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ABSTRACT: The binding affinity of the human papilloma-
virus type 6 E2 protein is strongly mediated by the sequence of
the DNA linker region, with high affinity for the AATT linker
and low affinity for the CCGG linker. When two terminal
leucine residues are removed from the protein, the level of
binding to both strands increases, but unequally, resulting in a
significant decrease in selectivity for the AATT linker strand.
To rationalize this behavior, we performed molecular dynamics
simulations of the wild-type and mutant protein in the apo
state and bound to DNA with high-affinity AATT and low-
affinity CCGG linker strands. While no stable contacts were
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made between the f,—f; loop and DNA in the wild type, this loop was repositioned in the mutant complexes and formed
electrostatic contacts with the DNA backbone. More contacts were formed when the mutant was bound to the CCGG linker
strand than to the AATT linker strand, resulting in a more favorable change in interaction energy for the CCGG strand. In
addition, significant differences in correlated motions were found, which further explained the differences in binding. The
simulations suggest that f,—f; loop motions are responsible for the increased affinity and decreased selectivity of the mutant

protein.

P apillomaviruses are double-stranded DNA viruses that
infect mammals, and more than 100 human papillomavi-
ruses (HPV) have been identified." Some of these viruses like
HPV-6 and HPV-11 cause benign warts, while others like HPV-
16, HPV-18, and HPV-31 are associated with cancer and in
particular cervical carcinomas.”’ A key regulator of the
papillomavirus life cycle is the E2 protein, which controls the
initiation of transcription of nearly all viral promoters and is
required for viral DNA replication.” E2 is a homodimer, and
each chain consists of three domains: an N-terminal trans-
activation domain, a hinge region, and a C-terminal DNA-
binding domain (DBD). The DBD dimer consists of an eight-
stranded antiparallel f-barrel, which binds the major groove of
the 5'-ACCgNNNNcGGT-3' consensus sequence by two a-
helices, where the lowercase letters indicate preferred
nucleotides and NNNN is the variable spacer sequence.”
DNA is bent in all E2-=DNA complexes, and the minor
groove of the spacer is compressed.”> The amount of bending
depends on the viral species because of differences in the
electrostatic surfaces and the separations between the
recognition helices among the various E2 proteins.” In HPV
E2, no contacts are made between E2 and the spacer; however,
binding affinities are strongly modulated by the spacer
sequence, with high affinities for A:T rich sequences and low
affinities for G:C rich sequences.”” This difference in binding is
thought to be due to the ease by which the DNA forms prebent
structures that resemble the conformation in the complex.”
The high-affinity AATT spacer sequence spontaneously forms a
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bent structure with a compressed minor groove; the medium-
affinity TTAA sequence is bent and prefers a widened minor
groove, and the low-affinity ACGT sequence is unbent and
prefers a widened minor groove.”'’ G:C sequences are less
flexible than A:T sequences and do not form prebent
structures.® For certain sequences, salts affect the stability of
the prebent structure,'"'* while very floppy spacers, like nicked
DNA constructs, have weakened affinities because of entropic
penalties.”’

Of all characterized E2 proteins, HPV-6 E2 is the most
selective for the spacer sequence. For example, HPV-6 E2
prefers AATT 1000-fold over CCGG, while for HPV-16 E2,
this preference is only 10-fold."” This selectivity is thought to
stem from differences in molecular adaptability.” While HPV-16
E2 shows substantial rearrangements upon DNA binding, such
as a shift in the position of the recognition helices and the
ordering of the f,—f; loop, binding of HPV-6 E2 to high-
affinity DNA is accompanied by minimal protein deformation.
There is no reorientation of the recognition helices and no
rearrangement of the f3,—f3; loop (Figure 1A).” In addition, the
C-terminal Leu 367 and Leu 368 residues have been shown to
be important for the selectivity of HPV-6 E2."* These two
residues are positioned in the core of the f-barrel (Figure 1A)
and are absent in most other E2 proteins.'*'* A study of the
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Figure 1. Structure of HPV-6 E2 protein. The apoprotein is colored
blue, the AATT complex orange, and the CCGG complex yellow. The
position of the linker is indicated by stars, and Lys 323 is shown by
spheres. All structures were overlaid with respect to the X-ray structure
of the wild-type—AATT complex; both front and side views are shown.
(A) X-ray crystal structures of the wild-type protein (Protein Data
Bank entries 1IR8H'® and 2AYB”). Leu 367 and Leu 368 of the AATT
complex are colored red. (B) Averaged simulation structure of the
wild-type protein. (C) Averaged simulation structure of the ALL
mutant.

HPV-6 ALL DBD, a mutant in which Leu 367 and Leu 368
were removed, showed that sequence selectivity was signifi-
cantly diminished in the mutant."* The level of binding to both
the high-affinity AATT spacer sequence and the nonspecific
CCGG spacer was increased for the ALL mutant, but because
the level of binding to the nonspecific spacer was increased by a
larger factor, the specificity for the high-affinity sequence
decreased 6-fold. In addition, there was a significant increase in
the rate of the first step of complex formation for the ALL
mutant."*

While no high-resolution structures are available for the ALL
mutant in the apo or DNA-bound states, it was hypothesized
that the behavior of the ALL mutant is due to a change in
protein motion."* Nuclear magnetic resonance (NMR)
relaxation and hydrogen exchange studies of the apo state
showed a small increase in the flexibility of the hydrophobic
core and in the loop regions connecting the recognition helices.
This was thought to improve protein adaptability,* but because
no NMR data are available for the ALL—DNA complex,
information about the motion, flexibility, and specific structural
changes of the mutant complex is lacking.

To further rationalize the behavior of the HPV-6 E2 ALL
mutant, we performed molecular dynamics (MD) simulations
of the wild type (WT) and ALL mutant in the apo states, and
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in complex with DNA with high-affinity AATT and low-affinity
CCGG spacers. Our simulations indicate that the increase in
binding affinities and decrease in selectivity stem from the
rearrangement of the f,—f; loop, which forms transient
contacts with DNA in the mutant complexes.

B METHODS

Initial structures for the wild-type apoprotein and high-affinity
DNA-bound complex were taken from the Protein Data Bank
(entries IR8H'"® and 2AYB,’ respectively). To prevent
excessive fraying, DNA in the complex was extended by an
extra G:C base pair on each end, resulting in the 5'-
GCAACCGAATTCGGTTGC-3' sequence (Figure 2). In this

5' _Gl CZ A3 A4 CS c6 G7 N8 N9 NIONI1(-':12(;'13(?’14‘]?15‘1116@'17(:18_3 !
3’ _c36G35T34T33G3ZG31C30N29N28N27N26G25C24C23A22A21C20G19_5 !

Figure 2. Simulated DNA sequence. The sequence of the NNNN
spacer region is 5'-AATT-3’ for the high-affinity linker and 5'-CCGG-
3’ for the low-affinity linker.

sequence, the high-affinity AATT linker is underlined; we will
refer to this DNA strand as “AATT”. Because no experimental
structure was available, modeling was used to construct the
initial structure of the low-affinity CCGG linker complex. Only
the linker base pairs were modified; coordinates of the protein,
DNA backbone, and all other base pairs were taken from the
2AYB c?rstal structure. The CCGG base pairs were built with
3DNA,'® keeping all step parameters identical to the step
parameters observed for the corresponding AATT base pairs in
the crystal structure. Because step parameters describe the
overall orientation of two adjacent bases in terms of rigid body
rotations and translations,"” this procedure produced an initial
configuration of the CCGG linker that was similar to the
configuration of the AATT linker in the 2AYB crystal structure.
In the following, we will refer to the CCGG linker DNA strand
as “CCGG”. Initial structures of the apo and complex states of
the ALL mutant were obtained by deleting the terminal Leu
residues. Starting structures of bare DNA were built in the
unbent B-form using 3DNA.'® Using Ambertools13," systems
were solvated in a TIP3P octahedral waterbox,'” with a KCl
concentration of 150 mM. After energy minimizations, the NPT
ensemble was simulated using Langevin dynamics with a
collision frequency of 5 ps™' for temperature control’® and
weak coupling with isotropic scaling and a relaxation time of 5
ps for pressure control.*! To avoid synchronization artifacts, the
Langevin bath was initialized with a different random seed at
each restart.””*’ Bonds involving hydrogen atoms were
constrained using the SHAKE algorithm,24 allowing for a 2 fs
time step, and the particle mesh Ewald was used to calculate
long-range electrostatics.”® Systems were heated from 120 to
300 K over 1 ns with 1 kcal mol™ A~ restraint on all protein
and DNA heavy atoms, followed by restrained equilibrations
over 2 ns, in which the force constant was gradually reduced
from 1.0 to 0.5 to 0.25 to 0.1 kcal mol™" A™2 Systems were
subsequently equilibrated for 31 ns without restraints, followed
by MD production runs of 190 ns; reported properties were
calculated from the production runs. All MD simulations were
performed using the Amber force field”*™>* and the Amber12
GPU code.” Coordinates were written every 10 ps; Stride*’
was used to calculate protein secondargf structure, and DNA
geometry was calculated using 3DNA’' and MADBEND.*”
Visual analyses were performed with VMD™ and Chimera.**
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Figure 3. Protein S? order parameters. Values are averaged over both chains, with data for the wild type (®) and ALL mutant (OJ). (A) Apo state,
experimental values.'* (B) Apo state, simulation values. (C) AATT complex, simulation values. (D) CCGG complex, simulation values.

Table 1. Rmsd Values (Angstroms) of the Protein Backbone and DNA Phosphorus Atoms with Respect to the Averaged
Simulation Structure, the Averaged Simulation Structure of the Wild-Type—AATT Complex, the X-ray Wild-Type—AATT
Complex Structure,” and the Averaged Structure of Bare DNA or Apo State Protein (unbound) Simulations

reference WT—-AATT WT-CCGG mutant—AATT mutant—CCGG
DNA averaged sim. 1.04 + 0.16 1.03 £ 0.16 0.96 + 0.16 1.02 + 0.20
WT—-AATT sim. 1.04 + 0.16 1.20 + 0.17 1.01 + 0.14 121 + 0.18
X-ray WT—-AATT 129 £ 0.15 1.39 + 0.16 1.31 £ 0.16 145 + 0.17
average unbound sim. 5.11 £ 0.16 7.87 £ 0.19 S.17 £ 0.15 7.89 £ 0.18
protein averaged sim. 1.07 + 0.14 0.74 + 0.10 0.94 +£ 0.21 0.95 + 0.22
WT—-AATT sim. 1.07 + 0.14 1.16 + 0.08 1.72 £ 0.16 1.88 £ 0.23
X-ray WT—-AATT 1.57 £ 031 1.06 + 0.10 1.83 + 0.24 2.01 + 0.23
average unbound sim. 143 + 0.34 0.94 + 0.09 1.40 £ 0.23 1.87 £ 021
NMR order parameters were calculated using the IRED B RESULTS

approach™ as implemented in CPPTRAJ.*® All other analyses
were also performed with CPPTRAJ. Hydrogen bonds were
calculated using a distance cutoff between heavy atoms of 3.0 A
and an angular cutoff of 45°. Contact analysis was performed
between the DNA heavy atoms and protein heavy side chain
atoms using a cutoff of 6.0 A. The mass-weighted Pearson
correlation matrices and quasiharmonic modes were calculated
3% The free energy cost of DNA
bending was estimated using Olson’s empirical model, which

using standard methods.

describes the DNA deformation energy in terms of step
parameters.”” In this model, the energy of each dimer step is
given by E = 1/22?lef:lfijAeiA9j, where the i and j indices
represent the six step parameters (roll, twist, tilt, shift, slide, and
rise), Af; is the deviation of step parameter i from its
equilibrium value, and f;; terms are force constants; the energies
of all dimer steps are summed to give the total DNA
deformation energy. The equilibrium values of the step
parameters and the force constants were obtained from
statistical analyses of X-ray structures; we used the standard,
published values of these parameters for our analysis.*”
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NMR order parameters (S*) were calculated from the apo state
trajectories (Figure 3B) and compared to experimental values
where available (Figure 3A)."" In the NMR experiments, not all
order parameters were obtained; for example, S* values for a
large portion of the f,—f; loop were unresolved, and others
were missing, as well."* Trends were generally well reproduced
in the simulations, with high S* values (>0.85), indicating high
rigidity, for most of the protein, and low S* values, indicating
flexibility, for the termini and the f3,—f; loop region. The
simulation overestimated the rigidity of the N-terminus by ~0.2
and underestimated the rigidity of the C-terminus by ~0.2; this
corresponded to a root-mean-square deviation of ~0.5 A. The
flexibility of Gly 291 at the end of 3, was underestimated by
~0.2 for the mutant protein. Other discrepancies were the
flexibility of Ala 320 that was underestimated by ~0.1 in the
wild type, the flexibility of His 326 that was overestimated by
~0.2 in the mutant, and the flexibility of f; that was
underestimated by <0.1 in the mutant. In the mutant, the
flexibilities of Arg 35S and His 356 were overestimated by ~0.1,
and the flexibility of f, was overestimated for some residues
and underestimated for others by <0.05. Despite these small
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Table 2. Hydrogen Bonding between Protein and DNA as a Fraction of the Simulation Time, Divided into Specific Contacts
with DNA Bases and Nonspecific Contacts with the Phosphate Backbone®

WT— WT— mutant— mutant—
DNA protein  AATT CCGG AATT CCGG
Specific
Ade 3 Arg - 0.07 0.28 -
302B
Ade 4 Asn 0.35 0.36 0.40 0.33
294B
Gua 13 Lys 0.61 0.70 0.64 0.65
297A
Gua 14 Lys - 0.18 - -
297A
Ade 21 Arg 0.11 0.28 0.08 0.26
302A
Ade 22 Asn 0.39 0.41 0.35 0.34
294A
Gua 31 Lys 0.57 0.66 0.67 0.68
297B
Nonspecific
Cyt 2 Arg 1.00 1.00 0.93 1.00
302B
Lys 0.26 0.17 - 0.21
349B
Ade 3 Arg 023 0.37 0.17 -
302B
Thr 0.97 1.0 0.99 1.00
353B
Ade 4 Asn 0.06 0.06 0.08 -
294B
Cyt S Asn 0.78 0.77 0.77 0.79
294B
Thy/Gua 11 Ser 091 0.85 0.92 0.76
293A
His 0.07 - - 0.07
318A
Lys - - 0.12 -
327A

WT— WT— mutant— mutant—
DNA protein  AATT CCGG AATT CCGG
Nonspecific
Cyt 12 Arg 0.58 1.00 0.53 0.55
300A
Thr 0.92 0.85 0.93 091
316A
Gua 13 Arg 1.00 1.00 1.00 1.00
300A
Gua 14 Tyr 0.12 - - -
301A
Cyt 20 Arg 0.87 0.92 1.00 0.87
302A
Lys - - 0.19 -
349A
Ade 21 Arg 0.52 - 0.35 0.21
302A
Thr 0.96 1.00 0.95 0.88
353A
Ade 22 Asn 0.11 - - -
294A
Cyt 23 Asn 0.73 0.80 0.77 0.77
294A
Thy/Gua 29  Ser 0.94 0.83 091 0.81
293B
Cyt 30 Arg 0.63 0.66 0.57 0.65
300B
Thr 0.92 0.85 0.93 0.86
316B
Gua 31 Arg 1.00 1.00 1.00 1.00
300B
Gua 32 Lys - - 0.43 0.30
323A

“A dash indicates hydrogen bonding occurred <1% of the time.

differences, the overall dynamics of the apo states were
captured well by MD.

Panels C and D of Figure 3 show the order parameters for
the DNA-bound complexes calculated from the MD
trajectories; these have not been measured experimentally.
While the S* parameters for the apo and complex states were
similar for most regions, large differences in order parameters
were observed for the 3,—f; loop and the termini. Compared
to the apo states (Figure 3B), the 8,—f; loop was significantly
more flexible in the wild-type and mutant complexes with high-
affinity DNA (Figure 3C) and significantly more flexible in the
mutant—CCGG complex (Figure 3D). The flexibility of the
P,—P; loop in the wild-type—CCGG complex was similar to
that of the wild-type apo state, except for the motion of Lys
323, which was more flexible in the CCGG complex. The N-
terminus was more flexible in the complex simulations than in
the apo simulations, while the C-terminus of the mutant
complexes showed increased flexibility adjacent to the deletion
site (Met 365 and His 366).

Root-mean-square deviations (rmsds) for the DNA
phosphorus atoms are listed in Table 1 for all systems. These
rmsd values were calculated with respect to four reference
states: the averaged structure of the simulated system, the
averaged simulation structure of the wild-type—AATT complex,
the X-ray wild-type—AATT complex structure,’ and the
averaged structure of bare DNA or apo state protein as
obtained from separate simulations. The DNA rmsd values with
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respect to the averaged structure, the simulated wild-type—
AATT complex structure, and the crystal structure are nearly
identical for all systems, indicating that the structure and
dynamical behavior of DNA were similar in all complexes. The
rmsds with respect to bare DNA were similar for the wild-
type— and mutant—AATT complexes and similar for the
CCGG complexes. However, these rmsd values were higher in
the CCGG than in the AATT complexes. This difference
indicates that CCGG DNA undergoes larger structural changes
than AATT DNA upon binding. Structural analyses showed the
structural differences were mainly due to global tilt,** which was
more similar to the protein—DNA complex values for bare
AATT than for bare CCGG. Because DNA deformations are
costly in terms of energy,””*" less energy will be spent to bend
DNA in the AATT complex than in the CCGG complex. In
fact, using Olson’s model to estimate the energy cost of DNA
bending,”” relative to the wild-type—AATT complex, DNA was
deformed by 1.2 kcal/mol in the mutant—AATT complex, by
7.6 kcal/mol in the wild-type—CCGG complex, and by 9.8
kcal/mol in the mutant—CCGG complex. This observation is
in agreement with the hypothesis that AATT DNA can form
prebent structures that resemble the conformation in the
complex, while CCGG DNA cannot,”® and helps explain the
difference in affinity for the AATT and CCGG linkers.
Backbone rmsd values for the protein are also listed in Table
1. The rmsd is shown with respect to the same four reference
states, except that the last reference now refers to the averaged
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structure of the apo state as obtained in separate simulations.
The rmsd values with respect to the averaged structures were
low for all systems (<1.1 A), which indicates that the proteins
are fairly rigid after equilibration. The largest rmsd values with
respect to the crystal and wild-type—AATT complex simulation
were observed in the mutant protein, with the rmsd in the
CCGG complex being larger than the rmsd in the AATT
complex. This indicates that the mutant protein had more
significant structural changes than the wild type upon binding
DNA, especially for the mutant—CCGG complex. The smallest
rmsd with respect to the averaged simulation structure and the
crystal structure was observed for the wild-type—CCGG
complex, indicating that this complex had the fewest structural
changes.

Figure 1 shows overlays of the averaged simulation structures
and wild-type apo'"’ and wild-type—AATT complex’ crystal
structures. Consistent with the low rmsds, no significant
structural differences existed between the DNA of the systems.
The protein structure was also very similar in all systems, except
for the conformation of the f,—f; loops. In the crystal
structures of the wild-type apo and AATT complex, the ,—f;
loops are ordered and point toward the f-barrel, away from the
DNA. In these structures, the side chain of Lys 323 points
toward the a;—f, loop, away from the DNA. While these
conformations of Lys 323 and the f,—f; loops were largely
retained in the averaged wild-type complexes and wild-type and
mutant apo proteins, the $,—f; loop changed position in the
mutant complexes and moved toward the DNA. Lys 323 of the
loop changed its relative orientation, pointing toward the DNA
and making transient contacts with the phosphates of Gua 31
and Gua 32. The loop motion and transient contacts were
observed for only chain A of the mutant protein; in chain B, the
B,—P5 loop was also displaced, but to a lesser extent (Figure
1C).

Hydrogen bonds between the protein and DNA are listed in
Table 2. These are split up into specific hydrogen bonds, which
are between a base and protein, and nonspecific hydrogen
bonds between a phosphate and the protein. All specific and
nonspecific hydrogen bonds present in the wild-type—AATT
crystal structure were also prevalent in the simulation
structures, with the exception of a specific contact involving
Asn 294. In the wild-type—AATT crystal structure, this residue
hydrogen bonds with the Cyt 5/Cyt 23 base. While the C* and
C’ positions were very similar to those observed in the crystal
structure, in the simulations the amide group was rotated and
formed a persistent contact with neighboring base Ade 4/Ade
22 instead. Like Cyt 5/Cyt 23, these bases are part of the
cognate sequence. With a few exceptions, the hydrogen bonds
that were present in the crystal and in the simulations had
similar occurrences in all simulations.

Transient hydrogen bonds not present in the wild-type—
AATT crystal structure were observed, as well. The most
prominent of these were nonspecific hydrogen bonds between
the f8,—f; loop and the DNA, which were observed only in the
mutant (Figure 4). Lys 323A formed a nonspecific hydrogen
bond with Gua 32. This hydrogen bond was observed 43% of
the time in the mutant—AATT complex and 30% of the time in
the mutant—CCGG complex. In addition, Lys 327A formed a
nonspecific hydrogen bond in the mutant—AATT complex 12%
of the time. Other transient hydrogen bonds involved Lys 349
of the a,—f, loop, which formed a nonspecific hydrogen bond
to Thy 11 for 12% of the time in the mutant—AATT complex
and a nonspecific hydrogen bond to Cyt 2 for 17—26% of the
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Figure 4. Hydrogen bonds among Lys 323, Lys 327, and DNA for the
mutant—AATT complex. Stars indicate the position of the linker.
Hydrogen bonds are shown as dashed lines.

time in all other complexes; His 318A of f3,, which formed a
nonspecific hydrogen bond 7% of the time in the wild-type—
AATT and mutant—CCGG complexes; and Tyr 301A of a,
which formed a nonspecific hydrogen bond 12% of the time in
the wild-type—AATT complex.

A few transient heavy atom contacts between DNA and f3,
and the f,—f; loop were formed in the wild-type—AATT
complex. These were between protein residues 315—322 of
both chains and base pairs 10—14 and 28—32. The stable
hydro%en bonds between Thr 316 and Cyt 30 observed in the
crystal” were present, as well (Table 2). Sporadic transient
contacts between residue Lys 323B and base pairs 13 and 14
also occurred, and residues His 326B, Lys 327B, and Ala 329B
formed transient contacts with Thy 29. Lys 327A formed
sporadic transient contacts with Thy 10, Thy 11, Gua 31, and
Cyt 12, while Lys 327B formed infrequent transient contacts
with Thy 28 and Thy 29. None of these transient contacts were
hydrogen bonds (Table 2). Contacts in the wild-type—CCGG
complex were formed between residues 315B—322B of 3, and
base pairs 10—14 and 28-32, including the Thr 316 hydrogen
bonds observed in the wild-type—AATT crystal” (Table 2).
The f,—f; loop remained rigid, and no contacts between DNA
and this loop were made. Formation of transient contacts with
chain A occurred much less frequently in this complex.

Heavy atom contacts between DNA and the f,—f; loop of
the mutant are shown in Figure S as a function of time; DNA
contacts with 3, and f3; residues near the loop are shown, as
well. For the sake of clarity, contacts that persisted over the
entire length of both simulations are omitted from the figure. In
addition to these, several other persistent contacts were
observed (Figure S). Of particular interest is Lys 323A, which
formed prominent hydrogen bonds with the DNA backbone in
the mutant simulations (Table 2 and Figure 4). In the mutant—
AATT complex, Lys 323A formed contacts with Cyt 30, Gua
31, and Gua 32 (and transiently with Thy 10), while in the
mutant—CCGG complex, it formed contacts with Gua 31 and
Gua 32. These contacts were persistent throughout most of the
simulations, even in the absence of hydrogen bonding. The
P,—P; loop of chain B generally formed contacts with the linker
region, whereas chain A formed contacts with the minor groove
of the recognition motif adjacent to the linker. Figure 5 shows
significant differences in the number of contacts and the
contact frequency between the two mutant complexes. The
mutant—CCGG complex formed a larger number of different
contacts that involved more residues. This complex also formed
more transient contacts. The mutant—CCGG complex had an
approximately 1:1 ratio of contacts formed by chain A and
chain B, while the mutant—AATT complex had a 2:1 ratio.
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Figure S. Heavy atom contacts between the f},—f; loops and DNA for the (A) mutant—AATT and (B) mutant—CCGG complex. Contacts
maintained throughout the entire simulation in both complexes have been omitted for the sake of clarity. These are between Gua 31 and Pro 322A,
Cyt 12 and Val 331A, Cyt 12 and His 318B, Cyt 12 and Ala 320B, Thy 29 and Ser 315B, Thy 29 and Thr 316B, Thy 29 and His 318B, Thy 29 and
Ala 329B, Thy 28 and His 318B, Gua 31 and Ser 315B, Gua 31 and Thr 316B, Thy 11 and Ala 329A, Cyt 30 and Ala 320A, Cyt 30 and Ser 315B, Cyt

30 and Thr 316B, Cyt 30 and Val 331B, and Gua 13 and Ala 320B.

The formation of additional protein—DNA contacts led to
more favorable protein—DNA interaction energies in the
mutant complexes (Table 3). While these are not free energies,

Table 3. Protein—DNA Interaction Energies (kilocalories
per mole)”

Pr—P; chain pr—P; chain
system protein—DNA A-DNA B-DNA
WT-AATT —1147.8 + 66.3 —33.6 +£ 222 —35.0 + 44.0
WT-CCGG —1083.4 + 65.7 -30+74 —49 £ 103
mutant—AATT  —1204.3 + 76.4 —121.1 + 65.7 —-10.5 £ 7.0
mutant— —11409 + 70.2 —63.8 + 35.2 —339 + 19.9
CCGG

“Interactions for the entire protein and the DNA are shown, along
with each individual 8,—f; loop (on chain A and B) and the DNA.

the interaction energies show the same trend as the
experimental binding affinities, with protein—DNA interactions
being stronger for AATT than for CCGG, and stronger
interactions for the mutant than for the wild type. Moreover,
while standard deviations are large, compared to the wild types
a larger increase in the total number of interactions was
observed in the mutant—CCGG complex (—57.5 kcal/mol)
than in the mutant—AATT complex (—56.5 kcal/mol),

indicating a loss of specificity as observed in the experiments.
A large portion of this change in interactions was due to f,—f;
loop—DNA interactions (Table 3), which were stronger for the
mutant than for the wild type. Moreover, compared to the wild-
type values, a larger increase in the total number of loop
interactions was observed for the mutant—CCGG complex
(—89.9 kcal/mol) than for the mutant—AATT complex (—63.0
kcal/mol). Further decomposing the total interaction energy at
the residue level, and comparing the differences between wild-
type and mutant complexes, showed that the mutant—AATT
complex primarily had increases in the number of interactions
between DNA and the B,—f; loop of chain A, between the
a,—p, loop of chain A and base pairs 2 and 3, and, to a lesser
extent, between @, of chain A and base pairs 20—22. There was
also a notable loss of interaction between the a,—f, loop of
chain B and base pairs 2 and 3. The mutant—CCGG system
had increases in the number of interactions between DNA and
the f5,—f; loops of both chains, @, of chain A with base pairs
20—22, and the a,—f, loop of chain B with base pairs 2 and 3,
while it had a loss of interactions between a; of chain B and
base pairs 3 and 4. Overall, the mutant had a larger number of
total increases in interactions when bound to the CCGG than
to AATT. This accounted for the decrease in interaction energy

B1ay B, Blzuz '34 B1°‘1 Bz ‘33“234

DNA B9, B, Bsa, B, Biay B, Bsa, B, DNA B0, B, Ba“z By Byay Bz Bsc‘z B,
- - -..'.l- . nm.

DNA

! ! ! 1 L L L 1 L | ! 1 !

1

1
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Figure 6. Normalized variance—covariance matrices. Correlations in the wild type are given in the upper triangular parts, while correlations for the
mutant are given in the lower triangular parts of the matrices. Secondary structure elements for chain A are colored red and those for chain B blue.
Correlations of the #,—f; loop are shown as black ovals, which are continuous for chain A and dotted for chain B.
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upon mutation that was greater for the CCGG complex than
for the AATT complex.

Normalized variance—covariance matrices of protein fluctua-
tions are shown in Figure 6. Positive values indicate in-phase
correlated motions; negative values indicate anticorrelated or
out-of-phase correlated motions, and zero values indicate
uncorrelated or orthogonal motions. Between the apo states,
differences in correlated motions were minimal, with no
differences in sign. For both apo state systems, elements of
the f-barrel on the same chain were positively correlated. This
positive correlation was also present in the DNA-bound
complexes. In the AATT complexes, a change in the sign of
the correlation occurred in which the f,—f; loops of both
chains for the wild type (but especially chain B) and chain A of
the mutant complex became negatively correlated with f-barrel
elements of either chain (Figure 6, encircled). For the CCGG—
mutant complex, the sign change was observed between the
Pr—P; loop on chain A and p-barrel elements. This negative
correlation did not occur in chain B of the mutant complexes,
which did not have the motion of the ,—f; loop. No change in
the sign of correlation between the $,—f; loops and the fS-
barrel occurred for the CCGG—wild-type complex. Overall, the
variance—covariance analysis showed correlations between the
motion of the f,—f; loop and the f-barrel. These correlations
were positive in the apo states. Upon binding, certain
correlations between the B,—f; loop and f-barrel became
negative for all well-bound systems (the wild-type—AATT and
the mutant—AATT and —CCGG complexes, with binding
constants of 41, 22, and 110 nM, respectivelyl4), while it
remained positive for the poorly bound system (the wild-type—
CCGG complex with a binding constant of 1203 nM'?).

Quasiharmonic analyses showed that the 3,—f; loops of the
apo state proteins were effectively rigid and did not move in the
lowest-frequency modes (Figure 7). This is in contrast to the
DNA-bound complexes, which showed significant motions of
the 3,—f; loop in the lowest-frequency modes. Motions of this
loop were significantly reduced in the wild-type—CCGG
complex, however. In the quasiharmonic modes of the mutant
complexes, the f,—f; loop moved away from the protein and
bent toward the DNA, making contacts. In contrast, in the
quasiharmonic modes of the wild-type—AATT complex, the
P>—P; loop moved away from the rest of the protein but failed
to move toward the DNA. In the mutant—AATT complex, the
P,—P; loops moved in an anticorrelated fashion, with one loop
moving toward the DNA and the other toward the protein. In
the mutant—CCGG complex, the motion between the loops
was correlated, with both moving toward the DNA at the same
time. While we observed DNA contacts with only f,—f; of
chain A of the mutant complexes, the quasiharmonic modes
suggest that chain B could form contacts, as well. Moreover, the
modes imply that in the mutant—AATT complex, only one
P,—p5 loop will make DNA contacts at a time, while in the
mutant—CCGG complex, one or both loops can contact DNA
at a time. This might further explain the loss of selectivity upon
mutation, that is, the reason why the mutant had a larger
increase in binding affinity for CCGG than for AATT."

B DISCUSSION

MD simulations were performed to rationalize the increased
binding affinity of the ALL mutant of the HPV-6 E2 protein for
both high-affinity AATT and low-affinity CCGG linkers and
the associated loss of selectivity for the high-affinity linker. The

simulations showed that the DNA conformation was nearly
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Figure 7. Lowest vibrational quasiharmonic mode for the (A) wild-
type—AATT, (B) wild-type—CCGG, (C) mutant—AATT, and (D)
mutant—CCGG complexes. Arrows indicate the direction of motion,
with the length of the arrows corresponding to the magnitude of
motion.

identical in the mutant— and wild-type—AATT and —CCGG
complexes. The simulations also indicated that there is greater
structural similarity between the bound and unbound AATT
strand than between the bound and unbound CCGG strand.
This observation supports the hypothesis that AATT is prebent
in solution, resulting in greater affinity of AATT than of
CCGG. This greater affinity is also due to more favorable
complementary contacts between the wild type and AATT,
resulting in a more favorable protein—DNA interaction energy
(Table 3). Moreover, the simulations showed significant
differences in the conformation of the f,—f; loop. This loop
was rearranged in the mutant complexes, forming new contacts
with the DNA, including a nonspecific hydrogen bond. The
number of new contacts was larger in the mutant—CCGG
complex than in the mutant—AATT complex, and the
associated change in interaction energy was also more favorable
in the CCGG complex. These observations suggest that the
increased affinities and decreased selectivity of the ALL mutant
stem from f3,—f; loop motion.

Detailed analyses showed that the f,—f; loop motion is
hindered in the apo states and also in the wild-type—CCGG
complex. Quasiharmonic modes showed limited motion of the
Pr—P; loop in the wild-type—AATT complex, and in the
simulation, a few transient contacts were sporadically formed
between the loop and DNA. Nevertheless, these contacts would
be an additional contributing factor to the selectivity of the wild
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type for AATT. The f,—f; loop fully moved toward the DNA
in the mutant complexes, forming stable contacts with the
DNA. While in the simulations these contacts were formed by
only one protein chain, quasiharmonic modes suggested that
the other chain could form contacts, as well. Because the
motion of the f,—f; loops was anticorrelated in the mutant—
AATT complex, it is likely that only one chain forms contacts at
a time in the mutant—AATT complex. In contrast, in the
mutant—CCGG complex, the motion between the 3,—f; loops
was correlated, and both chains could make contact at one
time. This difference in motion would further decrease the
selectivity of the mutant for the AATT complex.

The site of the ALL mutation is near the f-barrel, and in
experiments, subtle changes in p-barrel dynamics were
measured.'* Our simulations elucidated an important con-
nection between motions of the f-barrel and motions of the
B>,—P; loops. In the apo state, motions between the f,—f; loop
and the f-barrel were positively correlated. The correlation was
also positive in the wild-type—CCGG complex (which binds
poorly), but negative for many elements in the wild-type—
AATT and mutant—AATT and —CCGG complexes (which
bind well). The out-of-phase motions between the f-barrel and
the f,—p; loops allowed the loop to move away from the f-
barrel in the systems that bind well. These observations suggest
that correlated motions between the f-barrel and f,—f; loops
are important for selectivity and binding.
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