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Abstract
Hydrophobins, produced by filamentous fungi, are small amphipathic proteins whose bio-

logical functions rely on their unique surface-activity properties.Understanding the mecha-

nistic details of the multimerization process is of primary importance to clarify the interfacial

activity of hydrophobins. We used free energy calculations to study the role of a flexible β-
hairpin in the multimerizationprocess in hydrophobin II from Trichoderma reesei (HFBI).We

characterized how the displacement of this β-hairpin controls the stability of the monomers/
dimers/tetramers in solution. The regulation of the oligomerizationequilibriumof HFBI will

necessarily affect its interfacial properties, fundamental for its biological function and for

technological applications. Moreover, we propose possible routes for the multimerization

process of HFBI in solution. This is the first case where a mechanism by which a flexible

loop flanking a rigid patch controls the protein-proteinbinding equilibrium, already known for

proteins with charged binding hot-spots, is describedwithin a hydrophobic patch.

Author Summary

Fungi proliferate by creating a complex hyphal network growing within a wet environ-
ment. However, for most fungi to colonize new territories, they must produce spores car-
ried by aerial hyphae and spread them into the air. Aerial structures need to overcome the
surface tension of the surrounding water in order to grow into the air. This process
requires hydrophobins, a remarkable class of self-associating fungal proteins which lower
the surface tension at the air/water interface by creating a thin amphipathic layer. In solu-
tion they formmultimers in equilibriumwith the interfacial layer. Due to their unique sur-
face-activity properties, hydrophobins have been used for a variety of biotechnical
applications. We used enhanced sampling molecular dynamics simulations methods to
study the multimerization process in solution of a hydrophobin from Trichoderma reesei
(HFBI).We clarified the fundamental role of a small flexible region within the HFBI
monomer involved in the formation of multimers. A flexible loop flanking a rigid interac-
tion patch is able to fine-tune the interaction energy. This mechanism, already known for
charged binding patches, is describedhere for hydrophobic hot-spots. This result is
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remarkably important in order to clarify the mechanism of arranging at the interface and
enhancing hydrophobin-based technological applications.

Introduction
Hydrophobins are small (7–15 kDa) proteins produced by filamentous fungi. They are globular
and rigid proteins containing four disulfide bridges which stabilize the structure. Hydropho-
bins perform a variety of biological roles at interfaces that help fungi to adapt to their environ-
ment including adhesion and coatings of spores. Moreover, hydrophobins lower the surface
tension of water so that fungal hyphae can penetrate the air-water interface and grow outside
aqueous media [1–3]. The remarkable surface-activity properties of hydrophobins come from
their amphiphilic nature. Besides their amphiphilicity, specific intermolecular interactions also
contribute to their functional properties [4–9]. Due to their unique properties, hydrophobins
have become attractive for use in several types of biotechnical applications. These include stabi-
lization of colloidal dispersions, reverse the wettability of surfaces, dispersion of insoluble drug
compounds, production of stable foams, and protein immobilization [8, 10–13]. Hydrophobins
are very soluble in water up to 100 mg/mL and display unusual detergent-like behaviour in
solution as they form different kinds of oligomers, depending on the conditions and on the
hydrophobin type [9, 14, 15].

Hydrophobins have been divided into two classes, class I and class II, based on the hydropa-
thy profile of the amino-acid sequence [16]. In particular, class I hydrophobins are more resis-
tant to dissociation using solvents and detergents than class II hydrophobins. Furthermore,
class I hydrophobins tend to form rodlet-like aggregates at interfaces, whereas for class II
hydrophobins various needle-like crystals and structured surface films have been observed
[17–19]. The work describedhere was done on HFBI, a class II hydrophobins of the fungusTri-
choderma reesei.

The crystal structure of HFBI from T. reesei, solved in 2006 by Hakanpää and colleagues
(PDB id: 2FZ6), shows four molecules in the asymmetric unit [20]. A tetrameric structure was
also found in solution, where HFBI forms oligomers (dimers and tetramers) in a concentra-
tion-dependentmanner. In solution, the tetramer is slightly larger and more elongated, with its
monomers not as tightly packed as in the crystal. The oligomers are in some ways analogous to
micelles, however, with the clear difference that the HFBI oligomers contain only two or four
molecules [4]. Above a critical concentration (20 μM), HFBI is mainly in tetrameric form [9].
Besides oligomers, HFBI shows strong surface activity. HFBI is indeed a protein that self-orga-
nizes to form precise membrane structures [4, 18, 19, 21, 22]. Hydrophobin multimerization
was suggested to protect the hydrophobic parts and that these associations disassemble at the
interface to formmonolayers. At the interface, HFBI exists as monomers, oligomers and sur-
face monolayers, and the equilibrium is shifted towards surface assemblies [9, 20].

Powers and colleagues [23] have shown that the mechanism of protein tetramerization via
dimers is evolutionally favored over tetramerization via monomers and trimers. It is likely that
the multimerization process of HFBI involves combination of monomers to dimers with the
successive combination of dimers to tetramers [9, 14].

In the HFBI structure, there are two types of molecules with respect to the conformation of
the second β-hairpin motif (residues 60 to 66). Molecules A and C had this area in a similar
“closed” conformation whilemolecules B and D both possessed an “open” conformation. The
central β-barrel structure, with four disulfide bridges, remains unchanged [20], see Fig 1. In
this paper, “closed” conformation of monomeric units A and C is named c, while “open”
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conformation of molecules B and D, is called o. It was suggested that movement in the β-hair-
pin area was most likely driven by the formation of the HFBI tetramer [20].

In a recent computational study, it was found that dimers and tetramers encounter com-
plexes only form whenmonomers are in c conformation [24]. This supports the idea of an
induced conformational transition upon encounter complex formation. In this work we
explored the multimerization process of HFBI in solution. The fundamental role of the last β-
hairpin in the oligomeric assembly is unveiled using all-atoms metadynamics simulations and
a plausible oligomerization pathway is proposed.

Materials andMethods

Structuralmodels
All the computational models of HBFI here considered are based on the X-ray structure from
Trichoderma reesei, solved at 2.1 Å resolution (PDB id: 2FZ6) [20]. This structure is an hetero-
tetramer with each unit consisting of 75 residues. The monomers are characterized by a differ-
ent position of the second β-hairpin (residues 60 to 66) with respect to the central β-barrel. In
particular, chains B and D are in the so called conformation o, with the second β-hairpin
exposed to the solvent, while chains A and C are in conformation c, with the second β-hairpin
closed to the protein core. In the models, the starting units correspond to a specific chain in the
crystal.Monomer(c) is chain A; monomer(o) is chain D; dimer(cc) is chain C + chain A (super-
posed on chain D of crystal); tetramer(cccc) is chain A + chain A (superposedon B-C-D); tetra-
mer(cocc) is chain A + chain B + chain A (superposedon C-D); and tetramer(coco) is the

Fig 1. HFBI 3D structure and collective variables. (A) In orange, crystal structureof the HFBI protein (PDB id: 2FZ6). On chain D (o conformation),
the structureof chain A (c conformation) is superposed in green. (B) Details of the region enclosing loop 60–66 showing the collective variables (δ and
τ) used in the metadynamics simulations. Conformations c (green) and o (orange) are superposed.

doi:10.1371/journal.pcbi.1005202.g001
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crystal structure, see S2 Fig. The chain subjected to metadynamic bias is given in bold typeface
(see section “Well-Tempered Metadynamics (MetaD)”).

Standardmolecular dynamics (MD) simulations
For each system (monomer/dimer/tetramer),we followed the simulation protocol described
hereinafter. The protein was put in a dodecahedricbox of TIP3P water molecules ensuring a
minimum distance to the box edges of 1 nm. The monomeric systems are neutral, while the
dimer and tetramer have positive charge due to the presence of the Zn2+ ions at the interface
between chains A/B and between chains C/D. The proper amount of Na+ and Cl− ions was
added to reach a ionic concentration of 150 mM and ensure final neutral systems (see S1
Table). A steepest-descentminimization was applied to relax the solvent molecules around the
solute. The equilibration was performed in two steps: the system was at first thermalized up to
300 K coupling the protein and the solvent to a V-rescale thermostat [25] (τt = 0.1) in the
canonical ensemble (NVT). Then, we switched to the NPT statistical ensemble, performing
100 ps of MD at 300 K, coupling the system with a Parrinello-Rahman barostat [26] (τp = 2).
After this initial phase the system was ready for productiveMD simulations. Production runs
were carried out in the NPT (p = 1 bar, T = 300 K) statistical ensemble. All bonds were con-
strained with LINCS [27], allowing to use a time step set of 2 fs. Periodic boundary conditions
were applied to the systems in all directions. PMEmethod [28] was used to evaluate long-range
electrostatic interactions (pme order = 4, fourier spacing = 0.12), and a cutoff of 10 Å was used
to account for the van derWaals interactions. Coordinates of the systems were collected every
2 ps. All MD simulations were carried out with GROMACS-5 [29] using the AMBER99 force
field [30] on GPU/CPUmachines. The length of the MD simulations was of 150 ns, for mono-
mer(c) and monomer(o), 100 ns, for dimer(cc), and 300 ns, for tetramer(cccc) and tetramer
(coco) (see S1 Table). Within each monomeric unit four covalent crosslinks betweenCYS18-
CYS48, CYS19-CYS31, CYS8-CYS57, and CYS58-CYS69 (see S1 Fig) have been defined and
treated according to the disulfide bridge parameterization as in AMBER99 force field [30].
Standard MD were used for guessing CVs for metadynamics simulations [31] and for all analy-
sis other then the free energy calculations.

Well-temperedmetadynamics (MetaD)
Well-tempered metadynamics, labelled as MetaD, simulations were performedwith GRO-
MACS-5 [29] using AMBER99 force field [30] and the PLUMED version 2.2 [32] plugin for
free energy calculations. The starting structure for MetaD were taken after the NPT equilibra-
tion described above. The collective variables (CVs) used to describe the transition between
monomer(c) and monomer(o) were the distance d ¼ ½ASP30

CA � GLN65

CA�, and the torsion
t ¼ ½VAL 59

C � ALA60

N � ALA60

CA � ALA60

C �. Both variables were necessary to properly describe
the transition c/o without irreversibly distorting the structure of the β-hairpin. Metadynamics
bias was constructed adding a Gaussian functionwith an initial height of 1.2�T/T0 kJ/mol and
a width of 0.1. T0 was set to 300 K and the bias factor (γ = (T + ΔT)/T) was set to 10. An upper
wall at 1.3 nm with a κ of 2000 kJ/mol/nm2 was associated to the CV δ. This choice was justi-
fied by the fact that in the open conformation o, the value of δ is 1.2 nm. In multimers the
metadynamic bias was applied only to chain D, highlighted in bold typeface when specified in
the text. For example, performingMetaD on tetramer(cccc) means that the starting structure
was a tetramer composed of four c conformations and the MetaD bias was applied to chain D.

Convergence was checked by computing the free energy as a function of simulation time
(10 ns blocks).Moreover, the value of FEP(δ) at dmin3

¼ 1:25 nm nm has been plotted as func-
tion of time. At convergence, the reconstructed profiles should be similar, and the value at
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dmin3
¼ 1:25 nm should be constant (see S3 Fig). EachMetaD simulation is 200 ns long,

enough to ensure a proper convergence of the free-energy (all details in the SI). In order to
obtain reference regions on the CVs space sampled by the c and the o forms, the joint probabil-
ity density function f(δ, τ) has been computed from standard MD simulations of monomer(c)
and tetramer(coco). In the tetramer case, f(δ, τ) has been computed as an average across the
two monomeric units in o form. Contour levels specifying the c and o regions on the FES plots
(black lines in Fig 2) are specified as volume percentages.

For example, a contour at 90% encloses the 90% of the most probable data points and
excludes the remaining 10%. The contour volume percentage can be specified as follow: given a
joint probability density function fi(δ, τ) we want to find the set A which includes all points i
such that

X

i2A

fiðd; tÞdddt ¼ w

Fig 2. Free energy landscapes. Free energy landscapes obtained fromMetaD simulations on the collective variables δ and τ for (A) monomer(c), (B)
dimer(cc), (C) tetramer(cccc), and (D) tetramer(cocc). Superposed contour lines define regions which enclose 90% of the conformations sampled by
the c (continuous) and o (dashed) form during 300 ns standardMD simulations.

doi:10.1371/journal.pcbi.1005202.g002
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where χ is, for example, 0.9. In order to compute the contour volume percentage the following
algorithm is used: i) sort all points i according to the value of fi(δ, τ) in decreasing order obtain-
ing the ordered list L ¼ fikg

k¼N
k¼1

. ii) Compute the cumulative sum on the sorted values,
C = cumsum(L). iii) Compute Z = ∑i fi(δ, τ). iv) SetA is defined by all ik such that C� 0.9Z.
The isocontour line is defined by all ik such that C� 0.9Z.

Free energy surfaces (FES)
Two-dimensional free energy surfaces as a function of δ and τ have been obtained by summa-
tion of the added Gaussian hills. The 2D surface was discretized using a spacing of 0.035 nm
and 0.035 deg on δ and τ, respectively.

Free energy profiles (FEP)
Free energy profiles as a function of a single CV, FEP(δ) and FEP(τ), have been computed inte-
grating out one CV from the two-dimensional FES(δ, τ) (Fig 3A and 3B). The FEP(δ) as a func-
tion of simulation time (every 10 ns blocks) was computed and the last 5 blocks were used to
estimate the mean hFEPðdÞi ¼ 1

N

P5

i FEPiðdÞ and the standard error of the mean as
seFEPðdÞ ¼

sFEPðdÞffiffi
n
p , where σFEP(δ) is the standard deviation across the five simulation blocks (n = 5).

Throughout the paper, the angular brackets for the average FEP were dropped for clarity. A
similar procedure was applied for the other CV, τ. On FEP(δ), three free energyminima have
been selected as representative of c conformation (dmin1

¼ 0:47 nm) and o conformation
(dmin2

¼ 0:81 nm and dmin3
¼ 1:25 nm). The free energy values at the three minima have been

computed for monomer(c), dimer(cc), tetramer(cccc), and tetramer(cocc) and plotted as
mean ± the 95% confidence interval,CI95% ¼ DGðdminiÞ � 1:96se.

Hydrogen bonds
Hydrogen bonds were calculated using GROMACS-5 software tools on the 300 ns standard
MD simulations for tetramer(cccc) and tetramer(coco). The H-bond persistence was computed

Fig 3. Free energy profiles.Superposed free energy profiles calculated fromMetaD simulations using (A) δ and (B) τ collective variable. Shadows
around each line represent the standard error of the mean, n = 5 (simulations blocks). On panel C values of ΔG located at the threemainminima on the
free energy profile over the collective variable δ are compared. The height of the bar shows themean value of 5 simulations blocks. Error bars represent
the 95% confidence interval.

doi:10.1371/journal.pcbi.1005202.g003
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as the number of times the ithH-bond was found, divided by the total number of frames. Only
H-bonds with persistence> 5% were retained for the analysis. We decomposed the hydrogen
bonds into four groups: i) intra-hairpin, ii) intra-chain, iii) inter-chain, and iv) hairpin-solvent.
The intra-hairpin includes hydrogen bonds formed within the residues 60–66 of the β-hairpin.
The intra-chain group corresponds to the hydrogen-bonds between the β-hairpin and the rest
of the chain. The inter-chain group contains hydrogen-bonds established between the β-hair-
pin and the chain facing the β-hairpin. Finally, hairpin-solvent group includes hydrogen bonds
formed by the residues of the β-hairpin and the solvent (see Fig 4D for a description of the
groups). While for groups i, ii and iii an atomistic detail was considered, for group iv, the

Fig 4. Hydrogenbondsnetwork analysis.Chord diagram showing the H-bonds formed by the aminoacids in the β-hairpinand the rest of the molecule in
(A) tetramer(cccc) and (B) tetramer(coco). Directionality of H-bonds (donor!acceptor) is represented with an arrow in the connection link. Links
transparency indicates the H-bonds persistence, lighter color lower persistence, a grayscale colorbar is given as a guide for the eyes. In parentheses, the
average number of H-bonds per frame is given. (C) Average number of H-bonds per frame formed between the β-hairpinand solvent, for each residue. H-
bonds decomposition into intra-hairpin, intra-chain and inter-chaingroups is schematically describedon panel D. H-bonds analysis was performed on
standardMD simulations.

doi:10.1371/journal.pcbi.1005202.g004
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average number of hydrogen bonds formed between a given aminoacid and the water was
used. H-bonds analysis was performed on one monomeric unit (chain D) within tetramer(cccc)
as well as tetramer(coco).

Solvation free energy
Solvation free energy has been computed using software gmmpbsa [33]. Briefly, the solvation free
energy is expressed as sum of two termsGsolvation = Gpolar + Gnon − polar. Gpolar is obtained solv-
ing the linearized Poisson-Boltzmann equation using APBS software [34]. Ionic strength was
set to 150 mM, solute and solvent static dielectric constants were set to 2.0 and 78.4 respec-
tively. Gnon − polar was computed using the solvent accessible surface area (SASA) model [33] as
Gnon − polar = γSASA + b, where γ is a coefficient related to surface tension of the solvent and
was set to 0.0226778 kJ mol−1 Å−2, and b = 3.84982 kJ/mol is a fitting parameter. Hundred
equally spaced frames were extracted from standard NPT molecular dynamics simulations of
monomer(c), monomer(o), dimer(cc), dimer(co), tetramer(cccc), and tetramer(coco). Frames
were separated by at least 1 ns (depending on total simulation length, see S1 Table for the simu-
lations details) from each other in order to avoid correlations. ΔGpolar and ΔGnon − polar terms
were computed on each frame. Statistical analysis was performed comparing pairs monomer
(c)/monomer(o), dimer(cc)/dimer(co), and tetramer(cccc)/tetramer(coco) using a Welch’s t-
test. p<0.01 was considered statistically significant.

Electrostatic potential
The electrostatic potential was obtained solving the linearized Poisson-Boltzmann equation
using APBS software [34]. Ionic strength was set to 150 mM, solute and solvent static dielectric
constants were set to 2.0 and 78.4 respectively. The single sphere Debye-Hükel model was used
as boundary condition for coarse grid. Smoothedmolecular surface was used to define the
dielectric boundaries. The electrostatic potential has been computed separately for chains
A-B-C and chain D in tetramer(cccc) and tetramer(cocc), chain C and chain D, separately, in
dimer(cc). A cluster analysis was performed on standard MD simulations (see S1 Table for
details about simulations parameters) using single linkage algorithm setting 0.15 nm as RMSD
cutoff. The centroid of the most populated cluster was used as reference structure for the calcu-
lation of the electrostatic potential maps in Fig 5A, 5B and 5C. In order to estimate a local elec-
trostatic potential at the interface between chains C and D, the potential was averaged within a
cuboid subregion enclosing the C/D interface. The subregion was defined as normal to the
plane formed by the β-sheet of chain D at the C/D interface and with sides of length 2.0, 2.0,
and 1.0 nm, see Fig 5A, 5B and 5C. This local electrostatic potential was computed over the
entire standard MD trajectory using conformations every 1 ns. Mean value and standard error
of the mean (s.e.m) have been then obtained, see Fig 5D.

Interface analysis
Interfaces between all monomeric units of tetramer(cccc), tetramer(cocc), and tetramer(coco),
have been computed from the entire standard MD simulations. The following chain pairs have
been considered: A/B, B/C, C/D, A/D, B/D, and A/C. Each interface has been described in
terms of interface area, distance maps, and residues at the interface. For the pairs of chains i/j
the interface area has been computed as SASAi/j = (SASAi + SASAj) − SASAi,j, where SASAi,j is
the SASA computed for the complex i/j, while SASAi and SASAj are the SASA of the isolated
chains. Solvent accessible surface area was computed using the GROMACS tool sasa [29]. Dis-
tance maps have been obtained by measuring the smallest distances between residue pairs
(heavy atoms only) for all trajectory frames and averaging over time. Interacting residues have
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Fig 5. Electrostatic potential. (A, B) Electrostatic potential computed for chains A-B-C and chain D (separately) for tetramer(cccc) and tetramer(coco),
respectively. (C) electrostatic potential computed for chain C and chain D (separately) in dimer(cc). As a reference structure the centroid of the most
populated cluster obtained from a cluster analysis performed on standardMD simulations was used. Iso-surfaces were taken at ±1 kJ/mol. In the picture,
chain D was manually displaced to avoid overlap with the other chains and having a clearer view. Negative potential is shown in red while positive potential
in blue. (D) Mean ± s.e.m. electrostatic potential at the interface between chain C and D, see Methods for the calculation details. The red cuboid shows the
subregion used to compute the electrostatic potential at the interface shown in panel (D). The codes ccc−, coc−, and c− remark that the electrostatics is
calculated taking chain D apart.

doi:10.1371/journal.pcbi.1005202.g005
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been defined as pairs of aminoacids whose distance was up to 0.45 nm on the distance map
[35]. The GROMACS toolmdmat [29] was used for this purpose.

Data analysis and figures
All data and statistical analysis were performed using the software package R version 3.2 [36].
Figures for the three-dimensional protein structures have been obtained using VMD version
1.9.2 [37] and Chimera version 1.10 [38].

Results

Free energy surface of β-hairpin rearrangement
The role of the last β-hairpin in the oligomeric assembly was probed by exploring the transition
from conformation c to o using metadynamics (MetaD) [31]. The MetaD bias was applied to
two configurational collective variables (CVs): the distance d ¼ ½ASP30

CA � GLN65

CA�, and the tor-
sion t ¼ ½VAL 59

C � ALA60

N � ALA60

CA � ALA60

C � (Fig 1). These CVs where empirically selected
observing the β-hairpin motion, in standard MD simulations, of the monomer in open and
closed forms. While the distance δ is clearly an obvious coordinate for describing the opening
of the β-hairpin, torsion τ has been selected as this dihedral angle changes from�-150 deg to
�-60 deg from the closed to the open conformation (Fig 1). As mentioned in method section,
upper/lower bounds were added to these CVs to avoid the unfolding of the protein structure.
In order to understand the influence of the multimerization process on the conformational
rearrangement, four MetaD simulations have been performed starting frommonomer(c),
dimer(cc), tetramer(cccc), and tetramer(cocc) conformations. Convergence of the MetaD simu-
lations has been assessed as described in the Method Section. The free energy surfaces as a
function of δ and τ, FES(δ, τ), are reported in Fig 2 (see also the corresponding probability den-
sity functions in S4 Fig). FES have been shifted asmin(FES(δ, τ)) = 0. At 300 K, the β-hairpin is
flexible so, standard MD simulations have been performed for the monomer in conformation c
(monomer(c)) and for the tetrameric crystal structure (tetramer(coco)) to obtain reference
regions on the CVs space sampled by the c and the o forms. From theseMD simulations, per-
centage volume contours enclosing 90% of the most probable conformations were plotted over
the FES(δ, τ) in order to locate the c (continuous line) and o (dashed line) conformation. Con-
sidering the MetaD simulations of the monomer, a main minimumwas found at
dmin1

¼ 0:47 nm, τ = [-150, -60] deg which corresponds to the c form (Fig 2A). In solution the
equilibriumdistribution of the HFBI monomer is shifted to the c conformation. The dimer
shows a different behaviour, three main minima appears on the surface, at dmin1

¼ 0:47 nm,
τ = -150 deg; dmin2

¼ 0:81 nm, τ = -150 deg; and dmin3
¼ 1:25 nm, τ = -60 deg. A video show-

ing the MetaD simulation of the dimer can be found in SI, S1 Video.
The FES(δ, τ) of the homo-tetramer cccc is similar to the FES of the monomer in solution,

i.e. the thermodynamically favoured state is the c conformation.
MetaD simulations were performed starting from the hetero-tetramer cocc in order to assess

for a cooperative effect in the conformational rearrangement (c to o state) of one monomeric
unit depending on the presence of a secondmonomer in the o form. The FES(δ, τ) of hetero-
tetramer resembles the one of the dimer, where multiple main minima exist. In particular, two
broad minima are visible around dmin1

¼ 0:47 nm, τ = -150 deg, and dmin2
¼ 0:81 nm, τ = -60

deg.
To summarize the differences between the four MetaD cases, free energy profiles as a function

of a single CV, FEP(δ), FEP(τ) have been computed integrating out one CV from the two-dimen-
sional FES(δ, τ) (Fig 3A and 3B). From there, it is clear the different behaviour of the monomer
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(c) and the tetramer(cccc) compared to the dimer(cc) or the tetramer(cocc) forms. To quantify
those differences and assess their statistical significance, the values of the main free energymin-
ima on the most representative collective variable, the distance δ, have been compared, Fig 3C.
Considering the distance as unique CV, the c conformation is identified by dmin1

¼ 0:47 nm,
while the o conformation is defined by dmin2

¼ 0:81 nm and dmin3
¼ 1:25 nm.Monomer(c) and

tetramer(cccc) have a pronouncedminimum at dmin1
¼ 0:47 nmwhile the other two distances

(dmin2
¼ 0:81 nm,dmin3

¼ 1:25 nm) have large free energy values. Conversely, in the dimer(cc)
the equilibriumdistance is shifted toward dmin2

¼ 0:81 nm and dmin3
¼ 1:25 nm, i.e. the o form.

In tetramer(cocc), the profile is flatter with nearly zero free energy value for dmin1
¼ 0:47 nm and

dmin2
¼ 0:81 nmwhich confirm an intermediate behaviour between dimer(cc) and tetramer

(cccc). In MetaD simulations, the monomeric units not subjected to MetaD bias remain in their
initial configurational state (c or o). This has been checked by plotting the values of δ and τ for
chains A, B and C in the tetramers and chain C in the dimer for all MetaD simulations, see
S5 Fig.

Role of the hydrogen bonds in the β-hairpin rearrangement
Hydrogen bonds (H-bonds) formed by the aminoacids in the β-hairpin and the rest of the
molecule affect the stability of the c/o conformations and can explain why the β-hairpin
opens within dimer(cc) or tetramer(cocc) and remains closed in monomer(c) or tetramer
(cccc). We decomposed the H-bonds into four groups: i) intra-hairpin, ii) intra-chain and iii)
inter-chain, and iv) hairpin-solvent, see Methods Section for details. In Fig 4A and 4B the H-
bonds and their average persistence is shown in a chord diagram for group i, ii and iii, see also
S2 Table for quantitative information about the H-bonds networks. Considering tetramer
(cccc), several persistent H-bonds are present between the β-hairpin and the rest of the chain,
which is expected as the β-hairpin is parallel to a β-strand. Almost no H-bond is found within
the β-hairpin itself. Two slightly persistent H-bonds form between the β-hairpin and the fac-
ing chain (Fig 4A). Focusing on tetramer(coco), it is clear that the drastic reduction of intra-
chain H-bonds is due to the β-hairpin opening. Despite the persistence is low, several H-
bonds form within the β-hairpin itself and some with the interfacing chain (Fig 4B). In tetra-
mer(coco), the H-bonds persistence is lower and the average number of H-bonds is also
smaller compared to tetramer(cccc). However, looking at the average number of H-bonds
formed by the residues within the hairpin and the solvent, the picture is inverted (Fig 4C).
The β-hairpin opening exposes its mainchain to the solvent allowing the formation of stable
H-bonds with water molecules. In particular, approximately two H-bonds are gained for
ALA60, VAL62 and GLY64 in the transition from c to o conformation. Recalling that the sta-
ble conformation of the monomer in solution is the c form, the opening of the β-hairpin in
dimer(cc) can not only depend on solvent mediated H-interactions, i.e. a large hydrophobic
patch is present on the surface of the HFBI monomer and may affect its stability and the β-
hairpin rearrangement.

Energetic contributions in o/c transition
Polar (ΔGpolar) and non-polar (ΔGnon−polar) contribution to the solvation free energy have been
calculated using APBS [34] on 100 structures extracted from equilibrium simulations. Non-
polar contribution has been computed using the solvent accessible surface area model [33]
(further details in the Method Section). To assess for differences between c and o forms in
different oligomerization states, ΔGnon−polar was calculated for the following pairs: monomer
(c)/monomer(o), dimer(cc)/dimer(co), and tetramer(cccc)/tetramer(coco) (Fig 6). Pair
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monomer(c)/monomer(o) shows statistically significant (Welch’s t-test, t = -8.9, df = 196.5,
p<0.001) difference in ΔGnon−polar, with the o conformation having a large free energy value.

Close to the β-hairpin, e.g. at the interface between chain C and chain D, the electrostatic
potential varies depending on whether conformation of chain B is c or o and if chain B is pres-
ent or not, see Fig 5 and S2 Video. In the very same region, the electrostatic potential of chain
D in c form is also negative, creating an electrostatic clash between chains D and chain C. The
local electrostatic potential at the C/D interface is negative in c−, and positive in coc− and ccc−,
see Fig 5D. The presence of an electrostatic clash in the dimer may promote the loop opening,
while the complementary electrostatic cloud in tetramer(cccc) keeps the loop closed. Tetramer
(cocc) has an intermediate behavior having a positive local electrostatic potential similarly to
tetramer(cccc) but lower in magnitude.

Intra-chains contacts variation between tetramer(cccc), tetramer(cocc),
and tetramer(coco)
The importance of long range interactions for the cooperative effect of the loop opening
observed in tetramer(cocc) is also supported by the analysis of intra-chains interfaces (see S7
Fig and S3 Table). In the tetramer, there are six possible contact interfaces between the four
monomeric units. The interfaces between chains A/B and C/Dmaintained the same area while
changing the contact residues, reflecting the β-hairpin rearrangement. The interfaces between
chains A/D and B/C kept a constant area and the same contact residues. These interfaces were
rather rigid, hence, they are not responsible for the cooperative transition. On the other hand,
the contact areas between chains A/C and B/D shrank during the transition from tetramer

Fig 6. Non-polar solvation free energy. Non-polar contribution to the solvation free energy computed for
different oligomerization states. TheWelch’s t-test revealed statistically significant differences between pairs
c/o (t196.5 = -8.9, p<0.001). In a boxplot, the box contains 50% of the distribution (from the first to the third
quartile) and the whiskers extend to themost extreme values of the distribution (that is, 1.5 times the width of
the box). Black dots represent outliers; n = 100. Analysis was performed on standardMD simulations.

doi:10.1371/journal.pcbi.1005202.g006
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(cccc) to tetramer(coco) or tetramer(cocc). In particular, the interface between B and D, which
was already small, disappeared, while interface A/C varied part of its contact residues. The vari-
ation of interfaces A/C and B/D depends upon a rigid rotation of the B-C chains with respect
to the A-C chains and is not due to local rearrangements, see tetramer(cccc) in Fig 7. As a con-
sequence of this rotation, the electrostatic potential at the C/D interface couples with the β-
hairpin rearrangement, as previously described.Moreover, in tetramer(cccc) the opening of the
β-hairpin (chain D or B) may be hindered by steric effects due to the position of residues 20–29
(chain C or A), see Fig 7.

Discussion
The goal of this study was to clarify the multimerizationmechanism of HFBI in solution. HFBI
forms dimers and tetramers in a concentration dependent manner. Above a critical concentra-
tion (150 g/L) HFBI is mainly tetrameric [14, 24]. The crystal structure of HFBI is also a tetra-
mer which contains two types of molecules named in this work c and o conformations differing
only by the position of the last β-hairpin motif. The rest of the molecule is exceptionally rigid,
due to the presence of four disulfide bridges which stabilize the structure, and is almost identi-
cal among the four chains. Using Brownian dynamics simulations, it was found that dimers or
tetramers encounter complexes only assemble from c conformations [39]. This finding sup-
ports the suggestion that the conformational rearrangement of the last β-hairpin found in the
HFBI crystal structure is induced by tetramer formation [14]. The role of the last β-hairpin in

Fig 7. Structural rearrangements.Final structures from standardMD simulations for tetramer(cccc),
tetramer(cocc), tetramer(coco), and dimer(cc) have been superposed. Chains A and D have been used as
reference chains for the superposition. Black arrows indicate the concerned movement of chains B and C in
tetramer(cccc) compared to the other tetrameric states. The portionof chain C hindering themotion of the β-
hairpin is labeled by its first (ALA20) and last residue (LEU29).

doi:10.1371/journal.pcbi.1005202.g007
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the multimerizationmechanism was assessed in this work by exploring the transition from
conformation c to o in the monomer, dimer and tetramer using metadynamics. In dimers and
tetramers the metadynamic bias was only applied to one monomeric unit, chain D (seeMeth-
ods for details). Throughout the manuscript, whenevermonomer, dimers or tetramers are
specified, the conformation of the monomeric units is given in parenthesis and the chain sub-
jected to MetaD is given in bold typeface.

At first, we investigated the preferred conformation of the HFBI monomer in solution. The
FES of the monomer obtained fromMetaD simulations shows a clear minimum in correspon-
dence of the c form (see Figs 2A and 3). In solution, c form is thermodynamically favoured.
Upon dimerization,multiple minima (mainly three) appear distinctly changing the FES. The
minimum in correspondence to the o conformation, Figs 2B and 3, is particularly relevant.
These results indicate that, in the dimer, the c to o transition is allowed. In the c conformation,
the last β-hairpin is involved in an anti-parallel β-sheet. SeveralH-bonds must be broken in
order to move the β-hairpin to the o conformation. A possible explanation for the allowed tran-
sition within the dimer is the formation of a H-bond network which compensate for the loss of
the H-bonds between the last β-hairpin and the β-sheet. In order to check for this, the H-bond
network involving the β-hairpin in tetramer(cccc) and tetramer(coco) has been compared. In c
conformation, 4.5 hydrogen bonds are present, on average, between the β-hairpin and the β-
sheet (Fig 4A, intra-chain group). In o conformation, only transient H-bonds are formed: per-
sistence�10% and average number of H-bonds per frame less than 1 in all groups (Fig 4B).
The loss of H-bonds is not restored by newH-bonds within the protein. However, looking for
H-bonds formed with the solvent, the exposed conformation of β-hairpin in o form allows sev-
eral (approximately 6) H-bonds to be established with water molecules, see Fig 4C. If the open-
ing of the β-hairpin was due to solvent mediated H-bonds, the monomer in solution could
have also been stable in o conformation, however this is not observed.The reason for the stabi-
lization of the o form in the dimer does not only depend on the H-bonds network. In details,
the HFBI monomer has a large non-polar patch exposed to the solvent. The opening of the β-
hairpin may further increase the non-polar solvent exposed area, thus, destabilizing the mole-
cule. This has been indeed proved by computing the non-polar contribution to the solvation
free energyΔGnon−polar for monomer (c and o), dimer (cc and co) and tetramers (cccc and coco).
In the monomer the transition from c to o significantly increases the ΔGnon−polar due to the
exposure of non-polar residues. In dimers or tetramers, part of the non-polar surface patch is
buried by the presence of other monomeric units canceling out the differences between the
homo/hetero-dimer and the homo/hetero-tetramer, see Fig 6. This explains why the transition
c/o is allowed in the dimer and not when HFBI is in the monomeric form.

Tetramer formed by four c conformations should behave similarly to the dimer, however,
the FES of tetramer(cccc) resembles the monomeric one, see Figs 2C and 3. That is, the equilib-
rium conformation of the molecule within a homo-tetramer is the c form. In tetramer(cccc) the
β-hairpin does not undergo a conformational rearrangement due to electrostatic and steric
effects. At equilibrium, chains B-C in tetramer(cccc) rigidly rotate with respect to chains A-D,
compared to the tetramer(coco) conformation (Fig 7). This rotation leads to a variation of the
electrostatic potential at the C/D interface (Fig 5) and to the formation of contacts that reduce
the possibility of β-hairpin opening (Fig 7 and S3 Table). This coupling between quaternary
and tertiary structure rearrangements has beenwell studied, for example, in hemoglobin [40,
41]. On the other hand, looking at the tetramer(cocc), where one chain is already in conforma-
tion o, an intermediate behaviour between the monomer and the dimer can be observed in
term of FES (Figs 2D and 3). In tetramer(cocc), chain C keeps the same internal structure and
the same relative orientation with respect to chain D as in the dimer (S6 Fig and Fig 7). How-
ever, the electrostatic potential at the C/D interface changes due to the presence of chains A
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and B as clear from Fig 5 and S2 Video. Changes in the electrostatic potential at the C/D inter-
face are responsible for the lower probability of β-hairpin opening in tetramer(cocc). In chain
D, the region of the β-hairpin has a large negative patch, extending from the molecule surface.
On the facing chain (chain C) a region with a negative electrostatic potential is also present,
however the magnitude of this negative area changes depending on the presence/absence of
chain B and on its conformation. In particular, in the dimer, where chain B is not present, the
electrostatic potential has the largest magnitude. In tetramers, when chain B is in c conforma-
tion, the electrostatic potential at the interface between chain C and the β-hairpin is reduced.
When chain B is in o conformation, the magnitude of negative electrostatic cloud is in between
the dimeric and the homo-tetrameric one. The stronger repulsion exists in the dimer where the
overlap of the two same-charged regions may promote the opening of the loop. On tetramer
(cccc), the repulsion is notably lower preserving the closed form while in tetramer(cocc) an
intermediate behavior occurs, where the openingmay happen however with low probability.

Summarizing these findings, together with the knowledge that dimers and tetramers are pres-
ent in solution [4, 9], the multimerizationmechanism can be dissected, see Fig 8. At first, unfa-
vored routes are excluded. In particular, transition 9 and 10 (see Fig 8) can not occur according
to what found by Brownian dynamics simulations [24], and because the monomer(o) is not sta-
ble in solution as found by MetaD simulations. We do not have enough information to deter-
mine the preferred direction of transition 7 and 8. From Brownian dynamics simulations,
tetramers in c forms have been observed,however, it is highly likely that they are transient
encounter complexes. This idea is supported by the unfavored transition from c to o within a tet-
ramer(cccc) found in this work. Two possible multimerizationmechanism can now be proposed.

The first one, the most probable route, implies the association of two monomers in c confor-
mation into a dimer cc, transition 2 in Fig 8. This association is supported by Brownian dynam-
ics simulations results [24] where dimeric cc encounter complexes were found to be favoured
over co and almost no dimers in oo conformation were found. Within the dimer, the

Fig 8. Proposed oligomerizationsteps.Diagram showing the possible pathways leading to the
oligomerization of HFBI in solution.Monomer(c)andmonomer(o) are drawn as empty circles and filled light
red circles, respectively. Each connection is labeled as favored or unfavored in a given direction (specified by
an arrow) according to what found by metadynamics (MetaD) or Brownian dynamics (BD) simulations. A
questionmark indicates that not enough information was available to clarify that step. Most probable
pathway, given by connections 2-3-4, is highlighted in orange. An alternative pathway formed by connections
2-3-5-6 is highlighted in cyan.

doi:10.1371/journal.pcbi.1005202.g008
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conformational change of one molecule to o (transitions 3) is largely favoured according to our
findings. Then, it is possible that two co dimers can now assembly into stable tetramer(coco)
(transition 4). No direct evidence is available for this last step, however, this route is consistent
with the general finding that passing through dimers is evolutionary preferred [9, 23]. Another
possible route, is the association of one co dimer with one cc dimer into a tetramer(cocc) (tran-
sition 5). Then, the motion of the last chain to o conformation can occur according to the
results of MetaD simulations (transition 6). This secondmechanism is less probable compared
to the first one as the cocc! coco transition is not as favoured as in the dimer. The small free
energy differences in dimer(co) and tetramer(coco) imply that the β-hairpin can relatively easily
go back and forth between the c and the o conformation. This can be also seen looking at the
densities of the conformational states of tetramer(coco) in standard MD simulations. Already
in 300 ns, the β-hairpin performs large movements passing by dmin3

¼ 1:25 nm,
dmin2

¼ 0:81 nm, and dmin1
¼ 0:47 nm on the distance coordinate. A complete transition from

o to c, which implies the rotation of τ, is not however observed in standard MD.
These findings allow to draw a biological role for the proposed associationmechanism. As

previously suggested [20], hydrophobin multimerization is an efficient way to protect the large
hydrophobic patch, i.e. avoid unwanted strong unspecific interactions. Nevertheless, in order
to exploit their biological function (e.g. lowering the water surface tension while the hyphae are
growing [16]), multimers must not be overly stable: they have to dissociate at the air/water
interface [9, 20]. The motion of the last β-hairpin is essential to fine tune the stability of the
HFBI multimers. It is highly likely that the arrangement of HFBI at the interfaces is also
affected, as the hydrophobic interaction surface and lateral interactions are modified by the
movement of the last β-hairpin. This result is remarkably important in order to clarify the
mechanism of arranging at the interface and enhancing hydrophobin-based technological
applications [42]. More generally, the strategy where a rigid patch flanked by a flexible region
allows to adjust protein-protein interaction energy, was already found in other protein com-
plexes [43]. However, the interface was composed of charged residues [43, 44]. To the best of
our knowledge this is the first example where this unique fine-tuning associationmechanism
occurs within a hydrophobic interface.

Supporting Information
S1 Table. Summary of the simulation setup and the conformational sampling of the single
monomeric units. a: standard molecular dynamics simulations (MD) or well-temperedmeta-
dynamics (MetaD). b: Na+ and Cl− were added to neutralize the system and to reach a ionic
concentration of 150 mM. c: for MetaD, the simulations were run till convergence as explained
in Materials and Methods section. d: for standard MD simulations this refers to the conforma-
tions of the final snapshots, while for MetaD it refers to the conformations sampled during the
whole simulation. e: each monomeric unit is separated by |.
(PDF)

S2 Table. Hydrogen bonds formed by the aminoacids in the β-hairpin and the rest of the
molecule.The intra-hairpin includes hydrogen bonds formed within the residues 60–66 form-
ing the β-hairpin. The intra-chain group corresponds to the hydrogen-bonds between the β-
hairpin and the rest of the chain. The inter-chain group contains hydrogen-bonds established
between the β-hairpin and the chain facing the β-hairpin. H-bonds analysis was performed on
one monomeric unit (chain D) within tetramer(cccc) as well as tetramer(coco) using all frames
of the 300 ns standard MD simulations. Donor/acceptor atoms names according to the
AMBER force field.
(PDF)
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S3 Table. Residues at the interfaces. List of interacting residues defined as pairs of aminoacids
whose average (over time) smallest distance (among heavy atoms only) was up to 0.45 nm, see
Methods for details. The interface area for each tetrameric conformation (cccc, cocc, and coco)
is also indicated, in brackets the 95% confidence interval is given.
(PDF)

S1 Video. Dimermetadynamicsvideo.Video showing the metadynamics of the dimer. Meta-
dynamic bias have been applied to the β-hairpin in chain D (bottommonomeric unit). During
the simulation, the β-hairpin opens and closes repeatedly. Trajectory has been smoothed for
better visualization.
(MP4)

S2 Video. Electrostaticpotential morphing. In order to visually appreciate the differences
between the electrostatic potential of ccc and coc, a morphing transition between the 3D elec-
trostatic potential maps has been computed using the Chimera software [38]. Red regions
show negative potential while blue regions indicate positive potential. For a clearer visualiza-
tion the movie shows the transition from ccc to coc and then back to ccc. It is clearly visible the
negative cloud growing from ccc to coc in the region of the last β-hairpin at the interface with
chain D (pink ribbon).
(MP4)

S1 Fig. Secondarystructure and disulphide bonds. Secondary structure was calculated with
DSSP [45] on the Protein Data Bank website (www.rcsb.org/pdb). Here, we report the results
for each monomeric unit (chains A-B-C-D) of the crystal structure of HBFI (PDB id: 2FZ6).
(TIFF)

S2 Fig. Starting conformations. Ribbon representation of the structure of monomers/dimer/
tetramers used as initial conformations in standard MD or MetaD.
(TIFF)

S3 Fig. MetaD convergence analysis.Time dependent free energy profiles on δ computed on suc-
cessive blocks ([0, i�10ns] intervals) are overlapped. Convergence is achievedwhen the last blocks
overlap. The colorbar indicates the blocks progression. This analysis has been repeated for the
monomer(c) (A1), dimer(cc) (B1), tetramer(cccc) (C1) and tetramer(cocc) (D1). Moreover, the
free energy value at dmin3

¼ 1:25 nm have been obtained from the ith profile. Then, the root mean

square of two consecutive profiles is computed. RMSðDGmin3ðdÞÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½DGmin3

ðiÞ ðdÞ � DGMin3
ði� 1ÞðdÞ�

q
.

Blue line is a local regression fit (loess [46]), gray shadows confidence intervals from loess fit.
Monomer(c) (A2), dimer(cc) (B2), tetramer(cccc) (C2) and tetramer(cocc) (D2).
(TIFF)

S4 Fig. Joint probability density functions. Joint probability density functions obtained from
metadynamics simulations on the collective variables δ and τ for (A) Monomer(c), (B) Dimer
(cc), (C) Tetramer(cccc), and (D) Tetramer(cocc). Superposed contour lines define regions
which enclose 90% of the conformations sampled by the c (continuous) and o (dashed) form
during 300 ns standard MD simulations.
(TIFF)

S5 Fig. Scatter plot for collectivevariables.Values of δ and τ are shown for chains A, B, and C
in tetramer(cccc) and tetramer(cocc) fromMetaD simulations. Superposed contour lines define
regions which enclose 90% of the conformations sampled by the c (continuous) and o (dashed)
form during 300 ns standard MD simulations. As visible from the scatter plot, chains A, B, and

HydrophobinsMultimerization

PLOSComputational Biology | DOI:10.1371/journal.pcbi.1005202 November 10, 2016 17 / 20

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s006
http://www.rcsb.org/pdb
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s008
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s009
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005202.s010


C, which have not been subjected to the MetaD bias, remain in their initial conformation.
(TIFF)

S6 Fig. Chain C comparison.The root mean squared fluctuation (RMSF, i.e. the standard
deviation) of atomic positions was computed for chain C from tetramer(cccc), tetramer(coco),
and dimer(cc) from standard MD simulations. From the atomic RMSF the residue average is
computed. Trajectories have been split into 5 blocks and the RMSF was computed on each
block. On top, the RMSF profiles are shown as mean ± standard error of the mean, n = 5. The
average difference between the three RMSF profiles expressed as root mean square is 0.07 nm.
Bottom, the structures (last trajectory frame) of chain C in tetramer(cccc) (purple), tetramer
(coco) (green) and dimer(cc) (cyan) have been superposed.The root mean square deviation
(RMSD) between the atomic position of tetramer(cccc) or dimer(cc) and tetramer(coco) is less
than 0.15 nm (hydrogens excluded).
(TIFF)

S7 Fig. Distancemap. Residues distance maps computed for the chain pairs A/B, A/C, A/D,
B/C, B/D, and C/D within tetramer(cccc), tetramer(cocc), and tetramer(coco). Distance maps
have been obtained by measuring the smallest distances between residue pairs (heavy atoms
only) for all trajectory frames and averaging over time. Analyses have been performed on stan-
dard MD simulations. SeeMethod Section for further details.
(TIFF)
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