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Entropic stabilization of native protein structures typically relies on
strategies that serve to decrease the entropy of the unfolded state.
Here we report, using a combination of experimental and compu-
tational approaches, on enhanced thermodynamic stability con-
ferred by an increase in the configurational entropy of the folded
state. The enhanced stability is observed upon modifications of a
loop region in the enzyme acylphosphatase and is achieved despite
significant enthalpy losses. The modifications that lead to increased
stability, as well as those that result in destabilization, however,
strongly compromise enzymatic activity, rationalizing the preserva-
tion of the native loop structure even though it does not provide the
protein with maximal stability or kinetic foldability.

protein folding | loop closure entropy | molecular dynamics

educing the difference in entropy between the unfolded and

folded states can increase the thermodynamic stability of a
protein. This is commonly accomplished by strategies that act to
restrict the conformational space available for the unfolded state
(e.g., decreasing loop length, macromolecular crowding, and
backbone cyclization) (1). In principle, changes that increase the
entropy of the folded state can also lead to its stabilization pro-
vided that they exceed the loss of enthalpic contributions, if sta-
bilizing interactions are perturbed by the modifications.

The current work originally aimed at studying the effects exer-
ted by changes in the length of a loop region on protein stability
and folding. As a model, we chose a loop in human muscle acyl-
phosphatase (hmAcP), a small (~100 aa) enzyme that catalyzes
the hydrolysis of the carboxyl-phosphate bond in various acyl-
phosphate compounds and presents an open o/p-sandwich struc-
ture (ref. 2, and see, e.g., refs. 3-5). The folding stability and
dynamics of hmAcP have been studied extensively and are well
characterized (ref. 6-10 and references therein). Excluding a mi-
nor cis—trans prolyl isomerization phase, it folds in a two-step
process, albeit very slowly (due to abundance of long-range in-
teractions; ref. 9), through a relatively compact, native-like tran-
sition state. The loop we chose for the modifications (hereafter
referred to as L4) connects between the second helix and the
fourth B-strand of the protein (Fig. 1) and possesses multiple in-
ternal and external contacts (refs. 3 and 4 and our own contact
analysis). The latter contacts are formed predominantly with res-
idues located in the first loop of the protein (L1), which runs along
L4 and is involved in the binding of the phosphate group of the
substrate (4, 11-15).

Characterizing the properties of hmAcP mutants carrying
deletions or insertions in L4 we found that the thermodynamic
stability of mutants in which the loop was shortened is increased
to an extent significantly larger than that predicted by polymer
models for loop closure entropy. The increased stability is pre-
dominantly due to a decrease in the unfolding rate and is attained
despite the fact that shortening of the loop is accompanied by
considerable losses in enthalpy. Given the above, we postulated
that the surplus stabilization arises from an increased confor-
mational entropy of the folded state ensemble. We provide evidence
that supports this hypothesis and show that the enhanced dy-
namics are accompanied by only relatively small rearrangements
in secondary and tertiary structure. The thermodynamically
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stabilized mutants, as well as the destabilized variants carrying
elongated loops, are all deficient in enzymatic activity, sug-
gesting that the native structure of the loop has evolved pri-
marily for function.

Results and Discussion

The WT and mutant proteins used in the study were derived from
the C21S variant of hmAcP, which was used to avoid complications
associated with free cysteine residues (7). This mutant is referred
to in the manuscript as WT hmAcP. The structure of hmAcP
has not been determined. However, the horse ortholog, for
which a solution structure is available (3), differs from hmAcP
in only five amino acids, all of which are located outside L4. We
used this structure to generate models of WT hmAcP, as well as
of the various loop-length variants used in the experiments and in
the molecular dynamics (MD) simulations (see also refs. 10, 16,
and 17).

Table 1 lists the L4 deletion and insertion mutants that were
constructed. The site chosen for the modifications encompasses
the two adjacent serine residues at positions 72 and 73, which are
located in a B-bulge at the tip of L4 that points toward the solvent.
This location was considered favorable in terms of end effects and
potential interactions between the inserts and the protein. The
deletion series consists of three mutants in which two to six resi-
dues were removed in a pairwise fashion, starting with the two
serine residues and progressing symmetrically outward. These
mutants are designated A2, A4, and A6. The deletions made in the
A4 and A6 mutants include Pro71, the substitution of which to
alanine was previously shown to result in destabilization of the
protein (9). However, as discussed below, all of the deletion
mutants we constructed are more stable than the WT. The elon-
gated loop mutants, designated V2-V12, contain stretches of 2, 4,
6, 8, and 12 glycine residues (marked in boldface in Table 1), which
were inserted between the two serine residues. Far-UV circular
dichroic (Fig. S14 and Table S1) and fluorescence emission spectra
(Fig. S1C) recorded for the mutants revealed only small variations
from the WT protein, indicating that the modifications in L4 do not
lead to major alterations in secondary or tertiary structure. All
mutants have a relative contact order similar to that of the WT
(about 20%) and kinetically folded and unfolded in a two-state
manner (excluding the proline isomerization phase).

Thermodynamic parameters derived for the proteins from
equilibrium urea denaturation and differential scanning calorim-
etry (DSC) are listed in Table S2 and drawn in Fig. 2. Going from
the mutant carrying the longest loop, V12, one sees only a very
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Fig. 1. Model of hmAcP, constructed based on the solution structure of
horse muscle AcP (Protein Data Bank ID code 1APS). L4 (residues 64-77) and
the catalytic loop (L1, residues 15-24) are shown in red and orange, re-
spectively. The conserved Arg23 and Asn41 residues, which respectively
function in the binding of the substrate’s phosphate group and the catalytic
water molecule, are shown in stick representation. The arrow marks the
location of Ser72 and Ser73, which served as the site for modifications in L4.

small change in stability (0.5 kJ/mol) up to the V6 insertion mutant
(Fig. 24). As the length of the loop decreases further, the re-
sistance of the proteins to chemical denaturation increases
significantly more rapidly, leading eventually to an additional
stabilization of ~18 kJ/mol. The dependence on loop length of the
thermal stability of the proteins exhibits a pattern that is very
similar to the one derived from the chemical denaturation ex-
periments (Fig. 2B), finally bringing the heat resistance of the
mutant carrying the shortest loop (A6) to the range of ther-
mophilic proteins.

Fig. 2C shows the dependence of the calorimetric unfolding
enthalpy, AH.,, on loop length. Moving from the WT to A6, AH,,
decreases rapidly, eventually dropping by more than 50 kJ/mol.
This decrease is most likely due to disruption of interactions in-
volving residues in L4 upon the truncations, effected directly, by
the removal of residues engaged in interactions, or indirectly, as a
result of alterations in loop geometry. Elongation of L4 by inserts
containing two, four, and six glycine residues results in AH ,, values
higher than those measured for the WT. The gain in enthalpy in
these loop-insert mutants may reflect optimization of existing
contacts or the formation of new ones, within or outside L4.
Further elongation of the loop does not lead to additional signif-
icant changes. Overall, AH,, decreases by almost 80 kJ/mol be-
tween V6 and A6. This decrease, which concurs with decreasing
loop length, opposes the measured change in conformational
stability of the proteins, which increases as the loop becomes
shorter. The gain in stability upon loop shortening must therefore
be of an entropic origin.

Increasing loop length leads to deceleration of folding and ac-
celeration of unfolding of the proteins (Table S3 and Fig. 3 4 and
B). In both cases, the plots of the natural logarithms of the rate
constants vs. loop length are nonlinear and tend to saturate as the

Table 1. Loop-length variants used in this study

Variant Sequence of L4

) WLSKVG--—---— DR

A WLSKVGS----IDR

A2 WLSKVGSP--RIDR

WT WLSKVGSPSSRIDR

V2 WLSKVGSPSGGSRIDR

va WLSKVGSPSGGGGSRIDR

V6 WLSKVGSPSGGGGGGSRIDR

V8 WLSKVGSPSGGGGGGGGSRIDR
V12 WLSKVGSPSGGGGGGGGGGGGSRIDR

Boldface indicates glycine residues.
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length of the loop increases. The magnitude of the changes,
however, differs considerably between the folding and unfolding
reactions. The effect of loop length on the folding rate of the
proteins is quite small, with the difference between the fastest (A6)
and slowest (V12) variants being about threefold. Such a relatively
small effect is in line with results obtained from phi-value analysis
(9) and Monte Carlo and MD simulations (10, 16), which indicate
that native contacts are mostly absent from 14 in the folding
transition state ensemble. By contrast, the changes in the unfold-
ing rates of the proteins extend over a range of ~250-fold. These
changes therefore dominate the changes in stability along the
loop-length series.

Previous studies conducted on flexible loop regions revealed
that the energetic consequences of changing loop length are pre-
dominantly related to the entropic cost of ordering a loop upon
folding (18-22). This effect can be approximated by simple poly-
mer models of the form

AAG(n) =cRT In(n/ny), [1]

where n denotes the number of residues in the loop of a given
variant and n,.¢ is the number of residues in the loop of a reference
mutant (usually, the one carrying the largest number of residues).
The coefficient ¢ is a correction factor that is related to the per-
sistence length and which depends on the nature of the polymer
and on the length and composition (in our case, the amino acid
content) of the loop (23, 24). To estimate the contribution of loop
closure entropy to the changes in the stability of the hmAcP var-
iants, we used Eq. 1 with two extreme values of c, one (c = 1.5)
corresponding to an ideal random-walk chain and the other (¢ =
2.44) taking into account excluded volume effects for both the
loop and the residues that flank it (18, 23). The results, depicted
in Fig. 4, show that this term can account for only a fraction of the
observed differences in thermodynamic stability within the V6-A6
range, with the relative contribution becoming increasingly smaller
as the length of the loop decreases.

The analysis described above was complemented by native to-
pology-based (Go-model) simulations. In these studies, the loop-
length series was generated by insertions of stretches of Ca beads
mimicking oligoglycine chains into the loop possessed by the A6
mutant, which was used as a reference. To isolate topological
effects, attractive noncovalent interactions involving residues
within the modified loop region were omitted, so that the folded
state of all variants is defined by the same set of native contacts.
These settings resemble the polymer-based models in the sense
that the effects produced by the changes in loop length are mostly
confined to the unfolded and transition states. Consistent with the
results derived from the kinetic analyses, increasing the length of
L4 slowed folding and facilitated unfolding (Fig. S2). However, the
magnitude of the effect on the unfolding reaction was not captured
by the simulations, which revealed only a twofold increase in the
unfolding rate upon elongation of the loop by 26 residues. In
both cases, the model predicts a linear dependence of the rate
constants on loop length, deviating from the experimentally
observed behaviors.

What, then, is responsible for the surplus entropic stabilization
of the proteins within the V6-A6 range when the length of 14 is
decreased? The data presented so far strongly indicate that the
effect is related to the properties of the folded state. One such
property is configurational entropy: If shortening of L4 leads to an
increase in the entropy of the folded state, it may stabilize the
proteins by decreasing the entropic gain of unfolding. To test this
possibility, we performed all-atom MD simulations on the WT
protein and the A6 mutant. We first addressed the structural
consequences of the deletion. The matrix shown in Fig. 54 rep-
resents the differences in interresidue distances between the two

proteins (<d§6> — (d}'T), where <d;> is the mean pairwise distance
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Effects of L4 length on hmACP stability and activity. The x-axes denote the difference in the number of residues in L4 between the loop-length

mutants and the WT. (A) Unfolding free energy (25 °C). (B) Midpoint temperature of unfolding. (C) Calorimetric unfolding enthalpy. (D) Specific activity
(25 °C). The values in D were normalized with respect to the activity of the WT protein. The data shown in this figure, as well as in Fig. 3, represent the

means + SD of at least three independent determinations.

between the Co atoms of residues i and j) derived from analysis of
1,500 snapshots observed during 10 20-ns runs. The major differ-
ences relate to residues located within 14 and L1, and the helix
adjacent to L1, al. They amount to a small shift in the position of a1
(which also becomes slightly kinked) in the mutant, which moves o1
away from the p-sheet as well as from the second helix (a2). The
shift is induced by a conformational change in L1, which results in
a movement of its C terminal toward L4. This repositioning is en-
abled in A6 because the p-bulge in L4 that lies below L1 is removed
by the deletion. Overall, however, the structure of the two proteins is
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similar, consistent with the far-UV CD and fluorescence emission
data. This is further supported by near-UV CD analysis, which is
extremely sensitive to changes in the microenvironment around
aromatic residues. As can be seen (Fig. S1B), the major difference
between the spectra recorded for the WT and A6 is a lower am-
plitude of the signal up to ~275 nm in the spectrum of the latter, but
the positions of the maxima and minima are conserved. The de-
crease in the amplitude at short wavelengths may reflect perturba-
tions of interactions between 14 and Tyr25 in ol (our own contact
analysis) and/or change in the distance (dy, = 2.75 A) between
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Fig. 3. Dependence on L4 length of folding (A) and unfolding (B) rates, measured at 25 °C.
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Fig. 4. Changes in stability predicted by the loop entropy model, using ¢
values of 1.5 (O) and 2.44 (@). The experimentally determined differences in
unfolding free energy are marked by (A). Values were normalized with
respect to the stability of the V12 mutant.

Tyr25 and Trp64 in LA4. As discussed below, it may also reflect the
altered dynamics of the folded state of the mutant. The differences
between the spectra recorded for the other deletion mutants and the
WT are even smaller (Fig. S1B).

Next, we examined the impact of the six-residue truncation in
L4 on the conformational flexibility of the protein. Fig. 5B shows
the differences in the SDs of the interresidue distances between A6
and the WT. The matrix reveals that the variance of the distances
is generally higher in the mutant. The most prominent increases
are apparent in regions corresponding to distances between resi-
dues located in L1 (C terminal) and al and residues in a2, the first
(B1), second (p2), third (p3), and fifth (B5) strands of the sheet, and
the loop that connects the fourth strand (p4) to pS. These increases
most likely result from the removal of the p-bulge in L4 and the
breakage of hydrogen bonds it makes with L1 by the deletion,
lessening restrictions on the motion of L1 and the adjacent helix.
Other, more localized, increases are observed for residues located
in o2 and the B-turn connecting strands 2 and 3. An opposite effect
is exhibited mainly by residues located at the edges of L4, partic-
ularly at the N terminal, for which the SDs are mostly lower in the
mutant. Notably, albeit being overall more flexible, A6 has, on
average, a smaller solvent-accessible surface area (Fig. S3).
Results obtained from experiments using the fluorescence probe
8-anilino-1-naphthalene sulfonate (ANS) are in line with this no-
tion, showing that binding of the dye to the loop-length variants
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decreases with decreasing loop length (Fig. S1D). These results
are consistent with the decrease observed between A6 and V6 in
the m-values (Tables S2 and S3), which correlate to the difference
in the accessible surface area between the folded and unfolded
states (refs. 25-29 and references therein).

To quantify the differences apparent in Fig. 5B, we followed ref.
30 (see also ref. 31) and used the covariance matrices of the atomic
fluctuations observed in the MD trajectories to estimate the con-
figurational entropy of the folded state ensemble of the two pro-
teins. The analysis yielded values of 1.61 and 1.72 kJ/mol-K for WT
and A6, respectively. At 25 °C, the consequence of this difference
in internal entropy is stabilization of the folded state of A6 over
that of the WT by 32.8 kJ/mol—almost an order of magnitude
larger than the stabilization conferred by the corresponding dif-
ference in loop closure entropy (3.63 kJ/mol, with ¢ = 2.44). Using
Kirchhoff’s relation, the folding enthalpies of the WT and A6 at
25 °C are estimated to be ca. —151 and —127 kJ/mol. Given this
and the differences in configurational and loop closure entropies,
the A6 mutant is expected to be stabilized (at 25 °C) by ~12 kJ/mol
compared with the WT, not too far from the experimentally de-
termined difference of 10.5 kJ/mol (Table S2). Further analysis
reveals that the secondary structure that contributes the most to
the increase in the configurational entropy of A6 is a2 (Table S4).
The first helix, 3, and p4 each contributes less than 50% com-
pared with o2; contributions made by p1, 2, and by the catalytic
loop (L1) are yet smaller, in the latter case likely reflecting the high
flexibility of this loop in the native protein in the absence of ligand
(4). The terminal strand of the sheet (B5) is found to be more
restricted in the mutant than in the WT. Separating the con-
tributions of backbone and side-chain atoms to the overall in-
crease in folded state entropy of the mutant, we found the relative
weight of backbone disordering to be similar to or larger than side-
chain mobility for al, a2, 2, and L1. This is reversed in the first,
third, and fourth strands of the sheet, where side-chain mobiliza-
tion makes a comparatively larger contribution.

The catalytic pocket of hmAcP is located in a cleft between L1
and the B-turn connecting 2 and p3, which lies above L1 (Fig. 1).
L1 adopts a cradle-like conformation, characteristic of phosphate-
binding pockets, and functions in the binding of the phosphate
moiety of the substrate and the stabilization of the transition in-
termediate. The active site is completed by a conserved arginine
residue (Arg23), located at the interface between L1 and a1, which
serves as the primary binder of the substrate phosphate group, and
by an asparagine residue (Asn4l), located in the p-turn, which
binds the catalytic water molecule (4, 12-15). As shown in Fig. 2D,
alterations in L4 length, caused either by deletion or by insertion
of residues, lead to a marked decrease in enzymatic activity. As
was observed for the thermodynamic and kinetic parameters, the
effect is sharper and more extensive in the deletion mutants.
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Fig. 5. Differences in mean interresidue distances (<d§5>—<d};‘” ) (A) and their SDs (SDd,?G—SDd)J’-VT) (B) between A6 and WT hmAcP, as derived from
analysis of snapshots from all-atom MD simulations. The white areas correspond to residues in L4 that are absent in the mutant. Secondary structures (defined
by DSSP): a1 (residues 25-33), a2 (residues 55-63), f1 (residues 6-14), B2 (residues 36-40), B3 (residues 46-54), p4 (residues 78-85), and p5 (residues 94-97).
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Uniquely here, however, the largest changes occur between the
WT and the first deletion (A2) and insertion (V2) mutants, sug-
gesting an important role for L4 in substrate binding and/or hy-
drolysis, probably by affecting L1 conformation and dynamics, as
indicated by the all-atom MD simulations.

Proteins are subjected to various energetic and topological
frustrations (32-34), which are often related to function (refs. 35,
36 and see, e.g., refs. 37 and 38). Buried polar or charged residues,
as well as water molecules and prosthetic groups, all of which are
generally energetically unfavorable, often serve in ligand binding
or catalysis. Similarly, the possession of long, flexible loops in-
creases the entropic penalty for folding, but such loops are fre-
quently involved in binding or required to enable localized or long-
range conformational motions during catalysis or movement. Al-
though such frustrating motifs can often be engineered out to in-
crease stability or to facilitate folding, this almost always comes at
the expense of function, reflecting the highly specific nature of the
requirements it imposes. This is also the case for L4, where the
native structure of the loop does not confer hmAcP with maximal
conformational stability or kinetic foldability, but is required for
optimal activity. Clearly, the energetic penalties associated with
frustrating motifs cannot be too large, and one way to achieve this
is by placing the motives in regions that do not have a critical
impact on the integrity of the folded state structure, such as sol-
vent-protruding loops like 4. A somewhat similar situation exists
in dry globules, where the relatively moderate (and, likely, non-
uniform) loss of packing interactions in the semifolded, expanded
structures is partially compensated by an increase in backbone and
side-chain entropy (ref. 39 and references therein). Finally, many
proteins exhibit large-amplitude conformational fluctuations,
which are conventionally assigned functional significance. In light
of the results presented in this work, we propose that these fluc-
tuations could also act to increase the stability of the proteins,
implying that, despite the above, thermodynamic stability and
function may not always be in conflict.

Materials and Methods

Cloning and Purification. A synthetic gene encoding for the C21S variant of
human muscle acylphosphatase was purchased from GeneArt and was cloned
and altered by standard procedures to produce the truncation and insertion
loop variants. The identity of the genes encoding for the WT and mutant
proteins was confirmed by DNA sequencing. Protein expression was carried out
in Escherichia coli BL21 cells transformed with pET45, following isopropyl -p-1-
thiogalactopyranoside (IPTG) induction (ODggo ~0.6, 0.1 mM). Bacteria were
lysed by sonication in a mixture containing 50 mM Tris-HCI (pH 8), 500 mM
NacCl, 1 mM PMSF, protease inhibitor mixture (Calbiochem), DNase (1 mg/mL),
and lyzosyme (40 U/mL). Following Ni capture (HiTrap chelating HP; GE
Healthcare) and size-exclusion chromatography (HiLoad 16/60 Superdex
200; GE Healthcare), the hexahistidine tag at the N terminus of the proteins
was removed by tobacco etch virus (TEV) cleavage. The samples were then
subjected to another Ni-affinity purification step to remove the His-tag-TEV
fragment, the (His-tagged) protease, and uncleaved protein. The purified
(~95%) proteins [verified by proteolytic digestion and mass spectrometry
(Reflex Il MALDI-TOF; Bruker)] were flash-frozen in a buffer containing
50 mM Tris-HCI (pH 8.0), 0.1 M NaCl, and 10% glycerol and stored at —80 °C.
Immediately before use, they were dialyzed against 50 mM sodium acetate
buffer (pH 5.5), which was used in all measurements performed in this study.

CD and Fluorescence Spectroscopy. CD spectra were recorded on a Chirascan
spectropolarimeter (Applied Photophysics) calibrated with a solution of am-
monium d-10-camphorsulfonate. Far-UV CD spectra were acquired using
1-mm path-length cuvettes, a step size of 0.5 nm, a bandwidth of 1 nm, and
a time constant of 1 s. Protein concentration was 0.4 mg/mL. With the ex-
ception of the thermal denaturation experiments, the temperature was 25 °C.
Near-UV CD spectra were recorded on 0.4 mg/mL protein solutions at 25 °C
with 10-mm path-length cuvettes, a step size of 0.5 nm, a bandwidth of 1 nm,
and a time constant of 1 s. Fluorescence emission spectra (0.4 mg/mL protein,
25 °C; hex = 280 nm) were recorded with a FluoroLog 3 (HORIBA Scientific)
spectrofluorometer in 1-cm optical path-length cuvettes. In the experiments
conducted in the presence of ANS (100 pM; protein concentration, 0.4 mg/mL)
the excitation wavelength was 375 nm. Before recording, the proteins were
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let to interact with the dye for 1 h. Following acquisition, the spectra (CD and
fluorescence) were corrected for buffer (and dye, in the experiments in-
volving ANS) contributions, averaged, and smoothed using sliding windows
of 1.5 nm (far- and near-UV CD) or 3 nm (fluorescence).

Stability. Equilibrium urea denaturation curves were obtained by monitoring
the mean residue ellipticity at 222 nm (time constant, 60 s) of equilibrated
protein samples (0.4 mg/mL) in 1-mm path-length cuvettes at 25 °C. The data
were analyzed according to ref. 40. Differential scanning calorimetric mea-
surements were conducted on degassed samples (protein concentration,
1 mg/mL) with a VP differential scanning microcalorimeter (GE Healthcare).
Heating and cooling cycles were carried out over a temperature range of 20—
90 °C at a scanning rate of 1 °Umin. The reversibility of the transition (de-
termined by comparison of the endotherms exhibited by consecutive scans) was
between >95% and ~80%, depending on the protein variant. Thermodynamic
parameters (T, AHm, and ACp), were obtained from fitting of the molar heat
capacity vs. temperature plots, assuming a temperature-independent AC, (41);
the B (AHyW/AH,,,) values were between 1.01 and 1.08. Denaturation/renaturation
curves, obtained by following the change in the 222-nm ellipticity as a function
of the temperature, yielded T,, values that were essentially identical to those
determined by the scanning calorimetric measurements. The temperature was
increased (or decreased) over the range of 20-90 °C at a rate of 1 °Umin. Once
the desired temperature was reached, the samples were let to equilibrate for
60 s and the ellipticity was recorded over an additional period of 60 s.

Kinetic Analyses. The folding and unfolding kinetics were followed at 25 °C by
monitoring the intrinsic emission fluorescence changes of the proteins (Aex =
280 NM; Aem > 315 nm), using Applied Photophysics SW-17 stopped-flow and
SLM Aminco MC200 spectrofluorometers, respectively. The rate constants (at
a given concentration of urea) were obtained by fitting the traces to single-
exponential curves. The rate constants in the absence of denaturant and the
kinetic m-values were derived from the plots of the natural logarithms of
the rate constants vs. denaturant concentration.

Activity Assays. The (specific) activity of the proteins (50 pM) was determined
at saturating substrate concentration (20 mM) by monitoring the hydrolysis
of benzoyl phosphate (synthesized following ref. 42), as described (43).

Molecular Dynamics Simulations. Off-lattice Go-model simulations were per-
formed on a series of hmAcP loop-length variants with the A6-loop-trun-
cated mutant serving as a template. The series was generated by insertion of
stretches containing up to 26 Ca beads into the loop. Noncovalent attractive
interactions made by residues within the modified region in the loop were
omitted. Otherwise, the simulations were carried out as described (44, 45).
Potential of mean force curves and stability analyses were carried out using
the Weighted Histogram Analysis Method (46). Folding and unfolding rates
were determined using the mean passage time method (45).

All-atom MD simulations were performed using GROMACS (v4.5.4; ref. 47).
The proteins were solvated in a periodic box with pre-equilibrated TIP3P
water molecules in the presence of sodium and chloride ions. Side-chain
potentials were used as defined in the AMBER99SB-ILDN force field; covalent
bonds were constrained using the Linear Constraint Solver algorithm. Equa-
tions of motion were integrated using a leapfrog algorithm with a time step
of 2 fs. Before the runs, the proteins were subjected to short energy mini-
mization, using steepest descent algorithm. The solvated systems were then
equilibrated by gradually increasing the temperature to 300 K. Equilibration
proceeded in two phases, with the first one conducted under an NVT en-
semble and the second under an NPT ensemble, both for 100 ps. All simu-
lations were carried out at constant pressure (1 atm) and temperature
(300 K); the latter was controlled using a modified Berendsen coupling pro-
cedure. Periodic boundary conditions were used in all three dimensions. WT
hmAcP and the A6 mutant were subjected to 10 runs of 20 ns. Analysis was
performed on 1,500 snapshots (150 from each run) obtained during the last
15 ns of the trajectories. Solvent-accessible surface areas were calculated
using a GROMACS module based on the double cube lattice method.
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