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The mechanisms by which DNA sequences are recog-

nized by proteins have been intensively investigated in

the past few decades. Although these studies describe

intricate hydrogen-bonding networks between amino

acid side chains and DNA bases, a simple code for

protein–DNA recognition based on noncovalent
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Papillomaviruses are small DNA tumor viruses that infect mammalian

hosts, with consequences from benign to cancerous lesions. The Early pro-

tein 2 is the master regulator for the virus life cycle, participating in gene

transcription, DNA replication, and viral episome migration. All of these

functions rely on primary target recognition by its dimeric DNA-binding

domain. In this work, we performed molecular dynamics simulations in

order to gain insights into the structural dynamics of the DNA-binding

domains of two prototypic strains, human papillomavirus strain 16 and the

bovine papillomavirus strain 1. The simulations underline different

dynamic features in the two proteins. The human papillomavirus strain 16

domain displays a higher flexibility of the b2–b3 connecting loop in com-

parison with the bovine papillomavirus strain 1 domain, with a consequent

effect on the DNA-binding helices, and thus on the modulation of

DNA recognition. A compact b-barrel is found in human papillomavirus

strain 16, whereas the bovine papillomavirus strain 1 protein is character-

ized by a loose b-barrel with a large number of cavities filled by water,

which provides great flexibility. The rigidity of the human papillomavirus

strain 16 b-barrel prevents protein deformation, and, as a consequence,

deformable spacers are the preferred targets in complex formation. In

contrast, in bovine papillomavirus strain 1, a more deformable b-barrel
confers greater adaptability to the protein, allowing the binding of less flex-

ible DNA regions. The flexibility data are confirmed by the experimental

NMR S2 values, which are reproduced well by calculation. This feature

may provide the protein with an ability to discriminate between spacer

sequences. Clearly, the deformability required for the formation of the

Early protein 2 C-terminal DNA-binding domain–DNA complexes of var-

ious types is based not only on the rigidity of the base sequences in the

DNA spacers, but also on the intrinsic deformability properties of each

domain.

Abbreviations

BPV-1, bovine papillomavirus strain 1; DBD, DNA-binding domain; E2, Early protein 2; HPV, human papillomavirus; MD, molecular dynamics;

rmsf, root-mean-square fluctuations.
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chemistry has failed to emerge. Instead, it appears that

the specificity of protein–DNA reactions derives from

a balance of several factors [1]. In addition to base–

amino acid contacts, these include contacts among the

protein and the phosphodiester backbone of the DNA,

solvent-mediated interactions, and the structural adap-

tability of the reactants.

An added layer of complexity is evident in physio-

logic environments where proteins have to select

among multiple, similar binding site sequences and

interact with short DNA sequences in the presence of

a vast excess of nonspecific DNA [1]. In such situa-

tions, it is likely that small differences in reaction affin-

ity, or kinetics, can deeply influence regulatory events.

The evolution of protein–DNA interactions could be

viewed as an ongoing process of tailoring the balance

between the stereochemical constraints outlined above

to the required biological function [1].

The papillomaviruses represent a good model system

for the investigation of such issues, because there are

many viral strains that have coevolved with their ver-

tebrate hosts for over a 100 million years, providing a

database for the study of molecular, structural and

functional coevolution. The papillomaviruses are a

group of small DNA tumor viruses that induce warts

in mammals. The Early 2 proteins (E2s) regulate

expression of all viral genes [2,3] and viral replication

through association with the Early 1 protein helicase

[4–6].

E2 consists of three domains: the well-conserved

N-terminal transactivation domain, a variable interme-

diate hinge region, and a C-terminal DNA-binding ⁄
dimerization domain [7]. Crystal and NMR structures

of the bovine papillomavirus type 1 (BPV-1) E2 DNA-

binding domain (DBD) (BPV-1 E2-DBD), alone [8,9]

and in complex with an oligonucleotide [9,10], have

been solved. Also in the case of human papillomavirus

(HPV) type 16, the structure of the E2 DBD (HPV-16

E2-DBD) alone [11,12] and in complex with DNA is

available [13]. These structures revealed that the pro-

tein forms a dimeric b-barrel with surface ‘recognition’

a-helices (Fig. 1). The dimeric b-barrel domain is an

unusual topology, shared only by the Epstein–Barr

EBNA1 DBD [14]. In this topology, secondary, ter-

tiary and quaternary structure are coupled, and the

dimerization interface is composed of two four-stran-

ded half-b-barrels [15].
Although the tertiary structures of all characterized

E2-DBDs are similar, there is an interesting variation

in the relative orientation of the two subunits [1]. On

this basis, the E2s can be divided into two distinct

classes, one including HPV-16 and HPV-31, and the

other BPV-1 and HPV-18 [1]. These differences in qua-

ternary structure are likely to induce a different DNA

deformation upon E2 binding.

The transcriptional regulation, growth inhibition

and replication functions of E2 are mediated through

its interaction with a palindromic consensus sequence

ACCgN4cGGT, where N4 indicates the ‘spacer’ nucle-

otides and small letters represent preferred but not

totally conserved nucleotides. Multiple E2 binding sites

that differ in the sequences of the central N4 ‘spacer’

nucleotides are present in the viral genomes (17 in

BPV-1 and 4 in HPV-16). Whereas BPV-1 E2 shows

only two- to eight-fold differences in affinity towards

Fig. 1. DNA interaction side view of the HPV-16 DBD E2 structure

(A) and BPV-1 DBD E2 structure (B). The a-helices involved in DNA

recognition are shown as red spiral ribbons, and other a-helices are

represented by blue spiral ribbons. b-Strands are indicated by green

arrows. The yellow wire represents high-flexibility regions, and the

cyan wire indicates the remaining random-coil structure and the

turns. This picture was produced using the program MOLSCRIPT [45].
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E2 binding sites with different spacers, HPV-16 E2 dis-

plays a nearly 300-fold enhanced affinity for the E2

binding sites containing AA(A ⁄T)N spacers [16,17].

The structure of the spacer region, which is not con-

tacted by the protein, is critical for the formation of

the high-affinity sequence-specific protein–DNA com-

plex, and the differential binding affinity has been pro-

posed to be regulated by the intrinsic structure and

deformability encoded in the base sequence of the

DNA target [18].

The two proteins also display differential affinity

towards binding sites possessing nicked or gapped

spacers, indicating distinct differences in their sensitiv-

ity to DNA structure and ⁄or flexibility [17]. Despite

these differences, the residues involved in direct base

interactions are identical [17], indicating that this is

not the mechanism responsible for discriminating the

DNA-binding site sequence. Previous molecular dy-

namics (MD) studies have mainly investigated the

structural behavior of BPV-1 DNA target sequences

[19,20], and have suggested that the structures of both

free and bound DNA half-sites are very close to each

other, but have not discussed the protein behavior in

detail.

In this work, we have investigated, through MD

simulation, the structural–dynamic properties of the

DBD of human and bovine papillomavirus E2s. The

results show that the domains from different species,

although having the same secondary and tertiary struc-

tures, show a different distribution of molecular flexi-

bility. The mechanical properties that characterize the

two proteins, together with the different structural and

conformational features of the spacer regions in the

DNA target sequences, indicate diverse mechanisms

for the recognition of the DNA.

Results

Analysis of root-mean-square fluctuations

The main chain root-mean-square fluctuations (rmsf),

calculated over the trajectories and averaged over each

residue, for the HPV-16 and BPV-1 E2s are shown in

Fig. 2A,B. In both proteins, the a-helices show a

relatively high rmsf value when compared with the

b-segments. The largest fluctuations are observed in

HPV-16 (Fig. 2A), and in particular in the large loop

region connecting strand b2 and b3 (Gly321–Ser328),

where the rmsf reaches a value higher than 0.45 nm.

In the same region of BPV-1 (Fig. 2B), the protein

fluctuation is smaller, the corresponding rmsf value

being about 0.2 nm. In BPV-1, the largest fluctuation

is observed at the level of helix a2 and of the loop

connecting this helix with b-strand 4 (Pro383–Asn400).

In Fig. 2B, the first 14 amino acids have been

removed because their rmsf values are out of scale.

These residues belong to the last part of the linker

region, between the N-terminal and the C-terminal

domains, known to be extremely flexible and not struc-

tured. The addition of a variable number of amino

acids to this region enhances the stability of BPV-1 to

urea denaturation [8].

This indicates that the extension of the BPV1 E2

N-terminal DBD has a role in domain stability and

DNA binding [21].

A

B

Fig. 2. rmsf averaged over each residue for each subunit of HPV-

16 E2 (A) and BPV-1 E2 (B). The residues of the first subunit are

indicated by black filled circles, and the residues of the second sub-

unit are indicated by gray filled circles. The residues that in the

NMR starting structure are in the a-helix and b-strand are indicated

by black and gray squares, respectively.
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Experimental data show that the HPV-16 loop

(Gly321–Ser328) is exposed to the solvent and remains

flexible even after forming a complex with DNA [13].

Moreover, the presence of two lysines and two histi-

dines in this region complement well the negatively

charged phosphate backbone of the nucleic acid [13],

and mutations of residues located in this region lead to

changes in the DNA recognition kinetics and in the

stability of the complex [22], suggesting that there is

an involvement of this loop in HPV-16 E2–DNA

recognition.

Another interesting aspect of HPV-16 is represented

by the presence of Lys349 in the loop connecting helix

a2 and strand b4. This residue may have a role in

DNA binding, as a single mutation of Lys349 to alan-

ine weakens the DNA binding of the HPV-16 E2

C-terminal domain by 1.0 kcalÆmol)1 [13].

Secondary structure analysis

The secondary structure analysis was carried out on

both proteins for all the simulation times. The few

differences that emerged on comparing the results

concern the a-helices, and in particular the DNA

recognition helix a1 [1], represented in red in Fig. 1.

Figure 3A,B shows the conformational evolution, as

a function of time, of the residues that start the

simulation in the a-helix. In the HPV-16 protein,

some residues inside helix a1 lost their regular struc-

ture and adopted an alternative ‘turn’ or ‘3–10 helix’

conformation, suggesting a ‘conformational adaptabil-

ity’ to better fit the DNA major groove recognition

site. These alterations are probably necessary to per-

mit suitable plasticity of helix a1 when it interacts

with the DNA major groove. Structural changes

involving the central part of helix a1 were not

observed in the simulation of BPV-1, where some res-

idues in the C-terminal part of the a-helix switched

their secondary structure to a ‘turn’ conformation

(Fig. 3A,B).

S2 analysis for the NH atoms

Nuclear magnetic relaxation spectroscopy is one of the

few experimental sources providing spatially resolved

information on subnanosecond dynamics of biomole-

cules in solution. Dipolar relaxation data of heteronu-

clear spin pairs, such as 13C–H and 15N–H, are often

interpreted using the Lipari–Szabo model [23], in

which the motion of the involved internuclear vector is

characterized by an internal time scale se, an overall

time scale sc, and an order parameter S2. The order

parameter S2 [23–25] was calculated from MD simula-

tion for the NH atoms of the E2 chains of both HPV-

16 and BPV-1 (Fig. 4A,B), and in the case of HPV-16

was compared with the corresponding S2 experimental

values measured by NMR spectroscopy. S2 values

close to 0 indicate high flexibility, and S2 values close

to 1 indicate low flexibility.

In HPV-16 (Fig. 4A), the trends of the experimental

and calculated S2 values were similar. In fact, both

NMR and MD identified the large loop region con-

necting strands b2 and b3 (Gly321–Ser328) as the

region characterized by the highest flexibility. More-

over, both NMR and MD also identified a relatively

large degree of flexibility in the region including the

loop between helix a2 and strand b4, and the initial

part of strand b4 (Cys350–Val356).

In the BPV-1 protein (Fig. 4B), the lowest S2 values,

and therefore the greatest flexibility, were observed on

the N-terminal tail close to strand b1 (Gly324–Phe328)

(see also Fig. 1B), and on the loop connecting helix a2
and strand b4 (Pro396–Asn400). Also, in this case the

protein showed great flexibility at the level of the loop

connecting strands b2 and b3 (Asn366–Ala374), even

though these values are lower than those observed in

HPV-16.

Analysis of cavities

The presence of cavities that occur in the internal part

and on the surface of the two proteins has been

evaluated by applying the program surfnet [26]

(Fig. 5A,B). In this program, gap regions are defined

by filling the region between the two molecules with

gap-spheres and then computing a three-dimensional

density map that defines the surface of the gap region

[26].

In the interior of the HPV-16 b-barrel, at the inter-

face of each dimer, only one small cavity, present for a

short percentage of the simulation time, was found,

whereas several crevices were present on the protein

surface (Fig. 5A). The absence of internal cavities in

the HPV-16 protein indicates that the barrel is hardly

accessible to solvent, as confirmed by the high S2 val-

ues, indicative of rigidity, found in the regions close to

strands b1 and b4 (Fig. 4A). Several crevices are also

present on the protein surface of BPV-1, but in this

protein, several cavities inside the b-barrel, at the

dimer interface, were also observed (Fig. 5B). This

result agrees with the low S2 values for residues sur-

rounding the cavities. Both parameters are, in fact,

indicative of relatively high flexibility.

This behavior underlines a greater degree of com-

pactness of the b-barrel in the HPV-16 domain than in

the BPV-1 domain.
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Principal component analysis

Principal component analysis has been applied to both

the HPV-16 and BPV-1 E2 trajectories to identify the

main 3N directions along which the majority of the

protein motion is defined [27,28]. The analysis is based

on the diagonalization of the covariance matrix built

from the atomic fluctuations after the removal of the

A

B

Fig. 3. Secondary structure evolution, as a function of time, for the protein segments that start the simulations as a-helices. (A) first subunit

and (B) second subunit of HPV-16 E2 and BPV-1 E2. A color code identifying the secondary structure is shown.
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translational and rotational movement, and was car-

ried out on the Ca atoms of the proteins.

Large displacements occurred for both proteins

along the first eigenvector, characterized by the largest

eigenvalue (data not shown). The motion along the

first eigenvector for the HPV-16 and BPV-1 E2s can

be well appreciated by looking at the Ca projections

shown in Fig. 6A,B. Ten projections of the motion

were extracted and plotted to illustrate the different

dynamic behavior of the two proteins. The HPV-16

protein (Fig. 6A) showed a rigid b-barrel, a highly

fluctuating b2–b3 loop, and a partial deformation in

the center of the recognition helices. The BPV-1

protein (Fig. 6B) showed a fluctuating b-barrel, a

relatively rigid b2–b3 loop, no deformation of the

recognition a-helices, and substantial fluctuation of the

long N-terminal tail.

Discussion

The results obtained in these simulations highlight

a difference in the structural behavior of the two

A

B

Fig. 4. S2 order parameters evaluated in the simulation for the NH

groups of HPV-16 E2 (A) and BPV-1 E2 (B). In (A), simulation values

are compared with the corresponding parameters measured by

NMR spectroscopy. An arbitrary value of one has been given to the

proline residues that cannot be assigned because of the absence

of the NH group. In (A), the black dotted line represents the S2

NMR values; in (A) and (B), the black and the gray point-dashed

lines show the values calculated in MD for chain A and chain B,

respectively. The residues that in the NMR starting structure are in

the a-helix and b-strand conformations are indicated by the black

and gray squares, respectively.

Fig. 5. Cavities detected during the MD simulation inside and out-

side HPV-16 E2 (A) and BPV-1 E2 (B). The a-helices are shown as

red spiral ribbons, and the b-strands are indicated by yellow arrows.

The white and blue wires represent the loops and the turns,

respectively. Cyan spheres represent the geometric centers of the

cavities that are located over the protein surface, and the blue

spheres indicate the geometric centers of the cavities that are

located inside the b-barrel. The picture was produced using the pro-

gram RASMOL [46].
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proteins that is probably correlated with different

ways of recognizing the DNA. The HPV-16 protein

shows high flexibility in the loop connecting strands

b2 and b3, but displays at the same time a more rigid

b-barrel (see Fig. 6A), as monitored by the fast fluc-

tuations sampled by MD simulation. On the other

hand, after several hours, the solvent accessibility of

NH groups in the core of the protein becomes high

[12,29], indicating that the protein is subjected to

low-frequency motions.

In the HPV-16 protein, the high-frequency flexibility

of the large loop, connecting strands b2 and b3 (see

Fig. 6A), may balance the rigidity of the barrel, facili-

tating DNA binding. In this protein, a certain degree

of plasticity is also shown by the DNA-binding helices

a1, which, in their central part, partially lose secon-

dary structure, as indicated by the dssp analysis in the

simulation (Fig. 3A,B). This feature provides an adap-

tability to the DNA interaction sites that compensates

for the lower mobility of the barrel. The relatively high

plasticity of helix a1 is in line with the fast solvent

exchange observed for most of the amide groups of

the recognition helix a1 in the homologous HPV-31

E2 [12,29]. Moreover, chemical shift values of the

C-terminal part of the helix display deviations from

those expected for a regular helix, in particular at the

level of the Phe303 residue [13]. Interestingly, these

deviations are maintained also in the DNA-bound

form [13].

In the HPV-16 protein, the b2–b3 loop is character-

ized by a large number of positive charges that con-

tribute to the DNA binding [13]. In fact, mutations to

alanine of the residues Lys325 and Lys327, located in

the b2–b3 loop, produce a decrease in the DNA bind-

ing [22] that is restored upon back mutation into

arginine, indicating the importance of the positive

charges for the occurrence of nonspecific contacts with

DNA [22].

The BPV-1 protein shows low flexibility of the loop

connecting the b2 and b3 strands (Fig. 6B). The low

flexibility is counterbalanced by a larger barrel flexibil-

ity (Fig. 6B), as indicated by the large number of cavit-

ies present in its interior (Fig. 5B), which allow a

broad range of movements for the structured helices

a1 that are necessary for nonspecific DNA target

recognition.

From these data, it is possible to propose a signifi-

cant role in DNA binding for the loop connecting

strands b2 and b3 in HPV-16, and for the regions

close to strands b1 and b4 in BPV-1. For HPV-16,

the flexibility of the loop may alter the adaptability

of the DNA-binding helices, thus modulating the

discrimination of specific versus nonspecific DNA

sequences. For both the E2s, we suggest that the

‘indirect readout’ [30] plays a significant role in DNA

sequence recognition, although a systematic rational

perturbation of the DNA-binding interface showed

that, in the case of HPV-16, most of the binding

energy comes from a ‘direct readout’ recognition

mode [22].

In fact, recognition of DNA by proteins, in addition

to direct interactions, relies also on indirect effects that

reflect several energetic contributions to the response

of DNA sequences to twisting and bending distortions

induced by proteins. In the light of what has been

observed in this work, we can suggest that the indirect

effects are not only attributable to the DNA molecular

structure, but are finely tuned by the mechanical and

dynamic properties of the specific protein structure

involved in the interaction. These properties may

modulate the indirect effects that, by stabilizing the

complex, can lead to the selection of an alternative

binding site.

Fig. 6. Representation of 10 projections of the motion along the

first eigenvector for HPV-16 E2 (A) and BPV-1 E2 (B). The picture

was produced using the program VMD [47].
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Experimental procedures

MD simulations and analysis

The HPV-16 [12] and BPV-1 [8] E2 coordinates were

obtained by NMR and stored in the Protein Data Bank

(http://www.rcsb.org/pdb; PDB codes 1R8P and 1DBD,

respectively). Two simulations of 5.08 ns were carried out

on the HPV-16 and BPV-1 proteins. The system topologies

were obtained with the amber leap module [31], and mode-

led with the all-atoms amber95 force field [32,33]. The pro-

teins were immersed in rectangular boxes filled with TIP3P

water molecules [34] (Table 1), imposing a minimal distance

between the solute and the box walls of 10.0 Å. The two

systems were neutralized with the amber leap module,

adding the necessary amount of chloride ions (Table 2)

in electrostatically favorable positions. Optimization and

relaxation of solvent and ions were initially performed by

means of three energy minimizations and two MD simula-

tions (Table 2), keeping the solute atoms constrained to

their initial positions with decreasing force constants of 500

and 25 kcalÆ(mol Å))1. Thereafter, the system was minim-

ized without any constraint, and simulated for 60.0 ps at

constant temperature of 300 K using Berendsen’s method

[35] and at a constant pressure of 1 bar with a 2.0 fs time

step. Each system was thermalized for about 200 ps before

the trajectory acquisition (see time column in Table 2).

Pressure and temperature coupling constants were 0.4 ps.

The atomic positions were saved every 250 steps (0.5 ps) for

the analysis. The two systems were simulated under periodic

boundary conditions, using a cut-off radius of 9.0 Å for the

nonbonded interactions, and updating the neighbor pair list

every 10 steps. The electrostatic interactions were calculated

with the particle mesh Ewald method [36,37]. The shake

algorithm [38] was used to constrain all bond lengths invol-

ving hydrogen atoms. The systems were simulated at

CASPUR research center of Rome, Italy (Inter Universities

Consortium for Supercomputing Applications) on Power 4

IBM parallel computers by using an 8 CPU cluster.

The systems were simulated for 5.0 ns, a time sufficient

to evaluate protein loop, a-helix, and b-barrel fluctuations,
and to identify differences in the dynamics of these two

proteins. The rmsd from the starting structures of the

two proteins (supplementary Fig. S1) showed, in fact, good

stability over all the simulation times. Also, the S2 values

(supplementary Figs S2 and S3) and rmsf (supplementary

Figs S4 and S5) calculated by splitting the trajectories into

three segments give relatively similar results.

The analyses of trajectories for both systems were carried

out over 5 ns using the gromacs md package version 3.2.1

program [39] and codes written in-house. The atomic rmsf

values were computed using the following definition imple-

mented in the gromacs utility g_rmsf [39]:

RMSFi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X3

a¼1

hðrmin
i;a ðtÞ � �ri;aÞ2iMD

vuut ð1Þ

where the averages were computed over the equilibrated

MD trajectory.

The calculation of order parameter S2 for the backbone

N–H bonds followed approaches published previously by

other groups [23–25]. In short, the order parameters S2 of a

bond vector ~lðtÞ is computed as:

S2 ¼ 3=2½<x2>2 þ <y2>2 þ <z2>2 þ2 <xy>2

þ 2 <xz>2 þ2 <yz>2� � 1=2 ð2Þ

in which x, y and z are the components of the unit bond

vector ~lðtÞ along three Cartesian axes. Here, the braces

Table 2. System thermalization phases. EM, energy minimization.

Execution time (ps) Thermalization phases Number of steps

Position restraint value

[kcalÆ(mol Å)]

0 EM1 with position restraints 10 000 500

0 EM2 with position restraints 20 000 500

12.5 MD1 with position restraints 25 000 of 0.5 fs 500

0 EM3 with position restraints 15 000 25

25.0 MD2 with position restraints 25 000 of 1.0 fs 25

0 EM4 10 000 –

20.0 MD3 10 000 of 2.0 fs –

40.0 MD4 20 000 of 2.0 fs –

100.0 MD5 50 000 of 2.0 fs –

Table 1. Size of the simulated systems.

Protein type BPV-1 HPV-16

Total atoms 31 750 23 468

Protein atoms 3134 2664

Amino acids 200 162

Water molecules 9534 6930

Chloride ions 14 14

Simulation box X side (Å) 77 56

Simulation box Y side (Å) 56 73

Simulation box Z side (Å) 83 64

Saved configurations 10 160 10 160

Papillomavirus E2 DNA-binding domain simulations M. Falconi et al.
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stand for the ensemble average. Prior to the calculation of

S2, overall translation and rotation of the protein molecule

were removed.

The volume of the cavities and external crevices was

measured using the program surfnet [26]. The time evolu-

tion of the secondary structures was calculated using the

gromacs utility do_dssp [39], which iteratively uses the

program dssp [35] to evaluate the secondary structures.

Principal component analysis [27,28] was done using the

gromacs MD package version 3.1.4 [39].

Relaxation data and backbone dynamics analysis

15N-Labeled E2 was prepared as previously described [12].
15N relaxation measurements were performed on a sample

containing 50 mm sodium phosphate, 5 mm dithiothreitol

(pH 6.5), and a protein concentration of 0.9 mm. Measure-

ments of 15N T1, T2 and 1H–15N NOE were performed at a
15N frequency of 70.94 MHz, using standard pulse schemes

[41,42]. 15N relaxation data were analyzed in terms of

model-free formalism, making use of the program dasha

[43].

Relaxation experiments were carried out at 30 �C on a

Bruker Avance700 spectrometer (Rheinstetten, Germany) at

a 15N resonance frequency of 70.9 MHz. Measurements of
15N T1, T2 and 1H–15N NOE were made by performing

established 1H-detected pulse schemes [41,44] in an inter-

leaved manner to collect six points with delays of 14, 210,

420, 700, 1191, 1542 ms for T1, and six points with delays

of 8.2, 24.5, 40.8, 57.1, 73.4, 97.9 ms for T2. Integrated

crosspeak volumes of nonoverlapped resonances were fitted

to two-parameter monoexponential decays. The uncertain-

ties of peak intensities were evaluated as the SD of the

spectral noise measured in a region free of crosspeaks. The

heteronuclear NOE values were determined from the ratio

of peak volumes of spectra recorded with and without 1H

saturation, employing a net relaxation delay of 5 s for each

scan in both experiments.
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Supplementary material

The following supplementary material is available

online:

Fig. S1. Main chain rmsd as a function of time of

HPV-16 E2 (upper panel) and BPV-1 E2 (bottom

panel).

Fig. S2. S2 order parameters evaluated in three win-

dows of the simulation time for the NH groups of

HPV-16 E2.

Fig. S3. S2 order parameters evaluated in three win-

dows of the simulation time for the NH groups of

BPV-1 E2.

Fig. S4. rmsf evaluated in three sections of the simula-

tion and averaged over each residue for each subunit

of HPV-16 E2.

Fig. S5. rmsf evaluated in three sections of the simula-

tion and averaged over each residue for each subunit

of BPV-1 E2.

This material is available as part of the online article

from http://www.blackwell-synergy.com

Please note: Blackwell Publishing is not responsible

for the content or functionality of any supplementary

materials supplied by the authors. Any queries (other

than missing material) should be directed to the corres-

ponding author for the article.
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