Biochimica et Biophysica Acta 1850 (2015) 983-995

journal homepage: www.elsevier.com/locate/bbagen

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

The key to predicting the stability of protein mutants lies in an accurate
description and proper configurational sampling of the folded and

denatured states

@ CrossMark

Andreas P. Eichenberger ¢, Wilfred F. van Gunsteren **, Sereina Riniker ?, Lukas von Ziegler ?, Niels Hansen *°

@ Laboratory of Physical Chemistry, Swiss Federal Institute of Technology, ETH, CH-8093 Ziirich, Switzerland
b Institute of Thermodynamics and Thermal Process Engineering, University of Stuttgart, D-70569 Stuttgart, Germany

ARTICLE INFO ABSTRACT

Article history:

Background: The contribution of particular hydrogen bonds to the stability of a protein fold can be investigated
experimentally as well as computationally by the construction of protein mutants which lack particular
hydrogen-bond donors or acceptors with a subsequent determination of their structural stability. However,
the comparison of experimental data with computational results is not straightforward. One of the difficulties
is related to the representation of the unfolded state conformation.

Methods: A series of molecular dynamics simulations of the 34-residue WW domain of protein Pin1 and 20 amide-
to-ester mutants started from the X-ray crystal structure and the NMR solution structure are analysed in terms of
backbone-backbone hydrogen bonding and differences in free enthalpies of folding in order to provide a structural
interpretation of the experimental data available.

Results: The contribution of the different 3-sheet hydrogen bonds to the relative stability of the mutants with respect
to wild type cannot be directly inferred from experimental thermal denaturation temperatures or free enthalpies of
chaotrope denaturation for the different mutants, because some [3-sheet hydrogen bonds show sizeable variation in
occurrence between the different mutants.

Conclusions: A proper representation of unfolded state conformations appears to be essential for an adequate
description of relative stabilities of protein mutants.

General significance: The simulations may be used to link the structural Boltzmann ensembles to relative free
enthalpies of folding between mutants and wild-type protein and show that unfolded conformations have to be
treated with a sufficient level of detail in free energy calculations of protein stability. This article is part of a Special
Issue entitled Recent developments of molecular dynamics.
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1. Introduction

The prediction of the stable, dominant fold of a protein in aqueous
solution at a particular thermodynamic state point of interest from its
amino-acid sequence is still one of the long-standing challenges in
biochemistry [1,2]. Although one can determine stable folded confor-
mations by X-ray diffraction in a crystalline state or by NMR spectrosco-
py in solution, these stable conformations tell little about the driving
forces of protein folding or about the types of interactions and motions
that stabilise a particular fold under particular thermodynamic condi-
tions of temperature, pressure, pH, ionic strength or solvent composi-
tion. Different interactions such as electrostatic and van der Waals
interactions and entropy differences between folded and unfolded
conformations may contribute to different extents, depending on the
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amino-acid composition of the protein and the composition of the sol-
vent. For example, in aqueous solution the hydrophobic effect may
drive apolar side chains out of the aqueous phase, or the excellent
hydrogen-bond donor and acceptor properties of water may stabilise
unfolded conformations which allow for solute-solvent hydrogen bond-
ing relative to folded conformations in which unpaired hydrogen-bond
donors and acceptors are present in the interior of a folded conforma-
tion. Although solute-solute hydrogen bonding is unlikely to drive
protein folding because of the small energetic differences between
solute-solute, solute-solvent and solvent-solvent hydrogen bonding
for a protein in water, the existence of unpaired, i.e. not hydrogen-
bonded donors and acceptors in a particular folded structure of a protein
will generally destabilise such a structure compared to unfolded,
solvent-exposed structures. The contribution of particular hydrogen
bonds to the stability of a protein fold can be investigated by the
construction of protein mutants which lack particular hydrogen-bond
donors or acceptors with a subsequent determination of the stability
of the fold adopted by the mutant. Such an investigation can be carried
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out experimentally as well as computationally, and a combination of
these two approaches may lead to an interpretation of the experimental
data in terms of the importance of particular hydrogen bonds and local
structures to the stability of the protein fold.

One way to remove a hydrogen-bond donor from the backbone of
a protein is to replace an a-amino-acid residue with the corresponding
a-hydroxy-acid residue, an amide-to-ester backbone substitution [3].
Such a substitution does not involve the side chain and preserves the
stereochemistry of the residue. It replaces an amide NH, a hydrogen-
bond donor, with an ester O, a rather weak hydrogen-bond acceptor,
and an amide carbonyl, a rather strong hydrogen-bond acceptor, with
an ester carbonyl, a weaker hydrogen-bond acceptor. Such amide-to-
ester substitutions have been investigated experimentally [4-6] and
computationally [7,8] for different peptides and proteins.

In a systematic experimental study of the effect of solute-solute
hydrogen bonding upon the stability of the three-stranded (3-sheet fold
of the 34-residue WW domain of the protein Pin1 (Fig. 1) 20 amide-to-
ester substitutions were carried out and the stability of the resulting
mutants was measured in two ways, with respect to thermal

Fig. 1. Position of the 11 backbone-backbone hydrogen bonds within the 3-sheet region of
the Pin1 WW domain (crystal structure [32]). The sequence numbers 1-11 of the hydrogen
bonds are used in Table 1.

denaturation and with respect to chaotrope denaturation [9]. Since the
mutants need not necessarily adopt the same dominant folded structure
as the wild-type WW domain, four experimental techniques, far-UV CD,
fluorescence and 1D 'H NMR spectroscopy, and a ligand-binding assay,
were used to establish the similarity between the stable folds of the
WW domain and its 20 mutants [9]. Four mutants, R14p, F25¢, N26v,
and Q3360, where the Greek characters are used to denote ester-linked
residues [9], appeared to adopt structures different from the wild-
type fold. They could only appear properly folded upon addition of
trimethylamine N-oxide (TMAO), an osmolyte that can stabilise
protein folds [10,11]. The thermal denaturation experiments yielded
midpoint temperatures Ty, for 16 mutants and the wild-type domain,
while chaotrope denaturation experiments yielded free enthalpies of
chaotrope denaturation, using guanidine hydrochloride and TMAO, for
20 mutants and the wild type [9].

The processes of thermal or chaotrope denaturation of a protein are
as yet inaccessible to computational methods, because the folding equi-
librium of proteins cannot sufficiently be sampled in computer simula-
tions covering 0.1 to 1 ps. Even MD simulations of 100 ps yield only a
handful of (un)folding transitions [12], which is insufficient to obtain
reliable values for the free enthalpy of folding based on the relative
occurrence of folded versus unfolded configurations in the MD trajecto-
ry. Using current computer power much better (un)folding statistics
can be obtained for short poly-peptides [13,14]. However, the relative
stability of a particular fold for a protein and a mutant can be calculated
through the use of the so-called free-energy perturbation techniques in
combination with a thermodynamic cycle linking the folded and unfold-
ed conformations of the protein (Fig. 2). The free enthalpy differences

AGH = Gf—c! (1

between the folded (f) conformation and the unfolded
(u) conformations for a mutant (x = m) and the wild-type (x = w) pro-
tein can be expressed in terms of free enthalpy differences

=G

Acy m- G¥v (2)

mw
between the mutant (m) and the wild-type (w) protein in the folded
conformation (y = f) and the unfolded conformations (y = u),

AAGM = AGM—AGM = AG!  —AGY,, 3)

because the free enthalpy [15] or Gibbs energy [16] is a thermodynamic
state function. As mentioned above, the quantities AGY" are as yet
computationally inaccessible for proteins, but the quantities AG},, can
be calculated using molecular simulation and free-energy perturbation
or other techniques to compute free-energy differences between
slightly different systems [2,17,18]. However, this approach has several

AGfu
f w u
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f u
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Fig. 2. Thermodynamic cycle for the Pin1 WW domain changing from unfolded (u) to folded
(f) and wild-type (w) to mutant (m) states. The computation of the two free enthalpies
changing the protein from the wild-type to the mutant state, AG,,, and AGY,, is feasible
using EDS, while the two free enthalpy differences involving (un)folding of the protein
cannot be estimated directly in silico. The difference in folding free enthalpy differences,
AAGH,,, can be obtained using Eq. (3).
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pitfalls that may render seemingly correct values for the relative free
enthalpy of folding unreliable [2,19,20]. For example, short sampling
times, e.g. 200 ps [21] may lead to insufficient sampling of the configu-
rational space accessible to the protein. Sampling can be considerably
enhanced by applying enhanced sampling techniques [18], of which
enveloping distribution sampling (EDS) [22,23] has been shown to be
effective when applied to peptide folding [24-26] and protein mutations
[27]. In addition, EDS offers the opportunity to obtain an estimate of the
extent of adequate sampling underlying the calculated relative free

enthalpy values from monitoring different indicators [28], see Section 2.5.

A comparison of calculated AAGY,, values with differences in
midpoint temperatures T" between mutants (m) and wild-type
(w) protein,

ATy =TTy, 4)
or with differences in chaotrope renaturation free enthalpies,
AAG,,, = AG,—AG,,, (5)

is not straightforward because Eq. (3) contains free enthalpy differences
AGY between folded and unfolded conformations at one thermodynam-
ic state point, whereas Eqgs. (4) and (5) represent or contain free enthal-
py differences of a system at different thermodynamic state points,
differing in temperature in Eq. (4) or differing in solvent composition
in Eq. (5) [29]. So, although all three quantities AAGY,,, ATR,, and
AAGH,w in one way or the other reflect the relative stability of the folded
form of a mutant compared to wild-type, their values need not show
strong correlation. This is illustrated in Fig. 3 where the 16 measured
ATh values of [9] are correlated with the corresponding measured
AAGH, values of Table 2 of [9]. The correlation coefficient is 0.87.

In the present study we report the calculation of 20 AAGY,, values
for the 20 mutants of the Pin1 WW domain reported in [9]. To obtain
AG¥w values the method of enveloping distribution sampling (EDS)
[22,23,30] is used. It yields a free enthalpy difference, AG',,, between
two proteins, in this case an amide-to-ester mutant of the WW domain
and the wild-type protein both in their folded, if stable, conformations.
If the unfolded conformations of the wild-type and mutant proteins are
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Fig. 3. Differences ATh,, between midpoints T™ of thermal denaturation curves, versus differ-
ences AAGH, of folding free energy differences as obtained by chaotrope denaturation
experiments [9] for the twenty mutants (m) and the wild type (w) Pin1 WW domain
(Table 1).

to a large extent water exposed, the AGy,,, values for the 20 mutants
may be very similar, because an amide-to-ester mutation does not
involve an amino-acid side chain. Since it is impossible to sufficiently
sample the unfolded state conformations of a 34-residue protein, we
approximated AGp,y in four different ways:

i) The free enthalpy difference associated with an amide-to-ester
mutation in the central residue of an Ala-tripeptide in water.
This approximation yields a single AGh,y value for all 20 mutants.
This single AGy,, value was treated as a parameter AGg that can
be obtained from a fit of 20 calculated and experimental AAG
values,

ii

=

AAGR = AGE, —AG. (6)

iii

=

The free enthalpy AGh, between the mutant and wild-type
proteins in the unfolded conformations is assumed to be linearly
related to the corresponding free enthalpy difference AGhL,,, in
the folded conformations [31],

AGY,, = aAGE,, + AGY, (7)
which yields
AAG™ = (1—a)AG! ,—AGY. (8)

In this case two parameters, & and AGY, are to be obtained from a
fit of 20 calculated and experimental AAG,,, values.

Because none of the approximations of AGy,, yielded a good
correlation of AAGY,, with the measured AT™,, or AAGS,, values,
we approximated AGh,,, more precisely with an amide-to-ester
mutation in the central residue of a tripeptide in water consisting
of the residues of the protein at the mutation site. In this way, the
effect of side chains of the mutated residue and its neighbours
along the polypeptide chain when exposed to aqueous solution
is taken into account. This more detailed treatment of the unfold-
ed conformations required separate AGp,, calculations for 20
tripeptides.

iv

—

There exists not only uncertainty about the unfolded conformational
ensemble, but also about the folded one of a protein in solution at a
particular thermodynamic state point. Fig. 4 shows that the crystal
structure (PDB code 1PIN) of the WW domain derived from X-ray
diffraction data of the whole Pin1 protein [32] and the structure of the
WW domain in aqueous solution (PDB code 2KCF) derived from NMR
spectroscopic data [33] are not identical. This is not surprising because
the X-ray diffraction data (2.05 A resolution) were obtained at 277 K
and pH = 7.5 from a solution containing ammonium sulfate, whereas
the NMR spectroscopic data obtained at 278 K and pH = 6.2 from a
solution containing sodium phosphate resulted in 311 medium and
long-range NOE distance bounds for the 34-residue protein. For both
structures the ratio of observables and degrees of freedom leaves
ample room for conformational variability. The C, backbone atom-
positional root-mean-square difference (RMSD) and the all-atom RMSD
between structures 1PIN and 2KCF are 0.34 nm and 0.42 nm, respective-
ly. Therefore, we conducted molecular dynamics (MD) simulations of the
wild type and a few mutant proteins, and the EDS simulations of the 20
mutants in the folded state starting from each of these structures. A
comparison of the results of both sets of simulations offers the opportu-
nity to obtain an impression of the importance of structural relaxation in
regard to the calculated free enthalpy values.

The four experimental techniques used to determine whether the
mutants would adopt a similar fold as the wild-type protein, i.e. CD,
fluorescence and 1D 'H NMR spectroscopy and ligand binding, do not
yield precise structural information on the mutants because the four
signals measured by these techniques are only sensitive to some
average structural properties of the mutant. Thus, local structural
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Fig. 4. Pin1 WW configuration of a) the crystal structure (PDB entry code 1PIN [32]) and
b) the final configuration of a 30 ns MD simulation with initial configuration based on the
crystal structure as well as ¢) the NMR model structure (PDB entry code 2KCF [33]) and
d) the final configuration after 30 ns of MD simulation starting from the NMR model
structure.

differences, in hydrogen bonding, may not be reflected in different
signals. Therefore, the structural differences between the different
mutants and the wild-type protein as they occur in the simulations of
these proteins were analysed. They may also contribute to differences in
AAGH,, values as obtained from the EDS simulations of the 20 mutants.

2. Computational methods
2.1. Simulation program and force field parameters

All simulations of the wild-type or mutant proteins, including the
EDS simulations, have been carried out using the GROMOS simulation
software [30,34,35] and the 53A6 force-field parameter set [36] for the
wild type proteins, while for the ester linkages in the mutant proteins
the parameter set 53A60xy [37] was used. Water was modelled using
the simple point charge (SPC) model [38].

All analyses of the simulation trajectories have been done using the
tools and programs contained in GROMOS++ [39] which is part of the
GROMOS simulation software package [40].

2.2. Simulation protocol

Sixteen standard MD simulations were performed, namely for the
wild-type PIN WW domain and for the mutants L7\, R13p, F25¢,
N26v, N30v and Q336 starting from the X-ray (PDB code 1PIN [32])
and from the NMR model structure (PDB code 2KCF [33]) as well as
for the Ala-tripeptide in its native and perturbed form, i.e. the central
residue being an a-hydroxy amino acid. In addition, 81 EDS simulations
were performed to obtain the quantities AG},,, for each of the 20
mutants (x = f) and their tripeptide analogues (x = u) starting from
the X-ray and the NMR model structures and for the Ala-tripeptide
(x = u). In this work, we name the simulations either 1PIN or 2KCF
simulations, indicating which PDB structure was used to generate the
initial positions of the solute atoms. The initial configuration of the Ala-
tripeptide had —133° and 155° as values for the ¢- and y-dihedral
angles. The initial configurations of the 20 tripeptides were taken from
the 1PIN and the 2KCF X-ray and NMR model structures.

2.2.1. Initial structures and MD end-state simulations

Initial coordinates of the protein atoms were derived from the PDB
structures mentioned above. Missing hydrogen atom positions were
generated based on geometric criteria using the GROMOS++ program
gch. The protonation states of the amino acid residues were chosen
corresponding to pH 7, leading to a total protein charge of +4e.
Histidine 27 was protonated according to its hydrogen-bonding envi-
ronment, based on the atom positions defined in the X-ray or NMR
model structure: N, for the 1PIN simulations and N; for the 2KCF simu-
lations. The different WW domain structures were energy minimised in
vacuo and solvated in cubic boxes of water [38] molecules, such that the
minimum distance of a non-hydrogen protein atom to the box wall was
1.4 nm. This led to box-edge lengths of 6.0/6.3 nm and 6876/7839 water
molecules (1PIN/2KCF simulations). To yield an overall charge neutral-
ity of the periodic boxes, four water molecules were replaced by
chloride anions using the GROMOS++ program ion. The solvent was
energy minimised with the positions of the heavy atoms within the
protein kept fixed. Initial velocities for the simulations starting from
the energy minimised PDB structures were generated based on a
Maxwell-Boltzmann distribution at 1 K with position restraining
of the protein atoms with an initial harmonic force constant of
25,000 k] mol~ ' nm~2. The temperature was continuously raised up
to 300 K, while the force constant of the position restraining was
lowered, ending in a non-restrained protein simulation at 300 K after
a simulation time of 1 ns. This procedure was followed by another
1 ns simulation at constant volume and 300 K and a 1 ns simulation at
300 K and at a constant pressure of 1 atm, using the weak coupling
algorithm [41] with corresponding coupling times of 7 = 0.1 ps and
Tp = 0.5 ps, respectively. The protein and solvent were separately
coupled to the heat bath and an estimated isothermal compressibility
of 4575 - 10~* (k] mol~ ! nm™3) ! was used. All bond lengths and
the bond angles of the water molecules were kept rigid by applying
the SHAKE algorithm [42] with a relative geometric tolerance of 1074,
allowing for an integration time step of 2 fs when solving Newton's
equations of motion using the leap-frog algorithm [43]. Nonbonded
interactions (van der Waals and electrostatic) were handled adopting
triple-range cut-off radii: forces between atoms within the short-
range cutoff of 0.8 nm were calculated every time step from a pair list
that was generated every five steps, when also forces between atoms
at a distance between 0.8 nm and 1.4 nm were computed and kept
constant during the following four time steps. The long-range electro-
static forces were represented by a reaction field with a relative permit-
tivity [44] of egr = 61 outside the long-range cutoff of 1.4 nm. The centre
of mass translation and rotation of the system were removed every 2 ps
to avoid a flying ice cube [45].

The simulations were continued for at least 20 ns at constant
temperature and pressure, using the same simulation parameters as
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described above. The protein atom positions, atom velocities and system
energies were saved every 5 ps for analysis.

The ester and amide end-state simulations of the Ala-tripeptide and
the 20 tripeptides were performed using the same simulation procedure
and parameters as described for the Pin1 WW mutants.

2.3. EDS reference-state simulations

A hybrid topology was used for the EDS simulations of the mutant
WW domains, the Ala-tripeptide and the 20 tripeptides, bearing both
states, ester and amide, in the so-called reference state. The most simple
approach would have been to only perturb the peptidic N atom into an
ester O atom and the backbone H atom into a dummy atom, i.e. a single
topology approach [46], since only non-bonded solute-solute and
solute-solvent energies have been used to compute the free enthalpies.
However, differences in the bonded interaction parameters (force con-
stants, bond lengths, bond angles, torsional dihedral angles and multi-
plicities) lead to small changes in flexibility and to different atom
configurations of the ester linkage compared to the peptide linkage
and are therefore not negligible. To account for these changes the
topology was branched after the C, atom of the previous residue and
(re)unified at the carbonyl C atom, see Fig. S2.

The initial coordinates for the EDS simulations were generated from
the final configurations of the corresponding (1PIN or 2KCF) wild-type
or tripeptide MD equilibration, see above, by copying the necessary
number of atom coordinates and velocities to cover the doubly
branched reference state. To find the EDS smoothness parameter s and
energy offset parameter AER a standard update scheme [28] was used
and in some cases further optimised manually. The resulting parameters
for the different mutant EDS simulations are listed in Table S1.

After the update procedure an EDS production simulation of 20 ns
was performed with constant EDS parameters (Table S1). To optimise
the sampling the EDS averages were based on these continuations
of the EDS update simulations with frozen EDS parameters and the
previously generated EDS configurations from the EDS update simula-
tions. Energies were saved every 0.2 ps for further analysis and the
computation of AAG .

2.4. Computation of free-enthalpy differences

The free enthalpy [15] or Gibbs energy [16] of a system in the
isothermal-isobaric ensemble (constant number of particles, pressure
and temperature) is

G:—%ln z, 9)

where 3is the inverse of the temperature T multiplied by the Boltzmann
constant kg and Z denotes the partition function of the system. The
difference in free enthalpy between two states B and A of a system can
therefore be calculated as
1, 7
AGgy = Gg—Gy = ——= InZ8. 10
B = Gp—Gp gz, (10)
Instead of perturbing the system in its state A directly to its state B, a
non-physical intermediate state R, a so-called reference state, can be
defined, which allows the computation of the free enthalpy difference

<e—ﬂ<v5—vg>>
R
(e PVa=V0) (an

1. ZzZ 1
AGpy = Gpp—Gpr=——= InZB2R— —_|n
BA BR AR B ZA ZR B
from a single simulation of this reference state R, where ( ... )x denotes
an ensemble average of state X. In enveloping distribution sampling
(EDS) this reference state is chosen such that its configurational
ensemble envelopes all important configurations of states A and B. The

potential energy term of the Hamiltonian of the reference state R
reads [18]

e R I

where r" denotes a configuration of the N particles in the system and Vy
is the potential energy of state X. Since the equations of motion depend
on the energy offset difference AE§, = EX — E§ only, and not on these
quantities, Ef is set to zero for a two-state system. Therefore, only two
parameters, the smoothness parameter s and the difference in energy
offset AER4 = ER, have to be determined such as to ensure sufficient
sampling of both states A and B during the EDS MD simulation of the
reference state R [23].

A computation of the free enthalpy difference is also possible in terms
of energy difference distributions ps(AV; AVga) and pp(AV; AVps) sam-
pled in the A and B ensembles, respectively [47-49],

Pa(AV;AVyy)

In=A— 272
Pp(AV; AViy)

= +BAV—PBAGy, (13)

with AVps = Vg — V,. The energy difference distributions p, and pg are
not directly accessible from the EDS simulation of the reference state R,

Pr(AV; AVgy) = (6[AV—=AVgs))p, (19

but can be obtained by reweighting this distribution to the A and B
ensembles [50,51],

(SIAV—AVgJe P10
<67‘%<VX7VR)>R

Px(AV;AVyg,) = R, (15)

where X denotes either of the two states A or B.
2.5. How to detect inadequate configurational sampling?

Using standard techniques to compute free enthalpy differences
such as thermodynamic integration or perturbation, it is difficult to
impossible to obtain a realistic estimate of the uncertainty in the calcu-
lated AG values due to inadequate sampling of the configurational space
[2,19,20]. In contrast, the EDS technique to compute free enthalpy
differences offers various indicators of inadequate sampling [28]:

1. A small value for the root-mean-square fluctuation of the energy
difference Vi4(t) between states A and B in an EDS simulation indicates
undersampling.

2. A low number of occurrences or population of states A and B in an
EDS simulation leads to insufficient statistics of the probabilities of
these states in the AG calculation.

3. Alow number of transitions between states A and B, even when both
states show sizeable occurrences in an EDS simulation, leads to unre-
liable statistics of these occurrences and thus to unreliable AG values.

In addition to these quantities to be monitored in an EDS simulation
to estimate the uncertainty in the obtained AG values, one may perform
additional (standard, non-EDS) MD simulations of the end states A and
B and compare the obtained energy distribution in states A and B to the
corresponding distribution obtained by reweighting using Eq. (15) from
the EDS simulation involving states A and B.

2.6. Fitting of the calculated AAGE,, values to experimental AAGS,,, values
The computation of the AAGY,, values according to Egs. (6) and

(8) was done by fitting these values obtained from the Pin1 WW mu-
tant EDS simulations to the AAGH,, values obtained from chaotrope
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denaturation [9] using a least-squares fit varying one parameter AGg
when using Eq. (6) and two parameters « and AGY when using
Eq. (8). The fit was done for each computed data set separately,
once for the AAGY,, values computed from the 1PIN EDS simulations
and once for those computed from the 2KCF EDS simulations.

The parameters (Eqgs. (6) and (8)) obtained from the fit are AG =
76.8 k] mol~!, AG{ = —6.8 k] mol™!, and (1 — o) = —0.01 for the
fit using the AAGM,, values from the 1PIN EDS simulations, and AGY =
75.8 k] mol™!, AGY = —7.1 k] mol™', and (1 — &) = —0.01 for the
fit using the AAGY,, values from the 2KCF EDS simulations.

The corresponding plots AAGHY,, versus AAGS and — ATR,, are
shown in Fig. 9.

2.7. Analysis

2.7.1. Atom-positional RMSD

The atom-positional root-mean-square deviation (RMSD) between
two protein structures has been evaluated based on the C, backbone
atoms or all atoms according to the following formula,

1 N,

N_Z (ri_ri‘ref)zv (16)

ai=1

=

RMSD (rN" , rﬁ;f) -

where r'e = (1,15, ..., ry, ) represents the positions of the atoms. In
Eq. (16), N, is the number of atoms considered, r; the position of atom
i in the first structure and r; . the position of atom i in the second,
reference structure. We used the X-ray structure [32] or NMR model
structure [33] as reference structure if not mentioned differently. The
RMSD at the beginning of the MD simulations is not zero because the
X-ray and NMR model structures were energy minimised in vacuo
prior to simulation. The calculation of RMSDs was done using the
GROMOS+ + program rmsd, which also performs a superposition of
the centres of mass of the two structures to be compared as well as a
rotational least-squares fit based on the C, backbone atom positions.

2.7.2. Hydrogen bonds

Hydrogen bonds were defined according to a geometric criterion:
a minimum donor-hydrogen-acceptor angle of 135° and a maximum
hydrogen-acceptor distance of 0.25 nm. The hbond program of
GROMOS++ [39] has been used to detect and monitor hydrogen
bonds in the Pin1 WW domains.

The EDS simulation trajectories had to be transformed to a wild-type-
like trajectory before analysing hydrogen bonds, since we are not inter-
ested in hydrogen bonds from the ester branch to the wild-type branch.
This was done by filtering all ester branch atoms of the EDS simulation
trajectory.

2.7.3. Detection of secondary structure elements

The rules of Kabsch and Sander [52] have been applied to detect and
monitor secondary structure elements in the native and ester-linked
HEWL simulations. In some cases one residue may be assigned to be
part of two different secondary structure elements. In order to avoid
ambiguous assignments in such cases, the following priority rules were
applied: B3-strand/B-bridge > a-helix > r-helix > 31¢-helix > hydrogen
bonded turn > bend.

3. Results
3.1. Structures and stability of the wild-type WW domain

Two simulations of the wild-type Pin1 WW domain have been
performed only differing in the initial configuration used. In one case,
the initial protein atom positions were derived from an X-ray model
structure (PDB code 1PIN [32]), while in the other simulation the initial
configuration was based on a NMR model structure (PDB code 2KCF

[33]). The two simulations are therefore referred to as 1PIN simulation
or 2KCF simulation, respectively.

The X-ray model structure and NMR model structure clearly differ
from each other as shown in Fig. 4 and mentioned in Section 1 (root-
mean-square deviations (RMSD) of the C, atoms and all atoms of
0.34 nm and 0.42 nm, respectively). Also the hydrogen-bond pattern
for the backbone shows differences: Three hydrogen bonds present in
the X-ray model structure are not present in the NMR model structure
(Table 2). These differences may be due to the different thermodynamic
state points, different environments of the protein and the procedures
used to derive protein structure from measured values of observables
such as X-ray diffraction intensities or spectroscopic absorption intensi-
ties [29]. Interestingly, the two protein configurations seem to converge
to similar configurations in the MD simulations (Fig. 4, Table 2) but still
show an RMSD of the C, atoms of 0.29 nm between the two protein
configurations after 30 ns of MD simulation.

Both, the 1PIN and 2KCF folds of the wild-type WW domain are
stable during the MD simulations and the protein does not unfold as
indicated by the positional RMSD of the C,, or all protein atoms as func-
tion of time in Fig. 5. Note that the RMSD during the first ns of the equil-
ibration period is different from zero, although the protein atoms were
positionally restrained to their initial positions. This is the result of the
energy minimisation of the protein in vacuo which was performed
before the initialisation of the MD simulations, compare Section 2.2.1.
In the first half of the 30 ns 1PIN simulation the C, atoms only deviate
about 0.2 nm from the X-ray structure, while the deviation from the
NMR model structure is about 0.35 nm. A configurational change within
the 1PIN simulation after about 16 ns leads to a similar RMSD value of
the 1PIN simulation from both PDB structures, ending up with a value
of about 0.35 nm. The RMSD value in the 2KCF simulation with respect
to the NMR model structure is rather constant around 0.3 nm and
generally smaller, about 0.07 nm, than the deviation from the X-ray
structure. As expected, the RMSD values of all protein atoms are some-
what larger (about 0.1 nm) than the corresponding deviations of the Ca
atoms only.

RMSD / nm

time / ns

Fig. 5. Positional root-mean-square deviation of the backbone C, atoms (solid lines) and all
atoms (dotted lines) during the simulation of the native WW domain with respect to the
crystal structure (black) [32] and the NMR model structure (red) [33]. Top graph: initial
configuration of the MD simulation derived from the crystal structure [32]; bottom graph:
initial configuration of the MD simulation derived from the NMR model structure [33].
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Fig. 6. Secondary structure of the six indicated mutant 1PIN end-state MD simulations starting from the 1PIN X-ray structure. Blue: 3-strand; yellow: 3-bridge; brown: bend.

According to [52].

The evolution of secondary protein structure of the two wild-type
WW domain MD simulations in time (Fig. S1) both show a triple-
stranded p3-sheet structure (residues 11-16, 21-26 and 31-33), but
the 1PIN simulation maintains the structure slightly better for residues
16, 21 and 31. Residues 16 and 21 are both involved in the hydrogen
bond No. 6 (Fig. 1). The (3-sheet character of the protein is maintained
in the simulations.

Fig. 6 shows the secondary structure of six selected mutant proteins
(L7A, R14p, F25¢, N26v, N30v and Q330) as a function of time. Only the
two mutants L7\ and N30v fully maintain the triple-stranded 3-sheet
as reported in the X-ray model structure [32] and seen in the end-state
simulations of the wild-type WW domain (1PIN and 2KCF, see Fig. S1).
The other four mutants either completely miss one (3-strand (N26v and
Q330) or show a reduced 3-sheet structure involving much fewer resi-
dues than in the wild-type protein (R14p and F25¢). This is in agreement
with spectroscopic and ligand-binding experiments which indicated that
the latter four mutants were misfolded [9]. No melting temperatures
were reported in [9] for these mutants (see Table 1).

3.2. Hydrogen bonding

Table 2 shows the occurrence of the 11 backbone hydrogen bonds of
Fig. 1 reported in [9] during the 1PIN and 2KCF MD simulations as well
as within the corresponding X-ray or NMR model structures. Hydrogen
bond Nos. 7 and 8 are not present in either of the experimentally
derived protein structures and show a very low occurrence in both
MD simulations. Hydrogen bond No. 6, which involves residues 16
and 21, and hydrogen bond No. 5, a close neighbour to hydrogen bond
No. 6, show both a lower occurrence in the 2KCF simulation than in the
1PIN simulation of the wild-type, while hydrogen bond No. 1 is only
moderately present in the 1PIN simulation and not present in the 2KCF

simulation. Overall, only 7 out of the 11 backbone hydrogen bonds
have an occurrence of at least 75% in both MD simulations, i.e. hydrogen
bond Nos. 2, 3,4,5,9, 10, and 11. In the NMR model structure there are 6
backbone hydrogen bonds present (Nos. 2, 3, 6,9, 10, and 11), while the
X-ray structure shows all but hydrogen bond Nos. 7 and 8.

We note that the hydrogen-bonding behaviour calculated from the
wild-type branch of the topology of the hybrid mutant/wild-type resi-
due (Fig. S2) in each of the 20 hybrid mutant/wild-type systems during
the 1PIN and 2KCF EDS simulations (data not shown) should be and is
similar to the hydrogen-bond pattern shown in the wild-type end-
state simulations, indicating rather stable wild-type state structures of
the WW domain during the mutant/wild-type EDS simulations.

3.3. Free enthalpy differences

Table 1 shows an overview of calculated differences in folding free
enthalpies, AAGHY,,, as well as the experimentally derived chaotrope
denaturation values AAGH,w (Eq. (5)) together with the differences of
midpoints of thermal denaturation curves AT, (Eq. (4)) reported in
[9]. Calculated values have been obtained using Eqgs. (3), (6) and (8).

As mentioned above, we calculated AGh,, = 39.8 + 0.4 K] mol~'as
the free enthalpy difference between an ester and an amide as the
central residue of an Alatripeptide in water and used this value as an
approximation of AGp, in Eq. (3) for all (unfolded) mutants. The
resulting AAG™,, values calculated from the EDS 1PIN and 2KCF simula-
tion trajectories are reported in columns 7 and 8 of Table 1 and are
generally much larger than the values (column 15) reported in the liter-
ature [9]. However, the AAGY,, values from the two individual EDS sim-
ulations (1PIN and 2KCF) are rather similar. Exceptions are the mutants
R17p, S190, Y23y, Y24y and H27v, which show differences larger than
2.5 kJmol ™! (ksT). These mutants can also be identified when looking at
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List of the twenty mutated Pin1 WW proteins indicating the eliminated and weakened backbone hydrogen bonds (compare Fig. 1), separated by a “/”, in the EDS simulations based on the
crystal (1PIN) [32] and NMR (2KCF) model [33] initial structures, the difference in experimentally derived midpoint of thermal denaturation curves [9] between the mutant and the native
state, AT, Eq. (4), as well as experimentally (AAGSw, Eq. (5)) [9] and computed (AAGH,,, Eq. (3)) differences of folding free energy differences between mutant and native Pin1 WW

domains.

System  Affected  Calculated AG,,, values [k] mol~!] Calculated AAGH,, [k] mol~'] EXp. AAGhw  —AThw

H-bond AGh W AGmw From tri-Ala From Eq. (6) From Eq. (8) From [k] mol '] [°C]
(Eq. (3)) tripeptides
1PIN 2KCF 1PIN 2KCF 1PIN 2KCF 1PIN 2KCF 1PIN  2KCF  1PIN 2KCF

L7A -/- —05 —-03 38.7 35.8 —403 —401 —-773 —76.1 6.8 7.1 —392 -—36.1 0.0 & 0.0 23

Wllo 1/- 1135 1129 108.3 109.9 73.7 73.1 36.7 371 6.2 6.2 52 3.0 46 + 04 13.8

E12¢ 2/- 923 89.9 75.6 76.2 52.5 50.1 15.5 141 64 6.3 16.7 13.7 63 £ 05 36.8

K13k -/3 84.1 85.9 80.0 80.6 443 46.1 7.3 101 64 6.4 4.1 53 29 £ 05 12.6

R14p 4/- 97.5%P 95.9%¢ 80.6%4 80.3%¢ 57.7 56.1 20.67 20.1 63 6.3 16.9 156 164 +£ 04 n.d.

M15u -/5 48.6 50.6 455 443 8.8 108 —282 —256 66 6.7 31 6.3 1.7 £ 04 3.7

S160 6/- 146.1 144.2 142.4 142.1 106.3 104.4 69.3 684 6.1 59 3.7 2.1 46 +£ 04 16.8

R17p -/7 52.1 56.7 53.5 58.4 123 169 —247 —19.1 6.6 6.6 —14 —-1.7 1.3 +£03 9.9

S190 7/- 122.9 113.0 117.5 115.9 83.1 73.2 46.1 37.2 6.2 6.2 54 —-29 25+ 04 20.6

V22w -/6 81.7 823 783 78.9 419 42,5 49 66 64 6.4 34 34 25+ 05 2.3

Y23y 5/- 110.1 85.9 81.0 76.0 70.3 46.1 333 101 63 6.4 29.1 9.9 92 4+ 04 38

Y24 11/4 93.9 90.9 79.5 829 54.1 51.1 17.1 151 63 6.3 144 8.0 46 +£ 03 34

F25¢ 3/10 90.1 914 77.1 824 50.3 51.6 133 156 64 6.3 13.0 90 176 +04 n.d.

N26v 9/2 434 444 32.5 38.1 3.6 46 —334 —314 66 6.7 109 63 202405 n.d.

H27n -/8 77.5 85.5 75.5 80.1 37.7 45.7 0.7 9.7 64 6.4 2.0 5.4 34404 203

N30v 8/- 9.7 113 7.8 8.9 —30.1 —285 —67.1 —645 68 7.0 19 24 76 £04 342

A3la -/ 84.4 83.9 80.7 80.7 446 441 7.6 81 64 6.4 3.7 3.2 34+£07 13.7

S320 -/9 146.6 146.4 142.6 141.5 106.8 106.6 69.8 706 6.1 59 4.0 4.9 42 4+ 05 17.5

Q336 10/- 66.5 68.8 53.7 42.6 26.7 290 —103 —-70 65 6.5 12.8 262 13.0+03 n.d.

W34w 11/- 104.2 103.6 108.2 105.1 64.4 63.8 274 278 6.3 6.2 —4.0 —-15 21 +£03 9.5

2 A single distance restraint between the side chains of the ester and the native branch was used to improve convergence.

> A similar EDS simulation with s = 1.0, AER = 98.0 k] mol~', involving only atom type transformation instead of using the hybrid topology shown in Fig. S2, yields
AGhH, = 99.1 k] mol~".

¢ A similar EDS simulation with s = 1.0, AE® = 99.0 k] mol~', involving only atom type transformation instead of using the hybrid topology shown in Fig. S2, yields
AGhH,w = 97.4 k] mol "

4 A similar EDS simulation with s = 1.0, AER = 81.9 k] mol~', involving only atom type transformation instead of using the hybrid topology shown in Fig. S2, yields
AGY,, = 81.4 k] mol~ .

¢ A similar EDS simulation with s = 1.0, AER = 81.9 k] mol ™!, involving only atom type transformation instead of using the hybrid topology shown in Fig. S2, yields

AGY,, = 81.0 kJ] mol~".

the convergence of the two AGE, values during the 20 ns EDS simula-
tions starting from the X-ray or NMR model structures as shown in
Fig. 7. All other EDS simulations end up with generally rather converged
AGE ., of similar size for both, the 1PIN EDS and the 2KCF EDS

Table 2

simulations. The convergence in the Ala-tripeptide EDS simulation is
shown in Fig. S3. The convergence of the AGp,, values for the 20
tripeptide mutants in simulations starting from the tripeptide structure
in the X-ray (1PIN) or NMR model (2KCF) structure is shown in Fig. 8. As

Occurrence (%) of the 11 hydrogen bonds (compare Fig. 1) in the two Pin1 WW domain structures (1PIN/2KCF) as deposited in the PDB database, in the MD trajectories of the wild-type
simulations and in the EDS reference state trajectories of the 20 mutant simulations. The values for hydrogen bonds involving weakened hydrogen-bond acceptors due to the amide-to-
ester mutation are in italics.

Protein Hydrogen bond number/occurrence in %

2 3 5 6 7 8 9 10 11
Exp. structure 100/0 100/100 100/100 100/0 100/0 100/100 0/0 0/0 100/100 100/100 100/100
wt 20/0 96/93 95/93 95/92 97/75 65/42 71 2/0 83/83 96/96 89/91
L7A 42/0 93/96 96/95 95/88 76/38 58/10 2/0 1/13 90/76 95/91 97/94
Wllw -/~ 92/97 96/90 96/92 96/94 76/76 6/2 2/0 78/77 94/88 96/94
E12¢ 37/43 -/- 96/94 97/94 94/80 48/41 3/2 2/0 80/80 98/92 94/95
K13k 31/0 96/94 92/92 92/96 59/90 20/75 5/4 0/0 79/81 98/94 94/93
R14p 36/0 98/96 90/91 -/~ 97/90 84/77 1/2 2/0 86/70 98/87 96/88
M15u 33/0 98/92 94/94 96/96 90/80 75/50 1/6 0/4 85/67 94/86 94/88
S160 8/0 98/95 94/92 94/94 82/58 -/ 0/0 4/0 83/80 90/90 96/93
R17p 41/0 93/94 94/92 94/94 72/88 43/64 4/0 4/0 88/76 94/94 92/85
S190 8/0 96/94 91/91 93/95 94/80 93/30 -/~ 4/0 80/68 94/87 96/98
V22w 27/0 98/92 96/92 92/92 100/92 73/68 2/2 0/0 82/78 92/87 94/90
Y23y 34/0 96/98 95/95 97/97 -/~ 80/51 7/7 0/0 88/76 98/92 95/96
Y244 4/0 96/88 94/97 89/64 84/9 43/2 10/0 1/0 56/80 68/92 -/~
F25¢ 3/0 50/95 -/ 96/89 86/87 61/76 6/2 6/0 84/72 74/82 94/92
N26v 9/0 94/90 92/98 96/82 69/32 22/14 4/2 0/2 -/ 88/76 97/97
H27n 32/0 96/97 96/90 93/93 87/90 46/70 0/6 2/6 82/68 97/83 95/95
N30v 22/14 92/98 94/94 94/97 92/90 54/70 11/6 -/- 82/84 86/92 94/97
A3la 10/0 79/96 98/90 96/94 90/90 66/80 6/8 9/3 86/74 82/96 98/96
S320 45/0 99/93 92/95 96/78 98/48 84/8 1/14 1/3 82/56 93/84 96/94
Q336 20/0 95/98 94/86 95/88 93/84 72/54 3/4 4/0 80/74 -/ 93/88
W34w 26/0 94/96 92/93 96/90 100/83 74/48 7/10 0/0 84/68 94/94 94/87
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Fig. 7. AGh, values (Eq. (3)) from the 1PIN (black) and 2KCF (red) EDS simulations as a function of simulation time for all 20 mutants of the Pin1 WW domain.

expected, the convergence is much better for the small tripeptide sys-
tems than for the corresponding protein mutants. The AGy,,, values for
the 20 tripeptides vary between 8 and 143 kJ mol~!, which indicates
that using the single value of 39 k] mol ! for the Ala tripeptide is a rather
poor approximation of AGp.

Figs. S4 and S5 show the time series of the energy difference AV =
Vg — V4 of the various EDS reference state simulations and the subse-
quent Figs. S6 to S9 display the corresponding energy difference distri-
butions. Figs. S6 and S7 show the energy difference distributions
between the amide and ester states for the reference state and the
two end states for the 1PIN and 2KCF EDS simulations. Except for the
ester state of Y23y in the 1PIN EDS simulation (Fig. S6), the ester and
amide states are sampled in the EDS simulations, although to a varying
degree. The corresponding energy difference distributions for the
tripeptides are shown in Figs. S8 and S9.

The reweighted end-state non-bonded solute-solute plus solute—
solvent potential energy distributions are shown for all 1PIN and 2KCF
EDS simulations in Figs. S10 and S11. Again, insufficient sampling of
the ester state can be identified for the mutant Y23¢s (1PIN). In a num-
ber of cases the non-bonded solute-solute plus solute-solvent energy
distribution as calculated from a standard (non-EDS) MD simulation
of the wild-type protein (green curve) is not wholly congruent with
the wild-type end-state energy distributions calculated from the EDS
simulations (red curves).

The positional root-mean-square deviation of the C, atoms from the
X-ray and NMR model structures of the wild type protein during the
EDS simulations of all 20 mutants is shown in Figs. S12 and S13. All
but the N30v mutant in the 1PIN simulation (Fig. S12) show stable
RMSDs with respect to the crystal and NMR model structures with

fluctuations between 0.2 nm and 0.5 nm, which is not larger than the
RMSDs of the two wild-type MD simulations shown in Fig. 5. The
N30v mutant ends up with a non-converged RMSD value of about
0.7 nm after 23 ns, indicating that this mutant is unfolding during the
1PIN EDS simulation. In the 2KCF EDS simulations, all mutants are stable
and converge to an RMSD value of about 0.35 nm from the NMR model
structure.

4. Discussion

The correlation between the AAGY,, values calculated using Egs. (3),
(6) and (8) that use four different approximations of AGy,, on the one
hand and the AAG,,, values inferred from chaotrope denaturation mea-
surements or the —ATm,, values inferred from thermal denaturation
measurements on the other hand is displayed in Fig. 9. Comparing these
correlations with the correlation between — AT, and AAGS,,, shown in
Fig. 3, it seems that the two experimental quantities —ATm,, and
AAGH, correlate better with each other than with the calculated quan-
tities AAG™,, based on a single value of AGY,, for all 20 mutants
(Fig. 9a-c, e-g), which is obviously a too poor approximation of
AGhw. If the unfolded state of the protein mutants is represented by a
tripeptide of the same composition as the mutated residue and its
neighbours along the polypeptide chain, the correlation between simu-
lation and experiment is much improved (Fig. 9d, h and Table 1). One
should not expect perfect correlation between —ATn,, and AAGE,,, on
the one hand and AAG™,, on the other hand, though, because the latter
quantity is defined (Eq. (3)) in terms of free enthalpy differences AG™
between folded and unfolded conformations of a protein or a mutant
(x) at one thermodynamic state point, whereas the former two quantities
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Fig. 8. AG, values from the 1PIN (black) and 2KCF (red) EDS simulations as a function of simulation time for all 20 tripeptide mutants.
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Fig. 9. Difference of folding free enthalpy differences AAGS,,, as obtained by chaotrope denaturation experiments [9] versus differences of folding free enthalpy differences AAGY,, (top graphs)
and differences —ATR,, between midpoints T™ of thermal denaturation curves versus differences of folding free energy differences AAGY,, (bottom graphs). Calculations of the AAGY,, values
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are more similarly defined (Eqgs. (4) and (5)) in terms of free enthalpy dif-
ferences AGy and midpoint temperatures Ty' derived for a protein or mu-
tant (x) at different thermodynamic state points of chemical potential and
temperature. Although chaotrope and thermal denaturation may affect
the protein or mutant stability in different ways, weighting the number
of folded versus unfolded conformations at one thermodynamic state
point makes AG!" a more different quantity. But, as was mentioned in
the Introduction, all three quantities shed light on the differences in sta-
bility of the folded conformations of the mutants and the wild-type
protein.

The quality of the calculated AAGWY,, values will depend on the
quality of the biomolecular force field employed and on the extent of
sampling of the relevant protein conformations in the MD simulations.
The standard MD simulations for the wild type and six mutants show
that the triple-stranded B-sheet fold is maintained for the wild type
(Fig. S1) and mutants L7\, N30v (Fig. 6), whereas it is partly lost for
the mutants R14p, F25¢, N26v and Q336 (Fig. 6) in agreement with
the experimental observations of [9]. In all but one (N30v starting
from the X-ray structure) of the 42 EDS simulations of the wild type
and mutants the atom-positional deviations from the X-ray and NMR
structures (Figs. S12 and S13) is limited to 0.2-0.5 nm. This does not
indicate any major force-field problem with respect to maintaining a
proper fold, as indicated by the preservation of the backbone hydrogen
bonds characterising the (3-sheet fold of the protein and its mutants
(Table 2). The analysis of the EDS simulations in terms of convergence
of AGE,, values as function of time and between the pairs of simulations
starting from X-ray and NMR structures (Fig. 7) shows converged values
for 17 mutants, while for S190, Y23y, and H277) this convergence is not
satisfactory. For the AGp,, values of the tripeptides (Fig. 8) differences
between the 1PIN and 2KCF simulations are observed for Y23i, F254¢,
N26v, and Q336. The energy difference distributions (Figs. S6 and S7)
show undersampling for Y23y in the EDS simulations of the proteins
starting from the X-ray structure (Fig. S6). A comparison of non-
bonded solute-solute plus solute-solvent end-state potential energy
distributions for the wild type in the EDS simulations (red lines in
Figs. S10 and S11) with that of the standard MD simulation of this end
state (green lines in Figs. S10 and S11) shows rather good agreement.
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Fig. 10. Calculated free enthalpy difference AGH,, in the folded conformations of the 20
proteins versus calculated free enthalpy difference AGh, in the unfolded conformations
as computed from the 20 tripeptide simulations. Circles and crosses distinguish between
1PIN and 2KCF simulations. The correlation coefficients are 0.94 and 0.95 for the values
calculated from the 1PIN and 2KCF simulations.

In summary, only a few of the 40 EDS simulations of the 20 mutants
show some sampling and convergence problems.

The rather large differences between the AAGY,, values calculated
using Eq. (3), (6) or (8), i.e. using three different assumptions for the
value AGpw, the free enthalpy difference between mutant and wild-
type protein in the unfolded conformations, show that the assumption
of an identical AGy, value for all 20 mutants as used in Egs. (3) and (6)
is not justified. The assumption that AGY, is proportional to AAGL,,, re-
duces the differences between the various AAG™,, values and brings
them somewhat closer to the experimental AAGy,,, values, see Fig. 9.
Indeed Fig. 10 shows that AGh,,, is positively correlated with AGY,, as
calculated for the 20 mutant tripeptides. The correlation coefficient is
0.94 and 0.95 for the values calculated from the 1PIN and 2KCF simula-
tions, respectively. Using the tripeptide corresponding to the protein
residue that is mutated and its neighbours along the poly-peptide chain
as a representation of the unfolded state of the protein does improve
the correlation between simulated and experimental results significantly,
the correlation coefficients with the AAGH,w and —ATh,, values being
0.54/0.67 and 0.53/0.52, respectively, calculated from the 1PIN/2KCF sim-
ulations. If we remove the four mutants R14p, F25¢, N26v, and Q336, for
which experimentally no thermal denaturation midpoint temperature
could be determined and which could only be kept folded by adding
TMAO to the solution, from the data set and in addition remove the
AAGH,,, values computed from S19p, Y23y, and H271, the three mutants
for which poor convergence between the EDS simulations started from
the 1PIN and 2KCF structures was observed from the data set, the
correlation coefficients for the remaining 13 mutants become 0.59/0.61
and 0.52/0.50 respectively. So no higher correlation is observed. This is
due to the deviations between calculated and measured values for
mutants L7A, E12¢, and N30v. In view of the different definitions of
AAGHN,,, AAGS,w and — ATR,, it is unclear what degree of correlation is
to be expected between these different quantities.

The large variation in the values of AG,,, for the different mutants,
not only in the folded state (AGh,,), but also in the unfolded state
(AGhw) modelled by the tripeptides, may at first sight be surprising,
but is not considering the rather strong Coulomb interactions between
(partial) atomic charges at a short distance from each other. When
considering the corresponding AAG™,, values these are an order of mag-
nitude smaller, at least where converged, and of a size comparable to the
experimental AAGH,,, values. Yet this illustrates that the key to a precise
calculation of folding free enthalpies lies in an accurate conformational
description of the unfolded state [53,54].

5. Conclusion

Standard MD and enveloping distribution sampling (EDS) simula-
tions of the wild-type Pin1 WW domain and 20 of its amide-to-ester
mutants in aqueous solution have been used to shed light on the
relation between protein folding free enthalpies and protein structure.
Since experimental structural data were only available in the form of an
X-ray crystal structure and an NMR solution structure of the wild-type
protein showing roughly the same three-stranded 3-sheet fold, but not
for the 20 mutants, the simulated configurational ensembles comple-
ment the experimental data by providing a structural interpretation of
these.

A direct comparison of experimental relative free enthalpies of fold-
ing upon chaotrope denaturation, AAG,, of experimental relative ther-
mal denaturation temperatures, —ATmw, and of calculated relative free
enthalpies of folding at a given thermodynamic state point, AAGM,,,
with each other is hampered by the different definitions of the corre-
sponding free enthalpy differences. Moreover, for a few of the 20
mutants the configurational sampling within 20 ns appeared to be
incomplete. Nevertheless, the simulations could identify the least stable
mutants in agreement with the experimental data. The assumption of a
single value for the relative free enthalpy AGh, between mutant and
wild type in the unfolded conformations turned out to be too crude.
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Assuming that this AGY%,, is proportional to AGh,, the relative free

enthalpy between mutant and wild type in the folded conformations,
improved the agreement with the experimental data, but still seems
to be a too crude assumption. Although the amide-to-ester mutation
only involves the backbone, the presence of the nearby side chains
and solvent molecules induces differences up to 135 k] mol~"' in
AGnw values between the 20 tripeptides in solution. The use in Eq. (3)
of AGmw values obtained from simulations of tripeptide fragments greatly
improved the correlation between simulated and experimental free en-
thalpy differences. This emphasises the importance of a proper sampling
of protein configurations in both the folded and the unfolded states when
calculating free enthalpies of folding. Reversely, the sensitivity of a
AAGH,,, value to both underlying conformational ensembles implies
that an interpretation of measured AAGs,,, values or —ATn,, values in
terms of particular protein conformations or structural features such as
hydrogen bonding is a precarious endeavour.

The significance of local structural variations even in the folded
conformations is illustrated by the variation in backbone-backbone
hydrogen bonding between the X-ray and NMR structures of the wild
type and between the different mutants. Hydrogen bonds 1, 5 and 6
(Fig. 1) involving residues 8, 11, 14, 16, 21 and 23 show sizeable varia-
tion in occurrence, and hydrogen bonds 7 and 8 involving residues 16,
19, 26 and 30 show rather low occurrence for the various mutants.
This illustrates that an interpretation of the experimental AAG,,, values
and —ATh,, values in terms of the strength of particular hydrogen
bonds is not straightforward. Such experimental data do not allow for
a direct structural and mechanistic interpretation of the various forces
stabilising the fold of a mutant or wild-type protein. EDS simulations
do provide a means to establish the relation between the Boltzmann-
weighted structural ensembles of the mutants and wild-type protein
on the one hand and the relative free enthalpies of folding, AAGH.,,
between mutants and wild type on the other hand, which makes this
recently proposed method suitable for a structural interpretation of
free enthalpy data on proteins and their mutants.
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