
An NMR Confirmation for Increased Folded State Entropy Following
Loop Truncation
Yulian Gavrilov,*,† Shlomi Dagan,‡ Ziv Reich,‡ Tali Scherf,*,§ and Yaakov Levy*,†

†Department of Structural Biology, ‡Department of Biomolecular Sciences, and §Department of Chemical Research Support,
Weizmann Institute of Science, Rehovot 76100, Israel

*S Supporting Information

ABSTRACT: Previous studies conducted on flexible loop regions in
proteins revealed that the energetic consequences of changing loop
length predominantly arise from the entropic cost of ordering a loop
during folding. However, in an earlier study of human acylphosphatase
(hmAcP) using experimental and computational approaches, we
showed that thermodynamic stabilization upon loop truncation can
be attributed mainly to the increased entropy of the folded state. Here,
using 15N NMR spectroscopy, we studied the effect of loop truncation
on hmAcP backbone dynamics on the picosecond−nanosecond
timescale with the aim of confirming the effect of folded state entropy
on protein stability. NMR-relaxation-derived N−H squared generalized
order parameters reveal that loop truncation results in a significant
increase in protein conformational flexibility. Comparison of these
results with previously acquired all-atom molecular dynamics
simulation, analyzed here in terms of squared generalized NMR order parameters, demonstrates general agreement between
the two methods. The NMR study not only provides direct evidence for the enhanced conformational entropy of the folded
state of hmAcP upon loop truncation but also gives a quantitative measure of the observed effects.

■ INTRODUCTION

Changes in native state conformational dynamics can affect
protein function significantly. Conformational heterogeneity
and dynamics play an important role in protein−ligand
binding1−5 and allostery,6 and should be explicitly considered
in protein evolution and design.7 Structured loops in proteins
usually possess a high level of conformational flexibility, which
is often related to their function.8 Loops can adopt specific
conformations, for example, to assist protein recognition.9−12

In addition to their connecting and functional roles, flexible
regions can affect the kinetics and thermodynamics of the
whole protein.
Previously it was shown that loop length variation can affect

protein thermodynamic stability. This effect is mostly related
to the entropic cost of ordering a loop on folding.13−17 An
unfolded state ensemble of proteins with shorter loops has
lower configurational entropy (i.e., smaller entopic cost for
loop closure), and thus greater thermodynamic stability.
However, in our recent studies using computational and
experimental tools, we demonstrated that shortening the
length of the loop can substantially affect protein stability by
increasing the protein’s native state entropy,18,19 in addition to
its effect on the unfolded state, as predicted by the entropic
cost of loop closure. Specifically, we showed that deletion of
two, four and six residues from the L4 loop of human muscle
acylphosphatase (hmAcP) results in gradual thermal and
chemical stabilization of the protein. This effect can be quite

significant, with the deletion of six residues (S71, P72, S73,
S74, R75, I76) resulting in ∼2 kcal/mol stabilization of the Δ6
mutant relative to the wild type (WT) protein.18 Notably,
calorimetric measurements showed that unfolding enthalpy
decreases substantially upon loop truncation. This decrease
opposes the measured change in conformational stability of the
proteins, which, as mentioned above, increases as the loop
becomes shorter.18 Furthermore, the truncation had only a
very small effect on the folding rate of the protein but led to a
marked decrease of the unfolding rate. These features cannot
be explained solely by contribution decrease in loop closure
entropy and indicate that the stabilization of hmAcP upon loop
shortening is related, at least in part, to the properties of the
folded state.
Indeed, using molecular dynamics (MD) simulations, we

demonstrated that shortening the L4 loop leads to an increase
in the entropy of the folded state, which stabilizes the proteins
by decreasing the entropic gain of unfolding.18 We further
showed that this entropic effect arises from an increased
flexibility of both the backbone and side chains. In order to
generalize the effect of loop length shortening on the
conformational entropy of the native state, we subsequently
studied this effect in three other proteins: ubiquitin
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conjugation E2 enzyme Ubc7, and two circular permutants of
the α-spectrin SH3 domain, in which we gradually deleted
residues in selected loops (two, four or six residues in hmAcP
and Ubc7, and two or four residues in the SH3 permutants)
and quantified the dynamics of the WT and the loop-shortened
variants.19 Using all-atom MD, we found that an increase in the
native state entropy following loop shortening is not unique to
hmAcP, yet nor is it a general consequence of loop truncation.
It still remains unclear which loops, upon shortening, are
expected to exhibit this effect on conformational entropy.
Squared generalized NMR order parameters (hereafter

NMR order parameters, S2), which can be derived from
relaxation experiments, describe the amplitudes of motion on
the fast picosecond−nanosecond timescale and can be used to
estimate the conformational entropy of a protein. Here, we
directly experimentally characterized the effect of loop
truncation on hmAcP backbone dynamics on the pico-
second−nanosecond timescale by 15N NMR relaxation. We
focus on quantification of the conformational dynamics of the
backbone because it is expected to be affected by the loop
truncation. Side-chain dynamics, which is not strictly coupled
to backbone dynamics, obviously contributes to the conforma-
tional entropy of the native state.20 While the side-chain
entropy in the folded state is expected to be affected, for
example, upon ligand binding,21−23 loop truncation is expected
to have a larger effect on the backbone dynamics. Large change
in backbone entropy was also observed for some proteins upon
ligand binding.24−26 Measuring backbone entropy can there-
fore capture the effect of truncation on protein stability, but

complete quantification may demand estimation of the
sidechain entropy.

■ METHODS

The relaxation experiments were performed on the WT and
the Δ6 variant at two magnetic field strengths, 14.1 and 18.8 T,
at 293 K. hmAcP protein, which is a small 99 residue enzyme
that catalyzes the hydrolysis of the carboxyl−phosphate bond
in various acylphosphate compounds and presents an open α/
β-sandwich structure,27 was studied previously in solution
using NMR by Fusco et al., who assigned 1H, 13C and 15N
resonances for the WT protein.28 The 3D NMR-derived
solution structure has, however, been determined only for the
horse orthologue of hmAcP.29 This protein differs from
hmAcP in only five amino acids, all of which are located
outside of the truncated L4 region. This structure was formerly
used by us to generate homology models of WT and Δ6
hmAcP. The two helices (α1, α2) of the protein run almost
parallel to each other; the main chain geometry of antiparallel
β sheet is quite regular. The two helices pack closely onto the β
sheet with the helix axes parallel to the strands of the sheet.29

L1 loop connects α1 with β1 and L4 connects α2 with β4
(Figure 1, insertion).
To track the residue-specific dynamics of N−H bond vectors

of the WT hmAcP protein and its Δ6 variant, 1H−15N
correlations in the corresponding 15N heteronuclear single-
quantum coherence (HSQC) NMR spectra were assigned
using multidimensional triple resonance NMR techniques, and

Figure 1. (A) Squared generalized order parameters for backbone N−H groups (S2) derived from NMR (magenta) and MD (gray) data for the
WT (upper panel) and the truncated Δ6 variant (lower panel) of the hmAcP protein. (B) The difference in NMR-derived squared generalized
order parameters between the truncated and WT variants: ΔS2 = S2(Δ6) − S2(WT). The borders of the structural elements are depicted at the top
of each spectrum. Insertions: The structure of the hmAcP protein showing ΔS2 per residue. The color scale is from −0.1 (red) to 0.1 (blue).
Truncated residues in L4 (Δ6) are shown in black; the borders of the truncated region are indicated by the scissors sign. The homology model of
hmAcP is based on the solution structure of the horse orthologue of hmAcP (PDB code: 1APS); hmAcP sequence (truncated residues are in bold
and underlined).
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15N,13C-labeled samples (see Materials and Methods in
Supporting Information). Assignment of the WT protein was
verified by comparing the assignments to those made by Fusco
et al. at 298 K.28 In total, 96 out of 97 non-proline residues
were unambiguously assigned for WT hmAcP and considered
in further dynamics analysis. Similarly to the previous study,28

the solvent-exposed G70 signal was not observed in the HSQC
NMR spectrum.

■ RESULTS AND DISCUSSION
Previous far-UV circular dichroic and fluorescence emission
spectra revealed no major changes in hmAcP structure upon
L4 loop truncation.18 NMR spectroscopy reveals that, for most
residues, the observed 1H, 15N chemical shifts of the WT and
Δ6 mutant are similar. The differences in 1H, 15N chemical
shifts between WT and Δ6 (ΔCS, Supporting Information)
are presented in Figure S1. Changes in chemical shift reflect
changes in the chemical environment, which are expected for
those Δ6 residues in the vicinity of the truncated region. Many
of the Δ6 residues whose N−H HSQC correlation signal
significantly changes position (ΔCS > 0.50 ppm) are indeed
located close to the truncation site, being either sequentially
(S67, K68, V69, and D77) or spatially (S22, Y26, T27, and
S96) neighboring residues therein. Other residues that
exhibited significant change in their chemical shifts (V18,
D29, and V48) are located in parts of the protein that directly
interact with the truncated L4 residues and may experience
changes in their local environment. For N- and C-terminal
residues, M1 and S96 (ΔCS > 1.00 ppm) MD simulations
revealed a noticeable change in the relative position of these
terminal residues in Δ6.19 Serine 82 is also characterized by a
very high ΔCS value (1.58 ppm). This large change in the
chemical environment could be related to changes in the
strength of the hydrogen bond interaction between its N−H
group and backbone oxygen of D11 in neighboring beta strand.
For Δ6, residues R17, V21, F23, and G46, which are located in
flexible regions of the protein,19 were not observed in the
NMR spectra. Therefore, out of the 92 non-proline residues,
88 were considered in further dynamics analysis.
The picosecond−nanosecond timescale conformational

dynamics of WT and Δ6 hmAcP were studied using the
Lipari−Szabo model-free (MF) formalism, including its
extended form.30−33 Squared generalized order parameters,
S2 derived by this method, are typically interpreted as
amplitudes of picosecond−nanosecond local motions. As
such, S2 may be used to estimate the contribution of a
particular relaxation probe (N−H bond, in this case) to the
conformational entropy of a protein.34−36 15N R1, R2 and
heteronuclear NOE data were fit on a per-residue basis using
the five MF motional models (MF 1−5).37 Since the ratio
between parallel and perpendicular components (D∥/D⊥) of
the rotational diffusion tensor which describes the overall
tumbling of a molecule is quite high for Δ6 (1.38), we
assumed an anisotropic tumbling. Our motivation was to
compare the backbone dynamics for each residue in the WT
and in Δ6, thus the final choice of the model was based on
how well it fits each N−H group in both proteins. The
optimized MF parameters for the analyzed residues are
presented in Tables S1 and S2. Although in the case of WT
hmAcP, 96 non-proline residues were unambiguously assigned,
the peaks of residues S2, Q19, M25, and S44 were too weak to
be observed in the NMR relaxation experiments. For Δ6, the
peaks of residues G16, V18, G20, R24, S44, T47 and S82 were

either too weak (line broadening) or their relaxation
parameters could not be fitted. In total, the picosecond−
nanosecond conformational dynamics comparative study
comprised 77 residues (out of 92 non-proline residues that
are identical in the WT and Δ6) for which NMR relaxation
data for both hmAcP proteins were available. The values of
NMR-derived backbone order parameters were in the range of
0.20−0.99 for WT and 0.06−0.96 for Δ6 (Figure 1A);
weighted mean values were 0.82 ± 0.14 (WT) and 0.67 ± 0.12
(Δ6). The greater order parameters for WT than Δ6 is further
illustrated by the derived weighted pairwise root-mean-square
deviation (rmsd)5 which equals 0.10 (see Materials and
Methods in Supporting Information). The values above are
given without considering the A4 residue (see discussion
below). Further, exclusion of five N-terminal and five C-
terminal residues from these calculations still results in higher
values for WT: weighted mean values are 0.84 ± 0.13 (WT)
and 0.76 ± 0.12 (Δ6). These values suggest that the observed
difference in the order parameters cannot be explained solely
by the terminal effects. In general, these values indicate that,
consistent with our previous findings,18,19 truncation of L4
significantly increases the overall flexibility of hmAcP,
manifested here as a decrease in backbone order parameters.
Backbone N−H group order parameters were extracted from

previously acquired 2−2.5 μs MD simulations of WT and Δ6
hmAcP,19 using the iRED method.38 The latter relies on a
principal component analysis of the isotropically averaged
covariance matrix of the lattice functions of the spin
interactions responsible for spin relaxation (dipolar inter-
actions and chemical shift anisotropy).38 The values obtained
were compared with the NMR-derived experimental data
(Figure 1A; for details see Materials and Methods in
Supporting Information). For the MD-derived order parame-
ters, weighted mean values were 0.86 ± 0.002 (WT) and 0.86
± 0.003 (Δ6); the weighted pairwise rmsd was 0.02. Thus, the
simulations do not show any change in average S2 values. A
per-residue comparison of the NMR and MD-derived
backbone order parameters (S2) revealed low correlation
between the values derived for the two proteins (R2 < 0.40).
However, at the level of secondary structures (where S2

denotes the sum per secondary structural element) the
correlation became much higher: RWT

2 = 0.87 and RΔ6
2 =

0.85 (see also Figure S2). Thus, although there are some
differences in S2 at the residue level between WT and Δ6, the
two methods exhibit the same trends along the sequence. This
level of similarity between the NMR and MD data for the
backbone N−H order parameters is relatively good. The
correlation between experimentally and computationally
measured order parameters is often lower than 0.8.39 While
several studies showed good agreement between entropy
measured from NMR and MD simulations,20,40 an improve-
ment in MD force-fields is needed in more properly
representing side-chain flexibility and in achieving extensive
sampling of backbone dynamics to further increase the
correlation.38,41,42

A per-residue analysis of the difference in NMR-derived
order parameters, ΔS2 (the difference between the S2 values of
Δ6 and WT hmAcP) (Figure 1B) reveals which parts of the
protein are mostly affected by the truncation of the L4 loop.
The most pronounced effect is observed for the N-terminal
region of the protein, where the backbone dynamics of resides
M1, T3, and A4 are significantly increased upon loop
truncation. This region is quite far from the L4 loop but is
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connected to the β1 strand, through several residues that are
also significantly affected by the truncation. The β1 strand
continues into the L1 loop, which is located above the L4 loop.
Our previous studies showed that L1 forms many contacts with
L4, including with residues in the truncated region (G20−S74,
G20−R75, G20−I76, V21−S75, V21−R75, V21−I76; S22−
P72, S22−S73, S22−S74, S22−I76, F23−S76, R24−P72,
M25−P72). The loss of most of those contacts upon
truncation may affect proximate regions and disrupt the
contacts between α1 and the end of L4, between L4 and L1,
and between L4 and L3, thereby increasing the overall
flexibility of the angle between the α1 and α2 helices (see
ref 19 for further details). We note that residue A4 exhibits an
especially large increase in N−H flexibility (ΔS2 = −0.75).
However, because the relaxation data for A4 in WT was not
fitted well with any of the MF models (χ2 > 1000), we
excluded its contribution from further analysis.
Out of fifteen residues that are not observed in the NMR

picosecond−nanosecond dynamics analysis (of WT and/or
Δ6) nine belong to the L1 loop, including its C-terminal helix-
like segment (G16−M25, excluding S22). To probe the
presence of slow motions and hence check if these residues are
related to microsecond−millisecond exchange line-broadening,
we performed an 15N relaxation dispersion experiment43−45 for
Δ6. However, the relaxation dispersion curves (data not
shown) did not show a significant Carr−Purcell−Meiboom−
Gill field dependence, which indicates the absence of
noticeable slow timescale dynamics for the L1 loop (see
Materials and Methods in Supporting Information).
The per-residue difference in the backbone order parameters

for the middle regions of the hmAcP sequence (from α1 to α2)
upon loop truncation is quite diverse and varies significantly
from residue to residue, even within the same secondary
structural element. In general, residues close to the truncated
part exhibit systematically decreasing backbone flexibility. At
the beginning of the L4 loop and after the Δ6 deleted region,
three residues have positive ΔS2 values. This is expected since
the truncation decreases the conformational space accessible to
the elements connected to the removed segment (the
remaining of L4 and the beginning of β4). In contrast to the
residues close to the truncation site, residues in the rest of β4
and in the C-terminal L5 systematically present increased
backbone conformational flexibility (with a few exceptions).
This was also indicated in our computational study and may be
related to the significant change in the positions of these
residues in Δ6.19 In contrast to other L5 residues, C-terminal
Y99 is characterized by a small positive ΔS2 value. This effect
may be related to the spatial proximity of Y99 to W39, which is
also characterized by the positive ΔS2 value. According to the
homology model of hmAcP, the sidechains of these residues
can form a π-stacking interaction. Even slight changes in their
relative orientation in Δ6 may increase the strength of this
interaction and decrease conformational flexibility in this
region of the protein.
To obtain a quantitative measure of the observed effects, we

estimated the entropic effect of the truncation of hmAcP L4
loop. The change in conformational entropy upon protein
modifications or binding can be estimated from the order
parameters.35,36,46 In our case, we used the dictionary approach
developed by Li and Bruschweiler to obtain entropy from
NMR order parameters.46 This approach interprets entropy
derived from order parameters in terms of dihedral angle
dynamics. In addition, we estimated the conformational

entropy of the studied systems from MD simulations using
distributions of the backbone dihedral angles5,47−54 (see
Materials and Methods in Supporting Information). The
distributions of TΔSbackboneNMR and TΔSbackboneMD , summed over each
secondary structural elements, are presented on the homology
model of hmAcP (Figure 2). At the level of the secondary

structures, TΔS values derived from MD compare well with
those determined by NMR, with one exception regarding the
conformational flexibility of the N-terminal region.
Overall, the two approaches agree that the increased entropy

of Δ6 folded state is a global effect rather than one localized to
the truncation site. The difference in entropic contributions
from backbone atoms derived from the NMR experiments is
TΔSbackboneNMR = 3.80 ± 0.11 kcal/mol whereas that derived from
the MD simulations is TΔSbackboneMD = 3.35 ± 0.90 kcal/mol,
remarkably close to the experimentally-derived value. The
estimated increase in sidechain entropy of Δ6 compared to the
WT is TΔSsidechainsMD = 3.88 ± 1.17 kcal/mol, which is similar to
increase in backbone entropy. The total change in entropic
contributions (backbone and sidechains) to the stability of the
folded state between the WT and Δ6 is thus 7.60 ± 0.50 kcal/
mol. According to our previous experimental data, the
difference in entropic contributions to the overall thermody-
namic stability between the two proteins is 14.90 ± 0.56 kcal/
mol.18 According to the same study, changes in folded state
entropy upon loop truncation should amount to about 60% of
this value (∼8.90 kcal/mol). Based on these estimates, the
difference between NMR-derived folded state TΔS and

Figure 2. Difference in entropic contribution (TΔS, kcal/mol)
between Δ6 and WT hmAcP. The color scale is from −1 (blue) to 1
(red) kcal/mol. The values are presented as the sum per structural
element for NMR-based (top) and MD-based (bottom) data.
Truncated residues in L4 (Δ6) are shown in black; the boarders of
the truncated region are indicated by the scissors sign. The homology
model of hmAcP is based on the solution structure of the horse
orthologue of hmAcP (PDB code: 1APS).
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previously obtained experimental data is about 1.5 kcal/mol.
We note that fifteen residues were not observed in the NMR
picosecond−nanosecond dynamics analysis. The derivation of
TΔS from S2 is based on the assumption that the orientations
of the bond vectors are statistically independent of other
degrees of freedom of the molecule,35 which is not always the
case.55 Moreover, it was shown that correlation in fluctuations
of flanking and non-flanking backbone torsion angles may lead
to overestimation of conformational entropy.26 To check this
possibility, we used an alternative approach, developed by
Sharp et al.26 in order to estimate the difference in entropic
contributions from backbone atoms derived from the NMR
experiments and MD simulations. Although, the obtained
values (TΔSbackboneNMR = 3.34 ± 0.26 kcal/mol; TΔSbackboneMD = 1.99
± 0.01 kcal/mol) are not identical to the values calculated
using distributions of the backbone dihedral angles, they too
lead to the same conclusions.

■ CONCLUSIONS
The results presented here correlate well with the previously
suggested mechanism of entropic stabilization of hmAcP upon
shortening a long loop.18 The greater backbone conforma-
tional entropy upon loop truncation is reminiscent to the
increased backbone entropy observed by NMR upon binding
of hydrophobic ligand.25 Future study will quantify by NMR
the contribution of sidechain flexibility to the increased
entropy due to the loop truncation. The consistency between
the NMR and MD simulations supports our previous
computational analysis of changes in folded state conforma-
tional dynamics in the truncated proteins.18,19 Finally, the
NMR-derived data presented in this study provide direct
experimental support for the notion that protein thermody-
namics can be modulated not only by the enthalpy of the
folded state but also via its entropy.18,19,56
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