Biochemistry1999,38,16115-16124

16115

Structural Correlates for Enhanced Stability in the E2 DNA-Binding Domain from
Bovine Papillomavirus*

Sudha VeeraraghavarGecilia C. Mello$ Elliot J. Androphy! and James D. Balej&*

Department of Biochemistry, Tufts Wersity School of Medicine, 136 Harrisorvénue, Boston, Massachusetts 02111, and

Department of Dermatology, Box 166, New England Medical Center, 750 Washington Street, Boston, Massachusetts 02111

Receied July 15, 1999; Résed Manuscript Receeéd October 12, 1999

ABSTRACT: Papillomaviral E2 proteins participate in viral DNA replication and transcriptional regulation.
We have solved the solution structure of the DNA-binding domain of the E2 protein from bovine

papillomavirus (BPV-1). The structure calculation

used 2222 distance and 158 dihedral angle restraints

for the homodimer (202 residues in total), which were derived from homonuclear and heteronuclear
multidimensional nuclear magnetic resonance (NMR) spectroscopic data. The root-mean-square deviation
for structured regions of the monomer when superimposed to the average s 0.18 A for backbone

atoms and 1.42 0.16 A for heavy atoms. The 101 residue construct used in this study (residues 310
410) is about 4.5 kcal/mol more stable than a minimal domain comprising the C-terminal 85 amino acid
residues (residues 328110). The structure of the core domain contained within BPV-1 E2 is similar to

the corresponding regions of other papillomaviral

E2 proteins. Here, however, the extra N-terminal 16

residues form a flap that covers a cavity at the dimer interface and play a role in DNA binding. Interactions
between residues in the N-terminal extension and the core domain correlate with the greater stability of
the longer form of the protein relative to the minimal domain.

Papillomaviruses infect epithelial cells, and certain strains
are associated with tumor formation. The 410 amino acid
E2 protein of bovine papillomavirus type 1 (BPVi1)
regulates viral replication and transcription. The N-terminal

the sequence ACCGRGGT, where N is any nucleotide
(2, 3). The minimal DNA-binding domains of the HPV-31
and HPV-16 E2 proteins bind to the same DNA sequence.
The DNA-free structures of these two proteins show a similar

half of the molecule contains the transactivating properties structural architecture to the corresponding residues in the

of the protein whereas the DNA binding and dimerization
functions reside in the last100 residues. The two domains
are linked by a presumed flexible tether. Most of the hinge
region may be deleted with no effect on the ability of E2 to
transactivateX). The shortest construct capable of binding
DNA is about 85 residues, which represents the minimal or
core DNA-binding domain/dimerization domain (DBD).
X-ray crystallographic structures of the minimal DBD
(residues 326410) in the DNA-free and DNA-bound forms
reveal an architecture comprising an eight-strangiedrrel
flanked on two sides by twa-helices. A pair of thex-helices
interacts with successive major grooves of DNA, preferring

TSupported by NIH grants Al34918 and RR06282.
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Bank, Brookhaven National Laboratories, filename 1dbd.

BPV-1 E2 crystal structurest( 5. Examination of DNA
binding for the minimal domains show that HPV-16 E2 is
sensitive to the identity of the middle four base pairs, whereas
BPV-1 E2 is indifferent §, 7). Although the structure of
HPV-16 E2 in complex with DNA is unknown, in the BPV-1
E2/DNA complex, the DNA is observed to bend smoothly
around the protein. Changes in the position of the DNA
recognition helices and charge distribution of the DNA-
binding surfaces have been correlated with the differences
in DNA binding between BPV-1 and HPV-16.

The core DBD of the Epstein Barr Virus transactivating
protein EBNA1 comprises residues 50804 and is structur-
ally homologous to the minimal domain of Eg,(9). A 45
residue N-terminal extension (residues 45@3) is partially
structured and contains anhelix that projects into the major
groove of the DNA. Sequence-specific DNA binding by
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the N-terminal extensionl().

Although most biophysical and biochemical studies of
papillomaviral E2 have focused on the minimal DBD,
functional analyses on longer forms reveal that residues
N-terminal to the minimal DBD of BPV-1 E2 contribute to
the DNA binding activity and enhance stabilit§1). The
Asp316 to Tyr mutant in the N-terminal region is known to
be DNA-binding defective, and the DNA-binding behavior
of the Cys340 to Arg mutant in the core DNA-binding
domain is dependent on the presence of the N-terminal
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extension. Constructs of E2 DNA-binding domains contain-
ing an additional 16 or 40 amino acid residues N-terminal

Veeraraghavan et al.

and*3C dimensions, respectively. The homonuclear 2D data
sets were acquired with 2k 512 points; the'H-15N and

to the core domain of 85 amino acid residues are more stable!H-3C HSQC experiments were acquired with 128 incre-

to denaturation by uredl().

ments. A 3DC-filtered, 1°C-edited HMQC-NOESY data

The shorter 101 amino acid residue construct includes set was acquired on*&C '3C-labeled sample using the pulse
Asp316 and Cys340 and is as stable as the 125 amino acidprogram described by Vuister et al5). These data showed
residue construct; of the three forms of E2, it was the best intersubunit NOE cross-peaks. Thi#l dimension was
target for structure determination using NMR methods. The referenced with respect to water at 4.66 ppm at@%nd
solution structure reported here suggests a role for thethe®™N and3C dimensions were referenced using the ratio

additional N-terminal residues in complementing the DNA-
binding functions of the core domain and reveals why the
longer forms are more stable than the minimal DNA-binding
domain. The insights gained from the structure-stabilizing
interactions have implications in previous biophysical mea-
surements made with the minimal DNA-binding domains.
In addition, the NMR data complements the previous
crystallographic work on the BPV-1 E2 core domain by
providing information on residue dynamics in solution.

EXPERIMENTAL PROCEDURES

Sample PreparatiorThe construct encoded residues 310
410 of BPV-1 E2 DBD (Swiss-Prot P03122) with two
additional residues at the N-terminus (Met-Ala) introduced

of gyromagnetic ratios of nitrogen or carbon to prot@g)(

The centers of the nitrogen and carbon dimensions were
116.5 and 47.5 ppm, respectively. Forward linear prediction
was used to improve spectral resolution in th¢ and3C
dimensions of the 3D data.

The K, values for the four histidine residues were
determined by collecting one-dimensional spectra y®©D
solution between pH* 5 and 8 (direct meter value) and
following the Hel resonance positions as a function of pH.
The data were fit with a nonlinear regression analysis using
Origin software as described elsewhet&)(

Structure CalculationNOE cross-peak intensities deter-
mined from homonuclear 2D NOESY and heteronuclear 3D
(**N-separated ant#C-separated) NOESY spectra were used
in structure calculation. NOE cross-peak intensities were

from the cloning procedure. Proteins were expressed anddesignated as strong (2.5 A), medium (3.5 A), or weak (4.5

purified as described previouslylZ, 13. N-Terminal
sequencing of purified protein showed removal of the
methionine (75%) or both N-terminal residues (25%).
Purified protein was lyophilized and stored-a20 °C until
used. Heterodimeric protein made '8€-labeled and unla-
beled monomers (#C,'°C -labeled sample) was made by
preparing an equimolar mixture of the homodimers at 50
uM concentrationni 9 M urea, rapid dilution, and subsequent
concentration to 1.7 mM proteirl,(5).

A). The corresponding lower bounds were 1.7, 2.7, and 3.7
A, whereas the upper bounds were 3.0, 4.0, and 5.0 A,
respectively. Upper bounds were increased by 1.1 A for the
pseudoatoms corresponding to methylene and methyl protons,
2.1 A for pseudoatoms of the 6 methyl protons of Leu and
Val, 2.4 A for the pseudoatoms corresponding todhear e
protons of Tyr and Phe rings, and 0.5 A to correct for spin
diffusion and overlapping resonancds)

The¢ dihedral angles for 79 of 101 residues were obtained

Chemicals utilized in sample preparation were reagent by measuring coupling constantsl Hz) from 1D slices of

grade. Perdeuterated dithiothreitol (DT and DO (99%
or 99.96%) were obtained from Cambridge Isotope Labo-
ratories (Andover, MA). Sample conditions were 145
mM protein, 20 mM sodium phosphate, 0.1 M NaCl,.Bq
EDTA, 5 mM DTT-dy, and 0.01% Nablat pH 5.75+ 0.1
and 35°C. Protein samples were layered with argon prior

a 'H-1N HSQC spectrum that was resolution enhanced by
applying a 20 shifted squared sine bell over 2K real points
in tz (19, 20). Line widths in the resolution-enhanced spectra
were about 5 Hz. Stereospecific assignments for three of four
Val methyl groups were determined from NMR data col-
lected using a 10%°C-labeled protein sampl&7). Cross-

to capping and sealing the NMR tube and were stable for at peaks involving Leu methyl groups were weak and precluded

least 1 week at 38C and 4 weeks at 4C.

The proteinr-DNA complex was prepared by gradual
addition of **N-labeled BPV-1 E2 DBD to 18-mer palin-
dromic double-stranded DNA of the sequent&EGAC-
CGACGTCGGTCGG-3 The final protein concentration was
0.35 mM and the DNA concentration was 0.4 mM. A small

amount of precipitate was observed at addition that disap-

peared upon mixing the sample gently. All other conditions
were as described above.

Stability of BPV-1 E2 DBD.Urea-induced unfolding
curves for the 85-, 101-, and 125 residue forms of ED) (
were fitted using Origin software (Microcal, Inc., Amherst,
MA) to an equation corresponding to the unfolding of a
dimeric protein to two monomerd4.4).

NMR Spectroscopy and Resonance Assignmehi
resonance assignments for th3 kDa BPV-1 E2 DBD

were made using homonuclear and heteronuclear multidi-

mensional spectra collected on Bruker AMX-500 and
Avance-600 NMR spectrometersd). Spectral widths were
approximately 7500, 2000, and 10 000 Hz, in thk N,

stereospecific assignment. Stereospecific assignments of
pB-protons andy — 1 torsion angles were determined from
334a—np coupling constants and the intensities of NOE cross-
peaks between. and amide protons to the-protons 22).

The Biosym suite of software containing Insight II,
NMRchitect, and DGII was used in the structure calculation
of a monomer of the BPV-1 E2 DBD. Ten initial structures
generated by distance geometry and simulated annealing
methods were found to have RMS deviation values of less
than 2 A over the backbone of residues 3360 and 376
400. Distance violations greater than 0.3 A were compiled
from the 10 structures. The upper or lower bounds of the
restraints were expanded to reflect the uncertainty in the
distance restraints corresponding to overlapping or very weak
peaks and a second round of 10 structures was generated.
The monomer structure with the lowest energy was energy
minimized and duplicated to approximate the dimer structure
of E2 for input into X-PLOR (ver. 3.85).

The X-PLOR calculations on the dimer used 2222
unambiguous interproton distance restraints, a%hedral
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Table 1: Stability of the BPV-1 E2 DBD 3
residues  residues residues Loorapa—fi @ 196=23.3 ppm
326-410  310-410  286-410 e o

AGy(H-0) (kcal/molp  8.36+ 0.29 12.97+0.59 13.38 1.24 Fa60D QF ©

AAGy(H20) (kcal/molp (0.0) 46 49 5 .

m (L kcal/moP)¢ 1.144+0.12 1.79+0.17 1.83:£0.34 WanHH2  HZ3 HE3 U 0=

Cm (M)© 127+ 04 3.44+0.05 3.56+0.08 N Ny . S

Vi 0.000 36 0.000 45 0.001 26 ‘\Q @—Tssm(; 3‘57' T35IB:HA e

aData were extracted from the urea-unfolding curves reported by S0 V363:0G — ﬁj\ N35;5:HA© V363:QG_@ - S

Pepinsky et al. X1) by nonlinear least-squares curve fitting. Fitting A \) @ v =

the urea denaturation data to a model in which a dimeric native protein / 362{,\;3@11 F361HA

unfolds to yield two monomeric subunits gave the lowéggoodness 6 0 : noLw

of fit) values. The protein concentration was/ M and the temperature - TesaMG U frosowe ) F

was 25°C. Three different constructs of BPV-1 E2 DBD were used to

T T T T T T T

prepare the 85 residue form (residues-3240), the 101 residue form 7.0 6.5 6.0 5.5 5.0 4.5 4.0
(residues 316410), and the 125 residue form (residues-28&0) (11). H (F3)

b The free energy of unfolding in wateA[5,(H20)] is the AG, value ) . .
extrapolatedd 0 M urea.AAGy(H.0) is the free energy difference  FIGURE 1. Intermonomer NOEs. A slice corresponding to carbon

between a long form and the shortest fofm andCy, correspond to  chemical shift of 23.3 ppm is taken from'#C-filtered, 1*C-edited

the slope of the unfolding curve and the concentration of denaturant at 11 HMQC-NOESY NMR spectrum of BPV-1 E2 DBD (residues
the midpoint of the transition region. 310-410). Cross-peaks that appear strongest in this slice are

labeled. Three cross-peaks seen at the upper left correspond to one
of the methyl groups of Leu321 in the N-terminal extension of one

torsion angle restraints, and 182 andj-carbon chemical subunit interacting with th(_a ring protons of Phe328 in the core
shift restraints. NOE, dihedral, carbon chemical shift, and domain of the other subunit.

noncrystallographic symmetry restraints were used in all 15
calculations including energy minimization protocols. The filtered TOCSY and NOESY, anéH-*N HSQC spectra

lower bounds of the NOE cross-peaks were all set to 1.8 A, Were acquired with selectively labeled proteibi2( 13).
Force constants of 50 kcal/mofAnd 200 kcal/mol/rad were ~ Sedquential baCk?SO”? assignments were made UbIAGN
used for the soft-well NOE and for dihedral angle restraints, HSQC and 3BH-*N-'H NOESY-HSQC data obtained with

respectively. The noncrystallographic symmetry force con- llmiformly '*N-labeled protein.'H-*C HSQC and'H-+*C-
stant was 300 kcal/molA Structure calculations using 1 HCCH-TOCSY data were used on uniformfi-labeled

X-PLOR used simulated annealing and energy minimization Prot€in to determine the carbon chemical shifts and to
protocols followed by two rounds of refinement for 50 |den_t|fy or confirm the chem|cal_ .ShlftS pf carbon-bound side-
annealed structures. Further refinement gave little or no chain protons. Sequence-specific assignments were made for
improvement in the energy values or structures. Forty-two &/l backbone and side-chathi, **N, and**C atoms except
structures were identified with NOE violations of less than the carbonyls and protonated amino groups.

0.15 A and with dihedral violations of less thah Bf these, ~ Chemical shift index analysis ofd4 and Gx-resonances
selected and further analyzed. in the minimal domains of E2 proteins were also present in

this longer form of the E2 DBDZ3, 24). The Hx- and Gx-
chemical shifts for the N-terminal extension (residues-310
325) did not indicate any regular secondary structure.
Stability to Urea DenaturationUrea-induced unfolding Because the BPV-1 E2 DBD is homodimeric, intramono-
for the 85-, 101-, and 125 residue forms of E2 has been mer NOE cross-peaks needed to be distinguished from
monitored using fluorescence spectroscopy by Pepinsky etintermonomer cross-peaks. AC-selected*C-filtered 3D
al. and analyzed qualitativelyl). The 101 amino acid  H-13C-'H HMQC-NOESY experiment was run ort4C,13C-
residue and 125 residue forms of BPV-1 E2 DBD were found labeled protein 15). In this experiment, NOE cross-peaks
to be more stable than the 85 residue core domain. Weare observed if a proton attached td?& isotope in one
quantified the native-state stabilities by refitting the urea monomer is within about 5 A to a proton attached t8@
denaturation data to a model in which a dimeric native isotope in the other monomer. A portion of one slice of the
protein unfolds to yield two monomeric subunits to derive 3D data is shown as Figure 1. In total, the 3D data set reveals
accurate measurements for the free energy of unfolding andthe presence of 176 unambiguous intermonomer NOEs for
the 50% denaturation poini4). Both of the longer forms  the dimer, most of which correspond to the interactions at
are 4.6-4.9 kcal/mol more stable than the 85 residue form the dimer interface observed in the crystal structures of
and both require approximaye2 M more urea to achieve  BPV-1 E2 DBD @, 4). More important for the structure
50% denaturation (Table 1). This indicates the structure- determination of the 101 residue form of E2, intermonomer
stabilizing factors reside within the 16 residues immediately NOEs to residues in the N-terminal extension were also
flanking the N-terminus of the 85mer core DBD. identified. For example, the methyl groups of Leu321 for
NMR Spectroscopy and Assignmeristhough the E2 one monomer are close to the aromatic ring of Phe328 of
DBD is a homodimer of 101 (or 102) amino acid monomers the other monomer (Figure 1). One of the methyl groups of
(~23 kDa), the homonuclear 2D spectra were sufficiently Leu321 is substantially shifted upfield-0.12 ppm), con-
resolved allowing identification of side-chain resonances for sistent with its position perpendicular to the aromatic ring.
about 70% of the residued9). Ala, Val, Gly, Leu, Phe, Other 2D and 3D NOESY data reveal that His319 in the
and Lys resonances (40 residues) were identified fit\A N-terminal extension makes intersubunit contacts with

RESULTS
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FiGure 2: Stereoimage of a bundle of 20 BPV-1 E2 DBD (3#10) homodimeric structures (gray, thin lines) superimposed to their
average (black, thick lines). Every 10th amino acid is labeled starting from 320. Only residued41®l@re shown. Residues from the
second monomer are labeled with a prirfje The DNA-recognition helices are located at the right-hand side of the molecule. The RMS
deviation to the average (dimer) is 0.950.15 A for backbone atoms of 31322, 327361, and 374397.

Leu330, lle331, and 1le401 and that Arg322 is near lle401 Table 2: Structural Statistics for BPV-1 E2 DBD

and Phe404 of the other subunit. no. of residues giving NOEs 196

Solution Structure Determinatio total of 1111 NOE- total number of distance restraints _ 2222
derived distance restraints per monomer ang 78straints average number of distance restraints per residue  11.4
described the BPV-1 E2 DBD structures. The distance X-PLOR Energies (kcal/mol) and
restraints between two residues,and j, include 414 RMS Deviation from Idealized Covalent Geometry
intraresidue contacts ¢ j = 0), 349 short-range (— | = ensemble of average
1), 54 medium-range (Z i —j < 4), 188 long-rangei (— 20 structures structure
j = 5), and 88 unambiguous intermonomer restraints (See Erotal —13554+ 178 —1892
Supporting Information). Also included were 18 hydrogen- Ebonds 164+ 6 158
bond restraints corresponding to the slowest hydrogen- E_aﬂgle 237312338 63%2
exchanging amide protons (amide intensities observed 20 h E'nmo‘;’ 99420 88
after solvent exchange). Evcain 4.1+0.7 4.2

An ensemble of 20 representative structures and their Evaw A —535+40 —535
average is presented in Figure 2. All distance violations were bonlds ( d) 02.021%006220 g'gf’

A, and dihedral violations were less thah 3.5 angles (deg) ' ’ '

less than 0.15 A, and dihe . impropers (deg) 2.26:0.24 3.17

These structures, energy minimized using CHARMM-22
force fields @5, 26), have negative total energies with large
negative contributions from van der Waals components _ _ backbone all heavy
(Table 2). The electrostatic component also contributes to residues superimposed atoms (A)  atoms (A)
the negative energies. Positive energy contributions are due m03n207m§%1 374407 0681011  128:0.12
to small distance and angle V|olat|on§ distributed throughput 310-321 327-361, 374407 073010 142+ 0.16
each molecule. Noncrystallographic symmetry restraints gimer

RMS Deviation Relative to Average Structure

contribute to about 1 kcal/mol to the total free energies. The  327-361, 374-407 0.93+0.17  1.42+0.16
low RMS deviations from idealized covalent geometry reflect 319-321,327-361,374407  0.95£0.15  1.43+0.15
the high quality of the structures. 2 Numbers correspond to data per dimer, unless otherwise indicated.

The RMS deviation for the backbone atoms of structured
residues 327363 and 374406 on the average structure is are also included (Figure 2). The RMS deviation is-0067
0.68+ 0.11 A for the superimposition onto the monomer A higher when the non-hydrogen atoms of the side chains
and 0.93+ 0.17 A for the dimer (Table 2). Itis 0.78 0.10 for the corresponding residues are included. The secondary
and 0.95+ 0.15 A, respectively, when residues 3131 structural components and the overall conformation of the
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Ficure 3: Surface of the core DBD (326410) is shown in gray
and the N-terminal residues (31825) are shown as a ribbon. The
side chains of His319, Leu320, and Leu321 are in ball-and-stick
to illustrate their positions relative to the central cavity in the E2
homodimer.

85 core residues (326110) are identical, within experimental
error, to the known BPV-1 E2 DBD structures in the DNA-

Biochemistry, Vol. 38, No. 49, 19996119

hydrogen bond with H of the arginine 2). lonization of
this histidine would be unfavorable and results in the
observed shifting of its i, by about 1.5 pH units. At pH
values less than 5, the protein irreversibly denatures (not
shown), suggesting that the neutral form of His349 is
required for protein stability.

The conformation of the N-terminal segment is driven
primarily by the proximity of residues His319 and Leu321
to residues at the dimer interface (Figure 3). The side chain
of Leu321 is oriented toward the central cavity at the dimer
interface allowing interactions with Phe328. The His319 side
chain is situated to one side of the cavity and interacts with
the side chains of residues jfi-strands 1 and 4. The
anchoring of His319 and Leu321 near the central cavity
results in the formation of a substructure (residues-317
325 of each monomer) that interacts with each surface of
the dimer interface.

To determine if residues in the 16 amino acid N-terminal
extension interact with DNA or were influenced by DNA
binding, we compared th&H-1°N HSQC spectrum of the
DNA-bound homodimeric E2 DBD (316410) to that of

bound and DNA-free states. The homodimeric structure is {he pNA-free protein (Figure 4). Since the affinity of BPV

made up of an eight-strandegtbarrel with two DNA-
recognitiona-helices on the right-hand side at the top and

E2 for DNA is high (7), the complex is in slow exchange.
The complex is spectroscopically well-behavess many

bottom, and on the left-hand side, another two shorter peaks are observed for the DNA-bound form as for the DNA-

a-helices. Residues 31825 in the N-terminal extension
take on a distinct backbone conformation and form a flap
that covers the primarily hydrophobic dimer interface (Figure
3).

Structured regions in the protein models were identified

free form. Since the maximum concentration of complex
attainable appears to be onty0.3 mM and because the
complex is rather large (ca. 37 kDa), assignments for the
DNA-bound form of E2 could not be obtained using standard
assignment methods. What is unambiguous, however, is that

by consistency in backbone dihedral angles. The backboneresgnances for several residues of E2 shift upon DNA. Some

angles are best-define® ¢ 0.9) for residues 319, 328
346, 349-351, 354-361, 374-396, and 399406 7).
Residues with disordered backbone are-3306, 322, 326,

assignments for the DNA-bound form were possible by
comparing resonances of residues resistant to amide exchange
(see Supporting Information). These resonances were well

327, and 364372. The energy-minimized average of the gjispersed and showed little change in chemical shifts. Some
ensemble was used in further analyses. A total of 97% of gssignments were also made frod#é-Gly,'5N-Ala-labeled
structured residues of the average model exists in favoredsgmple. The remaining assignments were made more tenta-

(77.1%) and additionally favored (20.0%) regions of Ram-
achandrarp, 1y space 28).

tively by choosing the nearest unassigned peak in the DNA-
bound spectrum to the assigned peak in the DNA-free

Three histidines of BPV-1 E2, residues 319, 351, and 392, spectrum to indicate the minimum change in chemical shift.

have K, values of 6.44+ 0.03, 5.57+ 0.02, and 6.43t
0.03, respectively. The typical change in chemical shift
observed in a histidine titration is 0.7 ppm, and thelH

DISCUSSION

resonance of the fourth histidine, residue 349, moves about Protein engineering has been used to dissect interactions

+0.1 ppm at pH* values approaching 5. Therefore, we
estimate its f, to be about 4.5. The histidine titration data
is consistent with the determined structure. Tig for the
imidazole group of the amino acid histidine is 629
Histidines in the vicinity of positively charged amino acids
would be expected to have lowelKp values, whereas

that stabilize or destabilize the structures or modify functions
of proteins. However, distinctions between loss of function
due to loss of an essential active-site residue versus
modification of native-state structure are available for only
a handful of proteins3Q, 31). Further general principles need

to be developed before proteins can be altered to achieve a

histidines near negatively charged amino acids would be desired function or to impart structural stability. Of the many

expected to have higherKp values. All the histidines in

types of protein functions, one has emerged to have general

BPV-1 E2 are solvent accessible. His319 does not appear tomportance in cellular signalirgnamely, the binding of a
form hydrogen bonds or interact with charged groups and Protein to its signaling partners such as other proteins, small

has a [K, close to that of free histidine. His392 is near
Asp388 (~4 A) and Arg352 (5 A), and the charge effects
presumably cancel out. His351 appears near Arg352X)
and exhibits a slightly higherka. The side chain of His349

is near Arg352 {5 A) and Arg354 (6.5 A). In the crystal
structure of BPV-1 E2, which might be expected to have
higher resolution, His349 is slightly closer to Arg35224.5

A) and is partially buried with its2 nitrogen forming a

molecules, or DNA. In this study, we examine how the
boundaries of a DNA-binding domain correlate with its
presumed function.

The E2 proteins from different strains of papillomaviruses
bind palindromic DNA with a required sequence of
ACCgN4cGGT (the lower case letters indicate preferred
bases and Nrefers to a spacer of four bases). Binding
affinities are known to be dependent on the identity of the
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Ficure 4: H-15N HSQC spectra of BPV-1 E2 DBD (312410). Resonances of the DNA-bound protein (red) show chemical shift differences
relative to the DNA-free sample (black). Complete resonance assignments for the DNA-free E2 have been presented éRewhrre, (

clearly resolved shifts on binding DNA are labeled. Several of these involve amino acid residues in the N-terminal extension to the core

DNA-binding domain.

central four base pairs and in the flanking nucleotidz g (
32). In a comparative binding study of the minimal DNA-

for DNA binding and dimerization33). Treatment of full-
length E2 with Pronase results in a proteolytically resistant

binding domains, BPV-1 E2 appeared to be more forgiving core of~10 kDa (90 amino acid residues), but the exact
as to the identity of the central nucleotides than HPV-16 E2 boundaries of the domain were not defin&#)( For the

(7). When multiple isoforms of one protein or different
proteins with a similar function participate in similar reac-

minimal BPV-1 E2 DBD, the equilibrium dissociation
constants vary about 5-fold over a set of single DNA-binding

tions, what factors govern the outcome? Could the binding sites, whereas for full-length E2 the equilibrium dissociation
preferences result from subtle conformational or surface constants vary 300-fold7( 35). This suggests that the
amino acid residue differences between the different E2 N-terminal extension to the minimal DNA-binding domain

proteins from different papillomaviral strains?

Solution NMR or X-ray crystallographic structures of the
minimal DNA-binding domains from papillomaviral E2
protein are now known for three strainsiPV-16, HPV-31,
and BPV-1. Comparison of the DNA-bound and DNA-free
structures for BPV-1 yields two major conclusiorgs-5).
One, DNA binding is accompanied by small but significant
tertiary structural changes in the protein and DNA. Two,
reaction specificity may stem from charge distribution
differences in proteins from different PV types and from
flexibility inherent in the central nucleotide residues of the
DNA. Structural flexibility in centrally located nucleotides
would allow the DNA to bend around the protein. HPV-16

of BPV-1 E2 has a role in the protein’s function. Mutational
studies also suggest amino acid residues N-terminal to the
core domain influence the ability of E2 to bind DNAY).

Two longer DBD constructs of BPV-1 E2, with either 101
or 125 residues, possess DNA-binding and protein stability
characteristics that are better than that of the minimal domain
(12). The structure of the 101 residue form of the DBD
described here shows that the extra N-terminal residues
interact with residues in the core domain, that the interactions
are primarily hydrophobic in nature, and that a central cavity
is protected from bulk solvent due to the interactions. These
factors account for the observed increase in stability relative
to the minimal domain.

E2 is observed to have a much less electropositive surface The intersubunit or intermonomer interfaces of many

than BPV-1 E2. Although the structure of the HPV-16 E2
complex with DNA is unknown, HPV-16 E2 would appear

proteins are hydrophobic, and many contain cavit®g). (
Similarly, the DNA-bound and DNA-free BPV-1 minimal

to be less able to use charge neutralization of phosphates t&e2 DBD structures contain a central cavity at the hydro-

induce bending.
Stability Determining Structural Features in BPV-1 E2
DBD. Various constructs derived from internal restriction

phobic dimer interface 3). Small cavities are also observed
in HPV-16 and in HPV-31 minimal DNA-binding domains
(4, 5). Water molecules are frequently found in intersubunit

sites to the C-terminal end of the E2 gene have defined aor interdomain cavities37). A water molecule sits at the
C-terminal 85 residue core domain as the minimum required edge of either surface of the central cavity in BPV-1 E2 DBD
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Table 3: Solvent-Accessible Surface Area of BPV-1 E2 DBD hydmg_en exchangd< (= 0.05 Hl_)' whereas tho_se of the
N-terminal residues exchange with solvent relatively flast (

> 0.2 1) (data not shown). Thus, although residues-310

surface dimer of 101 core+ extensions

area (R) residues (obsd) (calcdy differencé 3 i S .
ol 3186 2070 s8a 325 interact with the core domain in an intricate manner,
hydrophobic 5144 2684 540 they do not form a regular secondary structural element and

hydrophilic 1040 1384 344 exhibit some degree of increased mobility relative to the core

a Solvent accessible surface area was calculated with a probe radiusreS'dueS of the DBD. This might also account for the

of 1.4 A and is given for the dimeric form of the protefiThe surface observation thatAAG is approximately one-half of the
area was calculated separately for residues-®8% and for residues ~ expected change in free energy of stabilization. It is possible
326—-410. The sum of these values represents the surface area expectethat some of the 16 N-terminal residues of each monomer
when the two segments do not interaoddditionally buried due 1o form an additional-strand either in the full-length E2
contacts between 16 residue extensions and the core 85 residue domaunprotein or when bound to DNA. If so, the hydrogen bonds
are likely to form with the fourths-strand (residues 460
(2). The cavity in HPV-16 E2 DBD, although smaller, is  410) of the other monomer and stabilize the protein by about
proposed to accommodate a water molecule on the dimerQ.5 kcal/mol per hydrogen bond3).
2-fold axis @). In the structure, we have determined for the  Comparison of Structure and Dynamide 101 residue
C-terminal 101 residues of BPV-1 E2 DBD that residues form of BPV-1 E2 DBD reported here is similar in overall
318, 319, and 321 in the N-terminal extension pack against architecture to the other E2 DBD structures (Figure 5).
the cavity at the dimer interface. Urea-induced unfolding of Qverall, structured regions of the core domain resemble the
BPV-1 E2 and HPV-16 E2 dimers to the unfolded monomers BPV-1 crystal structure (backbone RMS deviation of 1.5 A
has been reported at a total protein concentration @O on superimposing monomers) more closely than the HPV-
(11, 14, 38). The AG of unfolding for the 85 residue BPV-1 31 solution structure (RMS deviation of 2.0 A). Most of this
E2 DBD is 8.36+ 0.29 kcal/mol and 12.9% 0.56 kcal/l  difference results from the conformation of the tstrands
mol for the 101 residue form. For an 81 residue form of comprising the dimer interface centering on residues-400
HPV-16 E2 DBD, it is 10.4+ 0.52 kcal/mol {4, 38). 410 @, 5). The NMR solution structure of the 101 residue
Therefore, the N-terminal extension on the minimal DBD form of BPV-1 E2 resembles the conformation found in the
of BPV-1 stabilizes the domain by 4.6 kcal/mol. The 101 crystal structures of BPV-1 E2, rather than the somewhat
residue form is more stable than the HPV-16 DBD by about different one found in either the NMR solution structure for
2.6 kcal/mol. The HPV-16 E2 DBD (and presumably HPV- HPV-31 E2 or the crystallographic structure of HPV-16 E2
31 E2) is more stable compared to the 85 residue form of (3—5). This suggests that the differences in conformation
BPV-1 E2 DBD, most likely due to its smaller internal cavity. petween BPV-1 and HPV-16 or HPV-31 E2 are due to
The loss of the central cavity in the 101 residue form of differences in amino acid sequence rather than differences
BPV-1 E2 DBD, through protection by the N-terminal in structure determination technique.
extension, leads to an increase in stability. These data suggest Despite the fact that the HPV-31 and HPV-16 E2 proteins
that stability of E2 increases when the cavity is filled. are about 32% identical in their sequences relative to the
Scrutiny of the 101 residue form structure reveals that Bpy-1, the proteins show some differences in binding DNA.
hydrophobic interactions between the N-terminal segment The solution structure of the 85 residue minimal DBD of
and the hydrophobic and aromatic side chains of core Hpv-31 shows a similar overall architecture to the crystal-
residues lining the central cavity are responsible for the |ographic structures for BPV-1 E2 DBD (Gtrace RMS
greater stability. deviation of 1.3 A). Yet, a systematic deviation was reported
We determined the extent of burial of hydrophobic surface upon alignment of the backbone of monomers from these
area for BPV-1 E2 to assess the contribution to overall two structuresg). A small deviation was observed between
stability. Solvent-accessible surface areas were computed fothe DNA-free and DNA-bound BPV-1 E2 minimal DBD
the 85 residue dimeric core domain, the two 16 amino acid (Ca-trace RMS deviation of 0.55 A) and was suggested to
residue extensions, and for the 101 residue dimeric f@ ( reflect only the quaternary structural changes in the DBD
(Table 3). Comparison of the solvent-accessible surface areasesulting from DNA binding. The DNA recognition helices
reveals that 884 Aof surface area are buried as the result of the DNA-free protein are displaced away from the major
of contacts between the two 16 N-terminal residue extensionsgroove relative to the helix in the prote#dDNA complex
and the 85 residue core domain of the dimer. A total of 540 (3). In the solution structure of the 101 residue form, the
A2 are hydrophobic and 344%fare hydrophilic. The free  positions of the DNA-recognition helices appear somewhat
energy of burying 1 Aof hydrophobic surface is estimated ~ shifted relative to the DNA-bound crystal structure, but
at 15-25 cal/mol, resulting in an expectation of about 8 kcal/ toward the DNA rather than awayd+5). As previously
mol of stabilization 40—42). This suggests that about 3.5 observed in HPV-31 E2, the DNA helices (residues-333
kcal/mol in destabilization may arise from loss of chain 349) are more flexible. In BPV-1 E2, all but two amide
entropy and the burial of 344 ?Rof hydrophilic surface  protons from the recognition helix exchange with deuterium
yielding a net stabilization of4.5 kcal/mol determined from  within 20 h and several resonances gave very weak signals
unfolding data. In BPV-1 E2 DBD, hydrophobic interactions in the 1N-separated NOESY spectrum. Amide resonances
that lead to the loss of a central cavity stabilize the protein’s of several residues in the DNA-binding helix overlap with
structure, complementing the earlier findings on cavity- other amide resonancek3j. The rapid amide exchange and
creating mutations that destabilize a proted, (44). resonance overlap led to fewer NOE-derived distances
Amide protons of about 25 core DBD residues, most of resulting in a less rigidly defined DNA-binding-helix.
which are located in thg-barrel of BPV-1 E2, undergo slow  Although the NOE-derived and coupling constant-derived




16122 Biochemistry, Vol. 38, No. 49, 1999 Veeraraghavan et al.

Ficure 5: Comparison of papillomaviral E2 protein structures. The backbones of the models are shown as ribbons and residues in the
dimer interface are shown in a space-filling format. The core domain residues are shown in dark gray, whereas the N-terminal extension
is shown in light gray. (A) DNA-free NMR structure of BPV-1 E2 DBD (31810); (B) DNA-free crystal structure of BPV-1 E2 DBD
(326-410) @); (C) DNA-free NMR structure of HPV-31 E2 DBD5]; (D) DNA-bound crystal structure of BPV-1 E2 DBD (32@10)

(2). The DNA double helix is shown in stick format. Note the presence of a central cavity in the minimal BPV-1 E2 domains and masking
of the cavity by residues in the N-terminal extension (panel A). The size of the cavity in HPV-16 E2 is similar to that in HPV81 E2 (

data position the helices somewhat precisely (although less The chemical shifts for several resonances in the dimer
so than the rest of the molecule), on a relative slow time interface and N-terminal residues that interact with residues
scale, there is likely a local breathing of the recognition helix near the interface also are altered upon binding DNA. In
(5). We agree with the conclusions of Liang et al. that this particular, residues His319, Leu320, and Leu321, which form
flexibility may facilitate an adjustment of the binding surface the flap over the central cavity, show chemical shift changes
of the protein to achieve optimal interaction with DNB)( that indicates a perturbation in chemical environment when

The dimeric E2 DBD is held together by hydrogen- E2 binds DNA. Residues of the minimal core domain,
bonding interactions between the backbone atoms of residuesAla329, Leu330, 1le331, and Gly333 are positioned close to
in the B-strands of the structural core and intricate intersub- the residues in the N-terminal segment. They also undergo
unit interactions between side chains of hydrophobic residuessignificant chemical shift changes, indicating that there is a
at the dimer interface. In BPV-1 E2, the protein core is change near the cavity on DNA binding which may involve
sufficiently tightly packed with hydrophobic residues so that a change in protein conformation or the interaction of protein
the Phe380 ring rotates slowly on the NMR time seale  With solvent. Residues 332315, which are unstructured in
separate resonances were observed for each of the ringhe absence of DNA, also show chemical shift perturbations
protons (3). As with other E2 DBD structures determined in agreement with our model that the N-terminal residues
in the absence of binding site DNA, residues 3@%2 are are positioned close to DNA. Although the new position of
part of an unstructured loop, as reflected by the 8values Asp316 in the presence of DNA could not be established
(see Supporting Information) and rapid amide exchange.unambiguously, itdH and**N resonances shift by at least
Only in the presence of bound DNA does this loop become 0.1 ppm (see Supporting Information), and residues flanking
ordered due to contacts with nucleotide backbone (Figureit show chemical shift changes when bound to DNA. This
5). suggests an altered environment for Asp316.

Functional Significance of the Structurtn the X-ray Although parts of the 16 amino acid extension are
structure for the core DBBDNA complex @), residues from unstructured, at least in the absence of DNA, we can
the recognition helix (335350) and the loop comprising  speculate on the cause of the DNA-binding behavior of two
residues 364370 make direct contact with DNA. The NMR  E2 mutants. In BPV-1 E2 bearing an arginine replacement
chemical shifts correspondingly change for these residuesfor cysteine 340, DNA binding is dependent on the presence
upon binding DNA (Figure 4). The loop, for example, is of the N-terminal extension. Cysteine 340 makes two
unstructured in the absence of DNA. When bound to DNA, hydrogen bonds in the protefDNA complex to the DNA
the amide hydrogen of Ala364 makes a hydrogen bond with (2). In the shortest 85 residue form, the mutant binds DNA
the carbonyl of residue Asp369, thus accounting for the with the same affinity as wild-type, probably by replacing
nearly+1 ppm change in proton chemical shift. the DNA base-specific contacts made by cysteine by favor-
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able nonspecific contacts made by arginine. In the full-length 2.
and 125 residue forms, the Cys340 to Arg mutant is DNA-
binding defective whereas the 101 residue form shows
intermediate behaviorl(). Residues 31-#326 could place 4
the N-terminal extensions near the DNA recognition helices
(Figure 5A). Our model is that acidic residues contained in 5
the N-terminal extension (residues 28816) interact with
arginine-340 in the mutant leading to the inability of the
arginine to make nonspecific but stabilizing interactions with
DNA (Figure 4). A second mutant that has aspartate 316 5
replaced by tyrosine abrogates DNA binding of E2, although
the mutation is outside the core DNA-binding domald)( 8.
Whereas wild-type E2 leads to a 280-fold increase in
transactivation activity over a vector alone control, the
Asp316 to Tyr mutant shows only a 2.8-fold increa%)( 9.
Although our model here is only speculative, it is possible 1
for Asp 316 to hydrogen bond to Asn400 in the core domain.
Replacement by the bulky tyrosine residue would presumably 11.
disrupt the structure of the core domain and interfere with
DNA binding. Thus, specific residues adjacent to the minimal
domain influence the DNA-binding function of the core
domain. 13
To disrupt macromolecular interactions, stabilizing interac-
tions must be overcome using chemical, physical, or other 14.
means. The present understanding of the stabilizing and
destabilizing factors is seated in the combined empirical
knowledge gained from mutational, thermodynamic, and 1g

12.

15.
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