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ABSTRACT: Enveloping distribution sampling was used to calculate free-

enthalpy changes associated with single amino acid mutations for a pair of

proteins, G495 and Gg95, that show 95% sequence identity yet fold into
topologically different structures. Of the L — A, I — F, and L — Y mutations
at positions 20, 30, and 45, respectively, of the 56-residue sequence, the first
and the last contribute the most to the free-enthalpy difference between the
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native and non-native sequence—structure combinations, in agreement with
the experimental findings for this protein pair. The individual free-enthalpy changes are almost sequence-independent in the four-
strand/one-helix structure, the stable form of G395, while in the three-helix bundle structure, the stable form of G,95, an

interplay between residues 20 and 45 is observed.

he three-dimensional structure a protein adopts in

solution is a complex function of the amino acid sequence
and the properties of the surrounding solvents,' making de
novo structure prediction a very challenging problem. Although
ongoing refinement of NMR structure prediction tools”® will
continuously enhance the automation of sequence-to-structure
mapping and will push the size and complexity limit of these
methods forward, failures in automatic fold recognition are
reported occasionally,g’10 showing that some fundamental
principles underlying the way in which the protein sequence
determines structure are not entirely understood."" The
question of how much of the sequence is required to specify
the final fold has recently been addressed experimentally by
systematic modifications of two S56-residue proteins derived
from the binding domains of Streptococcus protein G with
increasing levels of sequence identity (SI). It was demonstrated
that a single residue may act as a switch to change the
conformation from a three-helix bundle (3a-structure) into a
four-strand f-sheet with a single a-helix (4f+a-structure).'>*®
Eighty-five percent of residues change their secondary structure,
with only eight residues in the central a-helix plus two turn
residues retaining the same conformation in both forms.
Clearly, this system poses a challenge to automatic structure
prediction methods. Two pairs of proteins in the series, G495
and Gg95, differing only in three amino acids were used as
targets in the CASP8 structure prediction competition.'® G,95
has amino acids Leu, Ile, and Leu at positions 20, 30, and 45,
respectively, and adopts the 3a-structure, while Gg95 has Ala,
Phe, and Tyr and adopts the 4f+a-structure. Only 4 out of 159
participants recognized the two different folds.'® In particular,
methods that rely on comparative modeling approaches failed
for this set of proteins, while structure determination methods
based on chemical shifts were shown to be more successful."”
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Because of the nonlocal nature of the physical processes which
direct the folding of proteins'®™>° and the strong dependence
of the backbone conformation on solvent affinities of amino
acid side chains,*' atomistic simulations in explicit solvent are
promising tools to study these phenomena.”>~** However, the
direct sampling of protein folding by molecular dynamics
(MD) is in general not feasible, except for small proteins (fewer
than SO residues).”® The long MD runs necessary to study
folding directly require special purpose hardware that is not
widely available.**>” Moreover, for a reliable estimate of the
free energy, or rather free enthalpy’® or Gibbs energy,” of
folding, many folding—unfolding events have to be sampled,
which is far from being feasible. Another issue in this context
arises from the short time scales usually used in force field
parametrization. A force field that performs well on short time
scales is not necessarily adequate for long time simulations®” or
accurate e3r}ough to predict the correct global free-enthalpy
minimum.

In the present work, we make use of the fact that in a
relatively short MD simulation (10—20 ns) of protein G, no
unfolding is observed even if the non-native sequence—
structure combinations are simulated. This allows the use of
the thermodynamic cycle shown in Figure 1, in which the
vertical branches denote a change in the amino acid sequence
within a given tertiary structure.

In a previous study, we investigated the two proteins G,95
and G95 by a combination of structural and energetic
analyses.>> However, unequivocal support for the experimental
findings by means of the simulation data was not obtained. In
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Figure 1. Thermodynamic cycle used for the calculation of relative
free-enthalpy differences AAGEZ = AGh, — AGE,, where A and B
denote two different amino acid sequences, while & and # denote two
different folds. The vertical branches of the cycle can be computed
using enveloping distribution sampling.

the present work, we study in detail the changes in free
enthalpy associated with single amino acid mutations in the two
folds. For this purpose we use the enveloping distribution
sampling (EDS) methodology.>*™>® It belongs to the class of
expanded ensemble methods that find widespread use in Monte
Carlo®”™* and molecular dynamics®***~5* simulations in cases
where non-overlapping phase spaces need to be sampled. EDS
has been applied successfully to a number of model
systems®>® and, after some refinement of the parameter
determination procedure, to more complex alchemical
perturbations such as those that occur in the calculation of
the relative binding free enthalpies of ghenylethanolamine N-
methyltransferase (PNMT) inhibitors® and of netropsin to
various base pair combinations in the DNA minor groove.** It
was also shown to be useful for the calculation of relative free
enthalpies between different conformations of helices.>
However, as EDS is a relatively recently proposed method, its
potential has not yet been fully exploited. To evaluate the
performance of EDS as an alternative to thermodynamic
integration (TI),*® a question of particular relevance is the
allowed degree of non-overlap of the important phase space
regions of the EDS end states. By application of the method to
different systems, its limits can be explored. The second aim of
the present work is a further step toward this goal.

B THEORY

The EDS scheme is a special form of the umbrella sampling
approach®’ that focuses the sampling on the relevant phase
space of a system presenting Ny different states n using a
reference Hamiltonian Hy defined as®>*%*%%°

Ny
Hy(r, p) = —i In Y exp{—ps[H,(x, p) — EX}

n=1

(1)

where r and p denote the 3N-dimensional vectors of spatial
coordinates and conjugate momenta, respectively. N is the
number of atoms in the system, and f = 1/kgT, where kj is the
Boltzmann constant and T the absolute temperature. The
smoothness parameter s (0 < s < 1) controls the barriers
determining the rate of transitions between the different states
n. The energy offsets EX of the different states serve to bring
their energies to the same level for even sampling of the states
n. These parameters have to be determined iteratively prior to
the EDS production simulation.*>**%* The free-enthalpy
difference between a pair of states (n and m) is calculated
based on this production simulation using

1 . (exp{—p[H,(x, p) — Hx(r, p)])x

G, =--1In
G G = (AL ) — He(e 2)I})x

@)
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where (..)p denotes ensemble averaging over a simulation
generated using the reference-state Hamiltonian Hy (eq 1).

In force fields typically used for molecular simulations, the
potential energy function is independent of velocity. As a result,
the kinetic contribution to the free enthalpy can be calculated
analytically. For a two-state system, the potential energy term of
the reference-state Hamiltonian then reads

Ve(rs s, AER) = —i In{exp[—As(V,(r) — EN)]

+ exp[~fs(Vy(x) — E)]} ®3)

In the reference-state ensemble R, the distribution of the energy
difference AVi,(t) = V() — V4(t) between the two end states
can be calculated as™”

Pr(AVga) = (8[AVp, — (Vo(r) — Va(r)) e (4)

where § is the Dirac delta function (approximated in practice by
a histogram—binning function). This distribution can be
converted to predicted distributions, denoted by a tilde,
corresponding to the end-state ensemble A or B via
reweighting,so’61

7,(AVg,)
_ (O[AVg, = (Va(r) = Vi(r))] exp{=pV,(r) = Vr(r)]})x
(exp{—=p[V,(r) = Vi(r)]}x

©)
with n = A or B, respectively. The distributions given by eqs 4
and S are used to gain insight into the quality of the sampling
obtained in the EDS simulation.>*

In a similar manner, distributions of the potential energies V
and Vj; sampled in the reference-state ensemble R, pr(V,), can
be converted to predicted distributions corresponding to end-
state ensemble A or B, p,(V,). These predicted distributions
can be compared to actual distributions p,(V,) based on
independent simulations at the two end states and thus used for
further assessment of the quality of the sampling obtained in
the EDS simulation.®>

B COMPUTATIONAL DETAILS

Simulation Parameters. All MD simulations were carried
out usin§ a modified version of the GROMOS0S program
package® and the S4A7 force field.**** The simulations were
performed under periodic boundary conditions based on cubic
boxes. Initial coordinates for the two proteins in their native
sequence and for the corresponding homology models solvated
in 9162 (3a-structure) or 7797 (4f+a-structure) simple point
charge (SPC) water molecules® were taken from previous
work.*?

The equations of motion were integrated using the leapfrog
algorithm®” with a time step of 2 fs. Bond lengths and the bond
angle of water molecules were constrained by applying the
SHAKE algorithm® with a relative geometric tolerance of 107,
The center of mass motion of the computational box was
removed every 2 ps. All simulations were performed at constant
pressure and temperature. The temperature was maintained at
298 K by weak coupling to an external bath® with a relaxation
time of 0.1 ps. Solute and solvent were coupled to separate heat
baths. The pressure was calculated using a group-based virial
and held constant at 1 atm using the weak coupling method
with a relaxation time of 0.5 ps® and an isothermal
compressibility of 4.575 X 10™* (kJ mol™' nm™3)7".
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The nonbonded van der Waals and electrostatic interactions
were calculated using a twin-range cutoft scheme,”® with short-
and long-range cutoff distances set to 0.8 and 1.4 nm,
respectively. The short-range interactions were calculated
every time step using a group-based pairlist updated every
fifth time step. The intermediate-range interactions were
reevaluated at each pairlist update and assumed constant
between updates. A reaction field correction”"”? was applied to
account for the mean effect of electrostatic interactions beyond
the long-range cutoff distance, using a relative dielectric
permittivity egz of 61.7> To be consistent with previous work
on this system,’” the reaction field self-term and excluded-
atom-term contributions were not included in the calculation of
the total electrostatic energy.’*

Simulated Systems. End-state simulations, i.e., standard
(non-EDS) MD simulations of the eight sequences considered
for each of the two folds, were conducted for structural analysis
and to determine the distributions of the solute—solute plus
solute—solvent nonbonded energies. These distributions can be
compared to those obtained from EDS reference-state
simulations via reweighting, allowing an assessment of the
quality of sampling in the EDS reference-state simulations. The
end-state simulations were carried out for 10 ns after a 1 ns
equilibration. Atom coordinates and energies were saved for
analysis every S ps.

EDS reference-state simulations were performed separately
for each of the two distinct protein folds to calculate free-
enthalpy changes for each of the 12 alchemical transformations
defined in Figure 2. These simulations, involving fixed
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Figure 2. Single-mutation pathways from L20I30L4S to A20F30Y4S5.

smoothness parameter and energy offset values, were carried
out for a period of 10—20 ns after a 1 ns equilibration. Atom
coordinates and energies were saved for analysis every 2 ps.
The EDS parameters were determined independently for each
of the 24 calculations prior to production simulations using the
parameter update procedure described previously.>* The
simulation time necessary to obtain converged parameters
was 10—20 ns, depending on the perturbation. The optimized
values are listed in Table S1 of the Supporting Information.
All end- and reference-state simulations were based on a
common topology containing three hybrid building blocks for
residues 20, 30, and 45 that contain all atoms to simulate Leu/
Ala, Ile/Phe, and Leu/Tyr amino acids, respectively. The single-
topology”® representations of each hybrid building block are
shown in Figure S1 of the Supporting Information. Atom types
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and partial charges are specified in Tables S2—S4 of the
Supporting Information.

Trajectory Analysis. All analyses were carried out using the
GROMOS++ suite of programs.76 The trajectories of all end
states were analyzed in terms of the atom-positional root-mean-
square deviation (rmsd) from the starting configuration of each
production simulation. The rmsd was calculated based on the
C, atoms. For the trajectories of all end- and reference-state
simulations, secondary structure elements were assigned
according to the rules defined by Kabsch and Sander.””

The EDS reference-state trajectories were analyzed in terms
of the time series of the potential energy difference between
state B and state A, AV, (t) = V(t) — Vau(t), the distribution
of this potential energy difference in the reference-state
ensemble pp(AVy,), the potential energy difference distribu-
tions predicted for the end-state ensembles, P (AVg,) and
P5(AV3,), and the solute—solute plus solute—solvent potential
energy distributions, 5,(V,) and pg(V3), predicted for the end-
state ensembles.

Distributions p,(V,) and pg(V) of solute—solute plus
solute—solvent nonbonded energies were calculated for all
standard MD (non-EDS) end-state trajectories to compare
them with corresponding reweighted end-state potential energy
distributions p,(V,) and py(V;) extracted from the EDS
reference-state simulations. As the perturbations involve only
the solute, solvent—solvent potential energy and entropic
contributions exactly cancel out each other and can be
omitted.”*”®

B RESULTS AND DISCUSSION

Structural Properties. As a simple estimate of the
structural stability during the simulations, the atom-positional
root-mean-square deviations of the C, atoms of each sequence
structure combination from the first structure of the trajectory
were calculated for all end- and reference-state simulations and
are displayed in Figures S2 and S3 of the Supporting
Information. The nature of the structural changes correspond-
ing to an increase in rmsd can be seen in the secondary
structure analysis of the different sequence—structure combi-
nations (see Figures S4 and S$ of the Supporting Information).
In the end-state simulations, the 3a-structure exhibits high
structural stability for all sequence combinations except the
native sequence of the 4f+a-structure (AFY), for which the
rmsd increases to ~0.4 nm during 11 ns of simulation. This
increase in rmsd is accompanied by a loss in the helical
character of the first few residues of the first a-helix. For the
4f+a-structure the rmsd values are in most cases slightly higher
than those for the 3a-structure, except for the native sequence
which shows the lowest rmsd. One sequence (AFL) shows a
slowly increasing rmsd that is accompanied by a loss in the
helical character of the last few residues of the a-helix.

In the reference-state simulations, the 3a-structure exhibits
high structural stability for all perturbations studied, whereas
some cases (1, 8, and 12) of the 4f+a-structure show some loss
in the helical character of the last few residues of the a-helix.

However, the general picture that arises from this analysis is
that all sequence—structure combinations retained their initial
secondary structure during the sampling period of the MD
simulations, justifying the use of the thermodynamic cycle
shown in Figure 1.

Free-Enthalpy Changes. Table 1 summarizes all point
mutations studied and the corresponding changes in free
enthalpy, AG%, and AGj,, respectively. The subscripts A and B
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Table 1. Free-Enthalpy Differences, AG%, and AG},, and Their Differences, AAGSS, upon Mutating Residues 20, 30, and 45

AGHY
3a-structure 4f+a-structure AAGE

code mutation (A — B) direct optimized direct optimized direct optimized

1 LIL — AIL +7.7 £ 2.0 +6.5 + 1.8 —-11.7 + 1.6 —9.0 + 4.6 —194 + 2.6 —18.5 + 4.9
2 LIL — LFL —183 + 1.6 —-172 £ 2.0 —-18.7 £ 1.1 —21.0 + 4.6 —-04 £ 19 -39+ 5.0
3 LIL — LIY —=77.0 £ 0.8 —=76.9 + 2.0 —922 + 14 —92.6 + 2.4 —-152 + 1.6 —15.6 + 3.1
4 AIL — AFL —16.6 + 1.2 —-17.0 £ 1.1 —23.6 + 19 —21.6 + 4.6 =70 £ 22 —4.6 + 4.7
S AIL — ALY —843 + 2.1 —851+ 18 —92.6 + 1.1 —919 + 24 —83 +24 —6.8 + 3.0
6 LFL — AFL +72 + 1.0 +6.7 + 1.7 =7.5 +£ 0.7 —-9.5 + 4.6 =147 £ 1.2 —-162 + 49
7 LFL — LFY =774 + 24 -758 £ 2.0 —-90.7 + 14 -91.0 £ 1.5 —-133 £ 28 —152 £ 2.5
8 LIY — ALY —-3.1+ 18 -1.7+ 18 =73+ 1.7 -84 + 24 —42 + 2.5 —6.7 + 3.0
9 LIY — LFY 147 + 1.1 —16.0 + 2.0 —-202 + 22 —-19.5 + 1.5 =55 +24 —34 £ 25
10 AFL — AFY —822 +2.0 —-83.1+ 1.7 —92.2 +2.0 —922 + 1.1 —10.0 + 2.8 -9.1 + 2.0
11 LFY — AFY —-1.0 + 1.5 -0.7 + 1.7 —112 £ 1.2 —-10.8 £ 1.3 —-102 £ 1.9 —10.1 £ 2.1
12 AIY — AFY —-15.6 + 1.5 —-15.0 £ 1.5 —214 + 2.0 —-21.8 £ 1.3 —-58 + 2.5 —6.8 +2.0

“All free enthalpies are reported in kilojoules per mole. The errors in AAGE% were estimated from the square root of the sum of the squares of the
individual errors. The “direct” values are directly obtained from the energy trajectories from the EDS reference-state simulations using eq 2. The
“optimized” values are statistically optimal estimates according to ref 81.

denote the two end states of the mutation while the
superscripts o and B denote the 3a or 4f+a-structure,
respectively. Figure 2 shows the single-mutation pathways
resulting from the different amino acid substitutions. The
numbers used to label single-mutation pathways in the text
refer to this figure. The results for the perturbations in the 3a-
and 4f+a-structures are discussed separately in the two
following sections. For each mutation we report the free-
enthalpy difference directly obtained from the EDS reference-
state simulation using eq 2 and a statistically optimal estimate
calculated from all free-enthalpy differences within a particular
fold, including cycle closure (see Supporting Information for
additional details).®" If not otherwise stated, the values given in
the following sections are those obtained directly from the EDS
reference-state simulations because the data sets do not differ
significantly.

Amino Acid Mutations in the 3a-Structure. The single
amino acid mutations 1, 6, 8, and 11 involve the substitution
L20 — A20 with all possible combinations for residues 30 and
4S. If 45 = L, the change in free enthalpy is positive by
approximately 7.5 k] mol™’, independent of whether 30 = I or
30 = F. However, if 45 = Y, the change in free enthalpy is
slightly negative by approximately —2 kJ mol™" (AG§ = —3.1 +
1.8 kJ mol ™" for LIY — AIY and AGY; = —1 + 1.5 kJ mol™" for
LFY — AFY), again independent of whether 30 = I or 30 = F.
The weak effect amino acid 30 has on residues 20 and 45 is also
seen from perturbations 2, 4, 9, and 12 that involve the
perturbations 130 — F30 with all possible combinations for
residues 20 and 45. All free-enthalpy changes are within —18.3
to —14.7 kJ mol™!, virtually independent of the type of the
other residues. Perturbations 3, 5, 7, and 10 involve the
substitution L45 — Y4S. The free-enthalpy changes for
perturbations 5 and 10 are consistent with the results discussed
so far in that they do not depend on the nature of residue 30. A
comparison between perturbation 3 and 5 shows that the
change in free enthalpy does depend on residue 20, which is
consistent with the results discussed above. For perturbation 7,
LFL — LFY, the calculated free-enthalpy difference of —77.4 +
2.4 k] mol™" relies on rather poor sampling, as can be seen from
the time series of the energy difference AVy,(t) = Vi(t) —
Va(t), shown in Figure S6 of the Supporting Information.
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However, AGY is very similar to AG§ (LIL — LIY) as expected
due to the weak effect of the nature of residue 30.

The 12 studied perturbations allow for 6 different pathways
to estimate the change in free enthalpy for the process LIL —
AFY. The free-enthalpy changes along these pathways obtained
from Table 2 are between —91 and —96 kJ mol ™", with a mean
value of —94 kJ mol .

Table 2. Free-Enthalpy Differences for the Overall Mutation
LIL — AFY Calculated along Different Pathways Involving
Single Amino Acid Mutations in Each Step (See Figure 2)*

AGYP
path 3a-structure 4f+a-structure
1-4-10 —91.1 + 3.1 —127.5 + 32
1-5-12 —922 + 33 —125.7 + 2.8
2-6-10 933 + 27 —1184 + 2.4
2-7-11 —96.7 + 3.3 —120.6 + 2.1
3-8-12 —95.7 £ 2.5 —1209 + 3.0
3-9-11 —92.7 + 2.0 —123.6 + 2.8
average —93.6 + 2.8(3.1)® —122.8 + 2.7(5.1)°

“All free enthalpies are reported in kilojoules per mole. The errors in
AG*? were estimated from the square root of the sum of the squares
of the individual errors. bAverage error obtained using statistically
optimal estimates for each path.

We also tried to obtain direct estimates of free-enthalpy
changes for simultaneous perturbations of more than one
amino acid. However, except for LIL — AFL, no pair of
smoothness parameter and energy offset values could be
identified that resulted in sufficient sampling of both end states
in a single EDS reference-state simulation. For the perturbation
LIL — AFL, the computed value of AG* = —12.6 + 1.5 kJ
mol ™' is in agreement with the free enthalpies along the 2—6
and 1—4 paths.

For the single amino acid perturbations, the quality of
sampling was evaluated by means of the energy difference
distribution, the end-state energy distribution functions, and the
time series of the energy difference AV,(t). Figure 3 shows the
energy difference and end-state energy distributions for all
perturbations studied in the 3a-structure. In all cases the
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Figure 3. (Left panel) Energy difference distributions for the reference state, pr(AVg,) (black), and the two end states, p,(AVg,) (red) and
Ps(AVg,) (green), for each of the 12 perturbations in protein G as obtained from the EDS reference-state simulations of the 3a-structure. The 12
mutations from sequence A to B are defined in Table 1. The energy difference distributions of the end states were determined by reweighting. (Right
panel) Nonbonded solute—solute plus solute—solvent energy distributions of the EDS end states obtained through reweighting (red and dark green)
from the 12 EDS reference-state simulations and from independent MD simulations of the eight end states (orange and light green).
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Figure 4. (Left panel) Energy difference distributions for the reference state, pg(AVg,) (black), and the two end states, p(AVy,) (red) and
Ps(AVg,) (green), for each of the 12 perturbations in protein G as obtained from the EDS reference-state simulations of the 4f+a-structure. The 12
mutations from sequence A to B are defined in Table 1. The energy difference distributions of the end states were determined by reweighting. (Right
panel) Nonbonded solute—solute plus solute—solvent energy distributions of the EDS end states obtained through reweighting (red and dark green)
from the 12 EDS reference-state simulations and from independent MD simulations of the eight end states (orange and light green).

reweighted energy difference distributions exhibit high-energy
tails, showing that two distinct states are sampled in the EDS
production simulations. This is also evident from the time
series of AVg,, shown in Figure S6 of the Supporting
Information. However, the rather long residence times in
each state, in some cases amounting to more than 3 ns, are
unfavorable for an efficient use of EDS because it gives rise to a
significant computational overhead when optimizing the EDS
parameters.
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The solute—solute plus solute—solvent nonbonded energy
distributions obtained from the EDS reference-state simulations
through reweighting all have the same shape as those obtained
from independent MD simulations of the end states. In some
cases (S, 6, 8, and 12) the distributions are not exactly on top of
each other, showing the influence of conformational changes on
the sampled nonbonded energies. The consequences for the
obtained free-enthalpy changes are discussed in the next
section.
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state simulation from the same coordinates as used in the plain MD simulation of the AIY end state. The quantities and color codes are identical to

those used in Figure 4.

The statistically optimal estimates for all free-enthalpy
differences agree well with the direct results, with a maximum
difference of 1.6 kJ mol ™, further validating the reliability of the
latter.

Amino Acid Mutations in the 4f+a-Structure. In the 4f+a-
structure, the substitution L20 — A20 (1, 6, 8, and 11) was
found to depend weakly on residue 30 in addition to a weak
dependence on residue 45. If 30 = I and 45 = L, the change in
free enthalpy is AGY = —11.7 + 1.6 kJ mol™', whereas AG) =
—7.5 + 0.7 kJ mol™" if 30 = F. If 45 = Y, the free-enthalpy
change of L20 — A20 is AG§ = —=7.3 + 1.7 kJ mol™ if 30 = I
and AGl; = =112 + 1.2 kJ mol™ if 30 = F. Compared to
mutations in the 3a-structure, the changes in free enthalpy for
L20 — A20 differ less strongly along the possible sequence
combinations in the 4f+a-structure. For the perturbations 2, 4,
9, and 12 that involve the substitution 130 — F30, the variation
in free enthalpies is slightly enhanced compared to that of the
mutations in the 3a-structure. If 20 = A, AG) = —23.6 + 1.9 k]
mol~! for AIL —» AFL and AG/f —214 + 20K mol™! for
ALY — AFY.If20 = L, AGS = —=18.7 + 1.1 kJ mol™ for LIL —
LFL and AG) = =202 + 2.2 kJ mol™ for LIY — LFY. The
latter result relies on rather poor sampling as can be seen from
the time series of the energy difference AVp,(t) = V() —
Va(t) shown in Figure S6 of the Supporting Information.
However, the free-enthalpy change along the 3—9—11 path is in
good agreement with those along the other paths.

As was the case for the L20 — A20 mutation, the changes in
free enthalpy associated with the perturbation L4S — Y45 in
the 4f+a-structure show fewer differences among the possible
combinations compared to those associated with mutations in
the 3a-structure.

Therefore, we conclude that in the 4f+a structure, the effects
of changes in the amino acids are more independent of one
another than in the 3a-structure. The free-enthalpy changes
along the six different pathways are in the range from —118 to
—128 kJ mol™" with a mean value of —123 kJ mol ™.

Direct estimation of free-enthalpy changes for the simulta-
neous perturbation of more than one amino acid was not
successful because no pair of smoothness parameter and energy
offset values could be identified that resulted in sufficient
sampling of both end states in a single EDS reference-state
simulation.
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For the single amino acid perturbations, the quality of
sampling was evaluated by means of the energy difference
distribution, the end-state energy distribution functions, and the
time series of the energy difference AVg, () = V(1) — Vu(1).
Figure 4 shows the energy difference and end-state energy
distributions for all perturbations studied in the 43+a-structure.
In all cases the reweighted energy difference distributions
exhibit high-energy tails, showing that two distinct states are
sampled in the EDS production simulations. This is also
evident from the time series of AVy, shown in Figure S6 of the
Supporting Information. Again, the rather long residence times
in each state are unfavorable for an efficient use of EDS. The
result reported for perturbation 12 relied on the combined
analysis of two trajectories sharing the same smoothness
parameter value but slightly different energy offsets of —21.0
and —22.0 kJ mol™" because the sampling turned out to be
quite sensitive to the energy offset in this case.

The solute—solute plus solute—solvent nonbonded energy
distributions obtained from the EDS reference-state simulations
through reweighting all have the same shape as those obtained
from independent MD simulations of the end states. In some
cases (4, 5, 6, and 7) the distributions are not exactly on top of
each other, showing that EDS reference-state and end-state
simulations have sampled different conformations of the
protein. For the most severe case (perturbation S, AIL —
ATY), we have estimated the effect on the free-enthalpy change
by performing two simulations, the first starting from the final
configuration of the parameter update simulation (the standard
procedure used in this work), and the second from the same
coordinates and velocities as used for the end-state simulation
of the AIY sequence. The obtained end-state energy
distributions, shown in Figure S, differ significantly while the
calculated free-enthalpy changes differ by only 4.3 kJ mol™.

The statistically optimal estimates for the free-enthalpy
differences agree well with the direct results, with a maximum
difference of 1.1 kJ mol ™, except for those involved in the 1—
4—6—2 cycle. This cycle shows a comparatively large hysteresis
of 9.1 kJ] mol™", giving rise to larger uncertainites for the
involved free-enthalpy differences. The largest difference
between direct calculation and optimized results (2.7 kJ
mol™) occurs for perturbation 1, LIL — AIL.

dx.doi.org/10.1021/bi400272q | Biochemistry 2013, 52, 4962—4970
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Relative Preference of Amino Acids between the 3a- and
4p+a-Structures. The computed relative free-enthalpy differ-
ences for all single amino acid mutations are also listed in Table
1. A negative sign indicates a preference of the state B sequence
for the 4f+a-environment relative to the state A sequence.
Perturbations 1, 3, 6, 7, 10 and 11, ie, those involving the
mutations L20 — A20 or L4S — Y43, all show negative AAG
values which are at least twice as large as the maximum
uncertainty of 5 kJ mol™ and thus show a clear preference for
the 4+a-fold. The six perturbations can be grouped into three
pairs. For perturbations 1 and 3, state A represents the native
sequence for the 3a-structure, leading to AAG values with the
largest magnitude. Perturbations 6 and 7 have the sequence
LFL in state A which differs from the native sequence by the
amino acid at position 30. The effect of this substitution is
marginal, as expected, and the AAG value is comparable to that
of perturbations 1 and 3. Finally, for perturbations 10 and 11,
two of the three residues that distinguish the native Gg95-
sequence from the G,95-sequence are already present and the
effect of the last perturbation is smaller than that for the former
cases, illustrating the importance of the context in which a
mutation is performed.

For perturbations 2, 4, S, 8, 9, and 12, no or only weak
preferences for the 4f+a-structure are visible. Four cases of the
latter set (2, 4, 9, and 12) involve the transformation 130 —
F30, which is not affected by a change in the secondary
structure of amino acid 30. Perturbation 5 (AIL — AIY) shows
a preference for the 4f+a-environment that is only slightly
smaller in magnitude than —10 kJ mol™". Perturbation 8 does
not show a clear preference for the 4f+a-environment,
although it involves the mutation L20A. The latter result is
supported by experimental data that show that the variants are
unfolded when 45 =Y and 30 = I, meaning that neither of the
two structural environments is preferred in this case.'* This
shows again the importance of the context in which a mutation
is performed.

The calculated relative free-enthalpy differences are compat-
ible with the experimental findings that the amino acid
mutations L20A and L4SY are responsible for fold switch-
ing.'*® Moreover, they also show reasonable quantitative
agreement. For perturbation 7 (LFL — LFY), the calculations
predict a relative preference of the LFY sequence for the 4f+a-
fold by —13.3 + 2.8 k] mol™". It was found experimentally that
the LFL sequence prefers to fold into the 3a-structure (>90%
populated at 20 °C),"* while the relative gain in stability of the
4p+a-structure introduced by the L — Y mutation at position
45 is enough to shift the equilibrium to this state almost
completely (%99%).%* The corresponding relative free-enthalpy
difference can be calculated as AAGY, oy = —RT(In 99/1 +
In 90/10) = —16.6 kJ mol™', in good agreement with the
simulated result. For perturbation 11 (LFY — AFY), He et al.**
report switching from a predominantly (~95%) 3a-fold to a
4f+a-fold (>95% populated). The corresponding relative free-
enthalpy difference is AAGL%;_ xgy = —RT(In 95/5 + In 95/5)
—14.4 kJ mol ™", while our simulated result is —10.2 + 1.9 kJ
mol™". Note that for this particular case the experimental result
corresponds to a sequence with isoleucine at position 25, while
the simulated sequence has threonine at this position.

H CONCLUSION

The present study served two purposes. First, it complements
earlier work on the same system focusing on structural and
energetic analyses®> with an extensive thermodynamic analysis
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in terms of free enthalpies. Second, the feasibility of calculating
free-enthalpy differences for point mutations using the method
of enveloping distribution sampling (EDS) was evaluated. With
respect to the first purpose, the 12 calculated free-enthalpy
changes for each fold showed that the three investigated
residues, 20, 30, and 45, do not act independently but that the
free-enthalpy change for the L20A mutation depends on the
nature of residue 45 while the free-enthalpy change for the
L4SY mutation depends on the nature of residue 20. These
interdependencies in the 3a-structure are stronger than those in
the 4f+a-structure. The changes in free enthalpy associated
with the I30F mutation are essentially independent of other
residue changes. The calculation results support the exper-
imental findings that residues 20 and 45 are the main
conformational switches for this protein pair.

With respect to the second purpose, we conclude that the
investigated point mutations constitute a borderline case for the
efficient use of the EDS methodology without any intermediate
states between the two end states. The reasons are (i) the
significant computational overhead caused by the EDS
parameter optimization, a process which requires sufficient
transitions between the two end states, and (ii) the strong
sensitivity of the sampling quality on the EDS parameters, in
particular the energy offset. A strong sensitivity requires a
careful parameter optimization, which again increases the
computational cost. For future studies, involving large
perturbations, it might therefore be useful to include a limited
number of intermediate states (one or two) between the end
states to increase the phase space overlap and make the
parameter optimization more efficient.
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