotide (data

addition of magnesium ion, ATP, and E1 protein, are as described in ot shown).
the table and under Experimental Procedures. Data for E2C association Qur data indicate that the af'finity of E2 for native—sequence
with E2BS and F1-E2BS are from Alexander and Phe}5. ( DNA is only modest, rendering significant E2:DNA associa-
tion unlikely in the absence of other modulating factors (e.g.,
by E2 addition until the ratios of E1 to oligonucleotide and transcription factors or the E1 protein). Thus, significant E2:
E1l to E2 dimer were both 3:1. If the E1 stoichiometry in DNA association is likely to occur only with the concurrent
the E1:E2:DNA complex were 1, then E1 would not be association of the E1 protein. Therefore, to assess the
depleted by E2 addition until the ratios of E1 to oligonucle- energetic contribution of E1:DNA association to the promo-
otide and E1 to E2 dimer were both 1:1. tion of E2 binding, E2:FI-E1E2BS binding titrations were
The titrations performed at 1:1 and 3:1 EL1:FI-E1E2BS performed in the presence of excess E1 protein.
ratios show distinct anisotropy maxima at points where the  To determine the effects of E1:DNA binding on the E2:
molar ratios of E1 to E2:FI-E1E2BS complex are 7.5:1 and DNA association, the affinity of E2 for FI-E1IE2BS was
6:1, respectively. The anisotropy maximum for the titrations determined in the presence of excess E1. Addition of excess
at the 6:1 and 12:1 E1:FI-E1E2BS ratios occurs at roughly E1 at the beginning of the E2:FI-E1E2BS titrations prompted
equimolar concentrations of FI-E1IE2BS and E2 (expresseda substantial increase in the affinity of E2 for DNA, as well
as dimer). These results support the assertion that a hexameds the predicted increase in the bound fluorescence anisotropy
of E1 is present in the equilibrium E1:E2:FI-E1E2BS of FI-E1E2BS (Figure 4). E1, therefore, increases the affinity
complex. of E2 for DNA in the same manner that E2 improves E1.:
As noted in the experiment to determine the E2 stoichi- DNA association. While these experiments do not preclude
ometry in the E1:E2:FI-E1E2BS complex, addition of E2 the formation of stable “intermediate” states of E1:E2:DNA
protein in excess of that required for complex formation complexes (e.g., a dimer of E2 bound to DNA and a
prompted a decrease in the solution anisotropy. This againmonomer or trimer of E1), the close adherence of the E2
may be due to DNA-independent association of E2 with the binding isotherm to that predicted for a single class of

E1 protein (see Discussion). noninteracting binding sites points strongly to an absence
of stable intermediates.
DISCUSSION That E1 would increase the affinity of E2 for DNA is

predictable based upon the work of other investigators. Many

Fluorescence anisotropy determination was selected as anvestigators have demonstrated that the affinity of the E1
method to study the interaction of HPV-11 E1 and E2 protein for DNA is weak and that E1:DNA binding may be
proteins with DNA in solution at equilibrium without need relatively nonspecific. Addition of E2 facilitates E1 binding
of protein cross-linking reagents. To this end, twe 5 to DNA, and promotes site-specific binding of E1 on the
fluorescein-labeled oligonucleotides, designated FI-E2BS andDNA strand. If E2 association with DNA promotes E1:DNA
FI-E1E2BS, were prepared and annealed with unlabeledassociation, the principle of conservation of Gibb's free
complementary oligonucleotides. The structures of theseenergy 42) dictates that E1 association with DNA must
oligonucleotides are shown in Figure 2. Because FI-E2BS enhance E2:DNA binding. Therefore, complete E2-mediated
and FI-E1E2BS fluorescence anisotropies vary directly as aassociation of E1 with DNA would not subsequently promote
function of E1 or E2 binding, the affinities of E1 or E2 for dissociation of E2 from the complex without input of energy
each oligonucleotide were determined. from another source (e.g., ATP hydrolysis or binding of an

The affinities of HPV-11 E2C and full-length HPV-11 E2  additional factor). Without the input of additional energy,
for the FI-E2BS and FI-E1E2BS oligonucleotides are listed E2 must remain in the final E1:E2:DNA complex. Our
in Table 1. Under identical titration conditions, full-length observation that an anti-HPV-11 E2 antibody specifically
E2 protein bound the FI-E2BS oligonucleotide with 50-fold increases the anisotropy of the equilibrium E1:E2:DNA
higher affinity (Figure 3) than did the E2C protei25]. In complex provides experimental evidence against the loss of
contrast, the affinity of E2 for the longer native-sequence E2 from the fully assembled complex.
FI-E1E2BS oligonucleotide, determined under identical To assess the potential role of magnesium ion and ATP
conditions, was markedly reduced in comparison to FI-E2BS binding to E1 as a modulator of E1’s ability to promote E2:
binding (Figure 4). Similar to observations reported by DNA association, the affinity of E2 for FI-E1IE2BS was
Pepinsky et al.40) for BPV E2 protein, these data indicate determined in the presence of ATP, magnesium ion, and
that protein structures present in E2 but outside of the E2C excess E1 (Figure 5). In the absence of E1, the affinity of
dimer domain interact directly or indirectly with components E2 for FI-E1E2BS was unaffected by ATP and magnesium.
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Addition of excess E1 again prompted the predicted increaseE1 binds to DNA either as a hexameric structure or as a
in the bound fluorescence anisotropy of FI-E1E2BS, but pair of trimeric ring-like structures. The palindromic nature
failed to produce a substantial change in the affinity of E2 of the E1 binding site and observations of hexamer formation
for DNA beyond that seen in the absence of ATP and free by large T antigen on DNA suggest that HPV-11 E1 binds
divalent cation. These data indicate that, while ATP and to DNA as a pair of trimers; however, we have no specific
magnesium are requirements for E1 helicase activity, the data to support this assertion.
energy-dependent steps in the helicase activity cycle do not It is interesting to note the unanticipated finding that the
include the initial DNA binding process. Furthermore, ATP solution anisotropy of the E1:E2:FI-E1E2BS complexes
and magnesium ion do not promote allosteric changes thatdecreased with further addition of E2 protein. The reason
affect the affinity of E2 for the E1:FI-E1E2BS complex. for the anisotropy decline is unclear, but it may be a result
Because the addition of E1 dramatically increases the of DNA-independent E2 binding of E1. Addition of E2 above
affinity of E2 for the FI-ELE2BS oligonucleotide, we were the stoichiometric amount required for E1:E2:FI-E1E2BS
able to determine the stoichiometry of both E1 and E2 in complex formation may promote dissociation of E1 from
the E1:E2:FI-ELE2BS complex in solution without benefit the fluorescent oligonucleotide.
of bifunctional cross-linking reagents. Using high concentra-  The experiments described above were performed under
tions of FI-E1E2BS and 6- and 12-fold molar excess equilibrium conditions; therefore, no specific conclusions
concentrations of E1 protein, the stoichiometry of E2 in the may be drawn about the mechanisms or kinetics of E1, E2,
E1:E2:FI-ELE2BS complex was determined to be a single and DNA interaction. The order of binding that leads to E1:
E2 dimer per double-stranded FI-E1E2BS oligonucleotide. E2:DNA complex formation cannot be determined from these
By restricting the molar ratio of E1 to 1 mol of E1/mol of data, and the order of protein addition is immaterial to the
FI-E1E2BS and 3 mol of E1/mol of FI-ELE2BS, titrations experimental results. The structure of the E1 component of
were performed that allowed the determination of the E1 the HPV DNA replication complex cannot be inferred from
stoichiometry in the E1:E2:FI-E1IE2BS complex. Because the these data. It should also be noted that our studies were not
amount of E1 available for E1:E2:FI-E1IE2BS complex performed under conditions that would promote procession
formation was limited, incremental addition of E2 promoted of the E1 helicase; E1:E2 complex and/or E2:DNA dissocia-
E1:E2:FI-E1E2BS complex formation (with a resultant tion would presumably be required before helicase activity
increase in fluorescence anistropy) until E1 was depleted. could begin. Because the E1:E2:DNA complexes appeared
The anisotropy maximum for titrations performed at 1:1 and to be stable in solution, our data do suggest that dissociation
3:1 molar ratios of E1 and FI-E1E2BS vyielded E1 stoichi- of E2 from the E1:E2:DNA complex requires an additional
ometries of 6 E1 molecules per mole of FI-E1E2BS. biochemical step beyond complete E1 association. The lack
We find that our data are generally in agreement with those of effect from addition of ATP and magnesium ion suggests
of Sedman and Stenlundl¥), Sedman et al.4@3), and that this additional biochemical step is unlikely to be ATP
Sedman and Stenlun@7), obtained for the BPV system. binding or hydrolysis. This lack of ATP dependence for
Our results show that E2 binding to DNA, in the absence of HPV-11 E1 complex formation contrasts with the behavior
free E1 protein, is of low affinity, and the addition of E1 of SV40 large T antigen, which requires ATP binding, but
protein increases the affinity of E2 for DNA. Furthermore, not ATP hydrolysis for oligomer formatiob, 46, and with
E1 binding to DNA is, in the absence of the free E2 protein, BPV-1 E1 protein, which also appears to require ATP for
of lower affinity, and that the addition of E2 protein promotes hexamer formation27).
higher affinity sequence-specific binding of E1 to DNA (data  In summary, the physical interactions between E1 and E2
not shown). There are, however, a few notable differencesserve to increase the DNA binding affinity of each. The role
between the BPV system and the HPV-11 system. First, andof this energy coupling may be to promo@RI-specific
in contrast to observations made in the BPV system, the binding of both E1 and E2 to DNA. In the case of HPV-11
HPV-11 E2 protein remains present in the equilibrium E1: proteins, ATP binding to E1 does not modulate this form of
E2:DNA complex. Because the presence of E1 increases theenergy coupling. Equilibrium binding of HPV-11 E1 and E2
affinity of E2 for FI-ELE2BS, the conservation of free energy to FI-E1E2BS results in formation of a stable E1:E2:FI-
dictates that the release of E2 would occur only if the E1 E1IE2BS complex, comprised of one E2 dimer and a
concentration on the DNA strand were reduced or if some hexameric aggregate of E1 on the DNA strand. This
other event (e.g., binding of DNA polymerase ATP observation is consistent with the predominantly hexameric
hydrolysis) interfered with the E1:E2 interaction. Second, solution structure observed for purified HPV-11 Bb)Yand
we find that the stoichiometry of the equilibrium E1:E2:DNA contrasts with observations of the BPV system, wherein one
complex does not vary, and that the complexes formed in E2 dimer associates with a monomer of E1. Furthermore,
the presence of high E1 concentrations contain a singleand in contrast to reports on the BPV E1:E2:DNA complex
(double-stranded) oligonucleotide bound to a single E2 dimer (27), HPV-11 E2 protein-mediated association of E1:DNA
and a hexamer of E1 molecules. We see no evidence forcomplex formation does not result in E2 dissociation from
individual monomers or trimers of E1 binding to FI-ELIE2BS the DNA strand.
in the presence of E2. It should be noted that while a variety It is the complex interplay between E1, E2, host cell
of E1:E2 complexes may form in solution, the spectrofluo- transcription factors, and host cell DNA replication proteins
rometer measures fluorescence anisotropy of the labeledthat coordinately regulates papillomavirus transcription and
oligonucleotide, providing direct information only about replication. To develop further a thermodynamic model of
DNA-bound complexes. E1:E2:DNA complex formation, we are now studying the
Extrapolating from observations made on the SV40 virus interactions between the E1:E2 complex, host cell transcrip-
large T antigen44—46) and BPV E1 16), we suggest that  tion factors, and host cell DNA replication proteins.
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