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The three-dimensional structure of a protein is stabilized by a number of different atomic
interactions. One of these is hydrogen bonding. Its influence on the spatial structure of the hen egg white
lysozyme is investigated by replacing peptide bonds (except those of the two proline residues) by ester
bonds. Molecular dynamics simulations of native and ester-linked lysozyme are compared with the native
crystal structure and with NOE distance bounds derived from solution NMR experiments. The ester-
linked protein shows a slight compaction while losing its native structure. However, it does not unfold
completely. The structure remains compact due to its hydrophobic core and a changed network of
hydrogen bonds involving side chains.

Introduction. – Since the first elucidation of the spatial structure of a protein, the
desire to understand the particular interactions that hold a protein in its native fold has
driven a great variety of investigations, both of experimental and of theoretical, and
computational nature [1]. The issue is a complex one because different types of
interactions play a role [2]: H-bonds between the amide (NH) and carbonyl (CO)
atoms of the peptidic linkages, Van der Waals interactions between tightly packed
nonpolar side-chain atoms in the protein interior, hydrophobic effects due to the
aqueous solvent environment, and other (de)solvation interactions. Apart from these
major interactions determining protein spatial structure, less important ones have been
identified, such as salt bridges, H-bonds involving side-chain atoms, and disulfide
bridges [2]. A systematic investigation of the contribution of each of these types of
interactions to the protein structure would separately eliminate each of these
interactions and observe the subsequent changes in protein structure. Such a dissecting
approach is easier to execute computationally than experimentally, because a
computational study is less bound by chemical or physical limits. But, even computa-
tionally, it would be difficult to eliminate the hydrophobic effects without interfering
with other interactions. An interaction that can be both computationally and
experimentally eliminated with a minimal interference with other interactions that
determine protein structure is H-bonding involving the NH and CO atoms of the
peptide linkages in the polypeptide chain. Such H-bonds are largely absent in a-
depsipeptides, naturally occurring peptides in which particular amino acid residues are
replaced by hydroxyl-acid residues [3], e.g., (S)-3-hydroxybutanoic acid in the case of a
glycine residue, thereby replacing some of the backbone amide linkages by ester
linkages. Examples of a-depsipeptides are beauvericin, valinomycin, and aureobasidin
A [4 – 6]. The amide and ester linkages both are planar due to electronic resonance and
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prefer the syn orientation [7]. Their H-bonding properties are different though. While
the amide (peptide) linkage may act as H-bond donor (amide H-atom) as well as H-
bond acceptor (carbonyl O-atom), the ester linkage may exclusively function as H-
bond acceptor. Furthermore, the amide carbonyl O-atom is a substantially stronger H-
bond acceptor than the ester carbonyl O-atom [8] [9]. Thus a-depsipeptides are
analogues of a-peptides with reduced H-bonding capabilities.

Amide-to-ester backbone substitution has been studied experimentally for the PIN
WW domain, a three-stranded 34-residue protein [10 – 13]. The folding kinetics and
thermodynamics showed that the protein is most destabilized, when H-bonds that are
enveloped by a hydrophobic cluster are perturbed.

In the present study, we compared the structural properties of a well-known 129-
residue protein, hen egg white lysozyme (HEWL), and its depsi analogue. Out of the

many possible combinations of ester-with-peptide linkages,
P126

k¼1
126
k

� �

, we chose the

one with only ester linkages, in which all backbone H-bond donors are eliminated. This
will maximize the structural effects. When experimental data on HEWL with less than
126 ester linkages would become available, the study presented here could easily be
repeated for the particular ester-linked analogue of HEWL.

A previous 3.5 ns molecular dynamics (MD) simulation of native HEWL in
aqueous solution [14] is compared to that of 10 ns in which all peptide bonds, except
those involving the two proline residues, have been replaced by ester bonds. Various
structural properties are computed, and the sizeable effects of missing backbone –
backbone H-bonds clearly show up.

Results. – General Structural Properties and Flexibility. The root-mean-square
deviations (rmsd) of the trajectory structures of native and ester-linked HEWL from
the native X-ray structure are shown in Fig. 1, a. The values for the backbone and for all
atoms in the native HEWL simulation slightly increase during the first 2 ns leveling off
around 0.20 and 0.30 nm, respectively. The rmsd values of the ester-linked HEWL
increase much faster over the first 5 ns of the simulation and then remain at values
around 0.55 and 0.65 nm. This indicates that the ester-linked protein changes its spatial
structure.

The convergence of the radius of gyration (rgyr), a measure of the compactness of
the structure, calculated for the ester-linked HEWL simulation is also faster than that
for the native HEWL simulation (Fig. 1,b) and seems to reach a lower value. The
molecule is compacting rapidly. This is less clearly observed in the solvent-accessible
surface area (sasa; Fig. 1, c) and protein volume (Fig. 1, d).

The appearance and disappearance of secondary-structure elements during the
simulations of native HEWL and ester-linked HEWL is shown in Fig. 2. The three b-
strands quickly disappear in ester-linked HEWL but show a comeback between 7.5 to
8.5 ns (residues 45, 46, and 50 – 53). The a-helices are preserved a bit longer but also
disappear during the first 3 ns without returning later. In contrast, the p-helix (residues
111 – 115) survives during the whole simulation time of 10 ns, but appears to be
structurally less stable than in native HEWL (occurrence in the X-ray structure/native
HEWL/ester-linked HEWL: 100/71/43%). The loss of secondary structure is also
illustrated in Fig. 3 which shows different structures along the MD trajectories.
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The f/y-angle distribution of residues 5 – 14, 25 – 36, 80 – 84, 89 – 101, 109 – 114, and
120 – 124 are shown in Fig. 4. These residues are the ones involved in an a-helix for at
least 33% of the time during the 3.5 ns of the native HEWL simulation [17]. In the time
window of 1.5 – 3.5 ns, 80% of all f/y-angle combinations of the native HEWL
simulation are in the region of an a-helix (Fig. 4, b). The ester-linked HEWL
simulation shows a different f/y-angle distribution during the same time period
(Fig. 4,c). The distribution of the f-angle is broader with its maximum value shifted
from � 608 to � 908. This broadening effect does not occur for the y-angle distribution.
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Fig. 1. a) Root-mean-square deviations (rmsd) of native HEWL and ester-linked HEWL from the initial
X-ray crystal structure. The values are calculated for the whole simulation time (native/ester-linked
HEWL: 3.5/10 ns) considering all atoms (dotted lines) or backbone atoms only (native: N, C, O, Ca ;
ester-linked: Oa, C, O Ca ; solid lines). b) Radius of gyration (rgyr) of backbone atoms (native HEWL
(gray): N, C, O, Ca ; ester-linked HEWL (black): Oa, C, O, Ca). The values are calculated through the
whole simulation time of 3.5 ns (native HEWL) and 10 ns (ester-linked HEWL). c) The solvent-
accessible surface area (sasa), calculated for native HEWL (0 – 3.5 ns; dashed gray line) and ester-linked
HEWL (0 – 10 ns; solid black line). d) Protein volume calculated for ester-linked HEWL (solid, black)
and native HEWL (dashed, gray line) as well as a linear regression of the protein volume over the first

3.5 ns (native/ester-linked HEWL: dashed/solid line).



It becomes bimodal with a maximum at about the same position (�608) and width as
observed in the native HEWL simulation, but accompanied by a second maximum
positioned at the inverse angle (þ608) of the global maximum. This picture does not
change during the simulation (Fig. 4, d).

Fig. 5 shows the rms fluctuations of the Ca-atoms in the native and ester-linked
HEWL simulations. Calculations were performed over two different time windows of
the same length, one from 1.5 – 3.5 ns (last 2 ns of the native HEWL simulation), the
other from 8 – 10 ns (last 2 ns of the ester-linked HEWL simulation). The values are not
significantly different when comparing the native HEWL to the ester-linked HEWL
during the first time window. The most substantial differences appear for residues 80 –
100 and 116 – 129. The rms fluctuations calculated for the second time window (8 –
10 ns) show locally much higher values than the native simulation (e.g., around residue
68), but are in general quite comparable. This confirms that the ester-linked protein is
not completely unfolding and stays relatively compact.

NOE Proton – Proton Distances. The differences in the structure between native
and ester-linked HEWL can also be analyzed in terms of NOE atom – atom distance
bound violations using the NOE bounds determined from NMR experiments on native
HEWL [18]. The results are shown in Fig. 6 and compiled in Table 1.

Two sets of NOE bounds were used. Set 1 includes all 1630 NOE bounds, while set 2
contains 392 bounds between atoms in residues i and j with j� iþ 4 only. The distance
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Fig. 2. Secondary structure elements as a function of time calculated for the two MD simulation
trajectories of native and ester-linked HEWL. The missing H-atoms of the ester-linked HEWL MD

simulation trajectory to analyze secondary structure elements were placed using the M procedure.



bound violations were also calculated for the crystal structure [15]. The total number of
violations is much higher in the ester-linked structure than in the X-ray structure and
most of the violations are observed for the long-range NOE bounds (set 2). Yet, there
are only twelve violations larger than 0.5 nm. These involve only ten residues (12, 13, 17,
28, 88, 95, 98, 107, 108, and 129) and seven pairs of residues. Of theses seven pairs, only
two pairs (12 – 28 and 98 – 107) connect two secondary structure elements (helices A –
B and C – 310), the other five pairs connect helices (A, B, and C) with loops. Thus, less
than 1% of the number of NOE bonds is violated by more than 0.5 nm. Or, 85% of all
1630 bounds are satisfied within 0.1 nm. Since the structure of ester-linked HEWL
differs significantly from the native one (see Figs. 1 and 3), this means that a large part
of the set of NOE bounds holds little spatial information regarding HEWL.

Hydrogen Bonding. Because the ester-linked protein is not unfolding, one may ask
whether intramolecular H-bonding is decreased upon replacing peptide NH groups by
ester Oa atoms. Table S1 (Supplementary material)1) lists the occurrence of the H-
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Fig. 3. Schematic diagram showing the native HEWL crystal structure (a) [15] , structures after 3.5 ns
simulations of native HEWL (b) and ester-linked HEWL (c) , and after 10 ns simulation of ester-linked
HEWL (d). Color represent: a-helix (purple), 310-helix (blue), b-strand (yellow), b-bridge (brown),
turn (cyan), and coil (white), according to the rules implemented in VMD [16]. In the X-ray structure,
the four helices (A: residues 5 – 14; B: residues 25 – 36; C: residues 89 – 101; D: residues 109 – 114) are in
purple, the three 310-helices (residues 20 – 22, 80 – 84 and 120 – 124) in blue, and the three b-sheets

(residues 43 – 45, 51 – 53 and 58 – 59) in yellow (cf. Table 1 of [17]).

1) Available from the authors upon request.



bonds present in the crystal structure as well as in the native and ester-linked HEWL
simulations. All calculations are based on the first 3.5 ns of the simulations. The H-
bonds involving the peptide NH moieties as donors and those with an occurrence of less
than 10% were not listed.

Overall, the degree of H-bonding involving side chains is not changing significantly
upon introduction of ester linkages (see Table 2). But, the pattern of H-bonds does
change. Only ca. 25% of the native H-bonds is also seen in the ester-linked simulation
and vice versa. Thus, one source of the loss of stability is the absence of the 126 peptide
NH H-bond donors in ester-linked HEWL. These are replaced by 126 Oa acceptor
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Fig. 4. Ramachandran plots based on a) the X-ray structure of native HEWL [15] , b) the simulation
trajectory of native HEWL from 1.5 – 3.5 ns, and c) – d) the simulation trajectory of ester-linked HEWL
calculated through time windows of 1.5 – 3.5 and 8 – 10 ns, respectively. The one-dimensional f- and y-
distributions are plotted along the corresponding axes (at the outside of the graphs). Colors separate the
f/y-combinations with respect to its populations, i.e., the grey part contains 10% of all f/y-combinations
with the lowest populations, while yellow represents the 10% with the highest population, and the colors

in between represent always 10% of all f/y-combinations with corresponding populations.



atoms, of which only two form a H-bond with side-chain atoms (Table S1 as
Supplementary Material).

The result of the H-bond analysis depends on the geometric criterion used.
However, the use of looser distance and angle bounds turns out not to change the
overall picture of the differences in H-bonding between native and ester-linked
HEWL.

Discussion. – Table 1 and Figs. 1 – 6 contain information on the evolution of the
native and ester-linked protein structures with time, as expressed in the form of various
quantities. The picture that emerges indicates that a simulation of 10 ns is more than
sufficient to equilibrate ester-linked HEWL when starting from the X-ray structure of
native HEWL. An equilibration period of 1 – 2 ns seems sufficient. The larger changes
are expected for ester-linked HEWL, but its properties during the analysis periods 1.5 –
3.5 and 8 – 10 ns appear rather similar.

The observation that ester-linked HEWL does not unfold and seems to be more
compact than native HEWL is in accordance with experimental studies on the
distribution of end-to-end distances and loop formation of polypeptide chains [20 – 22].
The slight compaction might be due to the hydrophobic effect, which may be able to
reduce the hydrophobic surface area when the intra-protein H-bonding is reduced due
to the amide by ester-linkage replacement [10] [11], and, second, it might be due to the
changed network of H-bonds involving side chains. The former cause seems in contrast
with the fact that the polypeptides studied by Kiefhaber and co-workers [17] [19] [20]
are devoid of hydrophobic groups. But, compaction may have different causes for
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Fig. 5. Root-mean-square positional fluctuations (rmsf) of Ca-atoms through a simulation time window of
2 ns (solid line: ester-linked HEWL, 1.5 – 3.5 ns; dashed line: ester-linked HEWL, 8 – 10 ns; dotted line:
native HEWL, 1.5 – 3.5 ns). The bars indicate the secondary structure of native HEWL observed in the

crystal structure [15]: a-helix (black), b-bridge (thin, black), and b-strand (grey).



differently composed peptides. For this reason, we refrained from a detailed
comparison with the results by Kelly and co-workers [10 – 13] for the PIN WW
domain. The relative stability of the p-helix may be due to its smaller surface-to-volume
ratio and its smaller H-bond-to-chain length ratio compared to an a-helix, which may
make it less prone to destabilization due to reduced H-bonding.

We have considered performing a conformational clustering analysis of each MD
trajectory. Because the results will heavily depend on the criterion used and are thus
less instructive than an analysis of H-bonds, f- and y-angles, and secondary structure,
we have refrained from such an analysis.

Other perturbations than the replacement of amide linkages by ester linkages that
would reduce the H-bonding capacity of the backbone have been considered. One
could, for example, switch off all backbone H-to-O nonbonded interactions in the force
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Fig. 6. Occurrence of r�3-averaged 1H�1H long-range NOE distances (residues i to j with j� iþ 4) for
(from top to bottom) the X-ray structure [15] , the native HEWL simulation (1.5 – 3.5 ns) , and the ester-
linked HEWL simulation (1.5 – 3.5 and 8 – 10 ns). Positioning of the missing H-atoms of ester-linked

HEWL were achieved according to the M procedure.



field. However, this would convert the N�H with C�O dipole – dipole nonbonded
interaction into a N with C�O charge – dipole interaction, which is a larger
perturbation than the amide to ester (NH to O) one. For this reason, we have
refrained from purely computational perturbations and only considered those that can
be physically executed. These offer the possibility of falsification of our results. To this
end, experimental studies like those of [10] [11] could be performed for HEWL or
observables measurable by NMR or other spectroscopic techniques could be
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Table 1. NOE Distance Bound Violations in the X-Ray Structure of Native HEWL and in the MD
Simulation of Ester-Linked HEWL with Respect to the Experimental NMR NOE Distance Bounds [18].
Two sets of NOE bounds have been used: set 1 includes 1630 NOE bounds, while set 2 contains only the
392 long-range (residues i and j with j� iþ 4) NOE bounds. In ester-linked HEWL, the virtual H-atom
positions are generated using the M procedure. R0 is the experimentally derived distance bound including
pseudo-atom corrections [19]. RE is the distance obtained from the MD trajectories using r�3 averaging.

Averaging period [ns] or structure Number of violations (set 1/set 2):

> 0.1 nm > 0.3 nm > 0.5 nm

X-ray crystal 70/46 11/9 0/0
1.5 – 3.5 ns 241/162 83/72 22/21
8.0 – 10.0 ns 252/169 91/79 33/31
0.0 – 10.0 ns 205/150 46/41 12/12

List of the 12 largest NOE violations in ester-linked HEWL:

NOE pair Exp. R0 [nm] RE [nm] RE – R0 [nm]

HN(13Lys)�Hd(129Leu) 0.69 1.27 0.58
He3

(28Trp)�Hd(88Ile) 0.90 1.62 0.72
Hb(95Ala)�Hh(108Trp) 0.40 1.16 0.76
Hb(95Ala)�Hj2

(108Trp) 0.45 1.17 0.72
Ha(95Ala)�Hj2

(108Trp) 0.30 1.12 0.82
Hg2

(98Ile)�HN(107Ala) 0.70 1.22 0.52
He(12Met)�Hg(17Leu) 0.30 0.89 0.59
He(12Met)�Ha(28Trp) 0.45 1.19 0.74
He(12Met)�He3

(28Trp) 0.45 1.04 0.59
He(12Met)�Hd1

(28Trp) 0.45 1.08 0.63
Hg2

(98Ile)�Hb(107Ala) 0.75 1.37 0.62
HN(98Ile)�Hj2

(108Trp) 0.55 1.11 0.56

Table 2. Overview of the H-Bonds (number and occurrence during the first 3.5 ns of simulation time) Not
Involving Peptide H-Atoms of the Backbone of HEWL. The H-bonds with an occurrence lower than 10%
are not considered. It is also shown how many H-bonds occur in both of the two MD simulations. The
occurrence is the cumulative sum over the corresponding number of H-bonds, the full list is available as

Supplementary Material.

System Backbone/side chain Side chains only

Number Occurrence [%] Number Occurrence [%]

X-Ray 18 1800 15 1500
MD Native 26 686 26 1033
MD Ester-linked 22 499 34 1013
MD Native and ester-linked 5 109/184 9 468/324



determined for ester-linked HEWL. In particular, it would be interesting to measure
proton – proton NOEs for ester-linked HEWL and compare the observed pattern of
atom – atom contacts to the one reported here.

Conclusions. – The role of the peptide NH groups in maintaining the three-
dimensional structure of the protein HEWL has been investigated by replacing all but
two (70 Pro and 79 Pro) peptide linkages of amino acid residues by ester linkages. The
structures obtained by MD computer simulation were compared to those of a
comparable, previously published MD simulation of the native protein and to the X-ray
crystal structure of lysozyme.

The structure of the ester-linked protein rapidly moves away from that of the native
one, but does not completely unfold. Its surface area and radius of gyration (rgyr)
indicate a slight compaction compared to the native protein in solution. Due to the
differences between peptide and ester linkages, the distributions of backbone f- and y-
angles are different. The extent of backbone – side chain and side chain – side chain H-
bonding does not change upon replacement of peptide linkages by ester linkages, but
the pattern of these H-bonds does change: only ca. 25% of the H-bonds in the native
simulation is also observed in the ester-linked simulation and vice versa. The typical
secondary structure of lysozyme, three b-strands, and four a-helices and two short 310-
helices, are largely lost in the ester-linked lysozyme.

The atom-positional fluctuations do not significantly increase upon esterification of
the peptide bonds, but differences are observed for particular residues.

The overall picture is that ester-linked lysozyme remains folded, due to the
presence of four disulfide bridges, H-bonds involving side chains, and its hydrophobic
core of side-chain moieties. Because it is experimentally feasible to synthesize ester-
linked lysozyme, these observations from computer simulation eagerly await falsifi-
cation by experiment.

Computational Methods

Molecular Model. The MD simulation of ester-linked HEWL (10 ns in H2O) was performed using
the GROMOS96 [23] simulation package and the GROMOS force-field parameter set 45A3 [24].

The initial structure was derived from a (native) crystal structure [15] by replacing the peptide bonds
by ester bonds using force-field parameters as described by Gattin et al. [25]. This replacement was
conducted for 126 of the 129 residues, all but 70 Pro, 79 Pro, and the terminal NHþ

3 . The system was
solvated in a periodic, cubic box (box lengths 8.54 nm) containing 19,675 SPC H2O [26] molecules. The
protonation states of protonizable amino acids corresponded to a pH of 7. This resulted in a system of in
total 60,228 atoms including eight Cl� ions to preserve the overall neutrality of the system.

Simulation Protocol. At the beginning of the simulation, the velocities of the atoms were assigned
from a Maxwell distribution at 300 K. After a thermalization and equilibration (100 ps), the MD
simulation was performed at constant temp. (300 K) using the weak coupling algorithm [27] with
corresponding relaxation time t¼ 0.1. All bond lengths and the bond angles of the H2O molecules were
kept rigid by applying constraints using the SHAKE algorithm [28] with a relative geometric tolerance of
10�4. This allowed an integration time step of 2 fs when solving the equations of motion of the system
using the leap-frog algorithm [29]. Triple-range cutoff radii were used to treat long-range interactions
(Van der Waals and electrostatic): interactions within the short-range cutoff (0.8 nm) were calculated
every time step from a pair list that was generated every fifth step, when also interactions between 0.8 and
1.4 nm were computed. The long-range electrostatic forces were represented by a reaction field [30] with
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a relative permittivity of eRF¼ 61 [31] outside the long-range cutoff of 1.4 nm. The centre of mass motion
was removed every 2 ps. Configurations of the system were saved every 0.4 ps for analysis.

Analysis. All analyses were performed using the tools of the GROMOS96 simulation software [23].
They are based on two different MD simulations: the ester-linked HEWL simulation described above
(10 ns) and an earlier performed (native) HEWL simulation (3.5 ns) [14] based on the same force-field
parameter set (45A3) and initial structure [15].

A straightforward comparison of structures of the ester-linked protein with those of the native one is
hampered by the absence of the peptide H-atoms in the ester-linked protein. Therefore, we considered
three slightly different procedures to generate virtual H-atom positions using the positions of the ester Oa

atom, and its covalently bound neighbors C and Ca in the ester linkage �CO�Oa�Ca�, where CO
denotes the carbonyl group. All three procedures put the virtual H-atom such that the two angles
C�Oa�H and H�Oa�Ca have the same value, and the Oa�H distance is 0.1 nm. The three methods
differ with respect to the plane in which the H-atom will be placed. The COC procedure places the virtual
H-atom in the C�Oa�Ca plane, attached to the Oa atom. The OCO procedure places the virtual H-atom
in the O�C�Oa plane, and the so-called M procedure places the virtual H-atom in the plane bisecting
the C�Oa�Ca and O�C�Oa planes. If the dihedral angle w (Ca�C�Oa�Ca) is 1808 (or 08), all three
procedures yield the same H-atom position. The dihedral angle distribution of the w(Ca�C�Oa�Ca)
dihedral angle is shown in Fig. 7. It is much broader than the distribution of the w(Ca�C�N�Ca)
dihedral angle in native lysozyme. This means that the H-atom positions generated by the three
procedures may show differences for the w-values in the tails of the distribution. However, a comparison
of the three procedures with respect to structural properties obtained showed that they yield comparable
results. Therefore, we only use the M procedure to place the virtual H-atoms.

The atom-positional root-mean-square differences (rmsd) between pairs of structures have been
evaluated based on all backbone atoms (native: N, C, O, Ca ; ester-linked: Oa, C, O, Ca) of all 129 residues.
The atom-positional rms fluctuations (rmsf) were also calculated for all 129 residues, but only
considering the Ca atoms of the backbone. In both cases (rmsd and rmsf), a translational superposition of
the centers of mass of the protein and a least-squares rotational fit with respect to the crystal structure
was applied. The solvent-accessible surface area (sasa) was computed using the algorithm proposed by

Fig. 7. The w angle (native: Ca�C�N�Ca, dashed line; ester-linked: Ca�C�Oa�Ca, solid line) is
calculated from the 3.5 and 10 ns MD simulation of native HEWL and ester-linked HEWL, respectively.

Calculations were performed for all residues except the two proline residues 70 and 79.
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Lee and Richards [32]. The volume of the protein was calculated in the following way: the structure of
the protein (every time frame separately) was superposed on to an equilibrated box of pure SPC H2O. All
H2O molecules overlapping with the atoms of the protein were removed from the box. Knowing the
number of removed H2O molecules and the average volume of one H2O molecule, the protein volume
can be estimated.

The radius of gyration of the protein (rgyr), a measure of the compactness of the structure that can
be related to light-scattering intensity, was calculated using the definition

Rgyr ¼
1

Na

XNa

i¼1

ð~ri �~rcmÞ2
" #1=2

(1)

with

~Rcm ¼M�1
XNa

i¼1

mi~ri (2)

and

M ¼
XNa

i¼1

mi; (3)

in which~ri denotes the Cartesian position vector of atom i, mi is its mass, and Na denotes the number of
protein atoms.

The H-bonds were analyzed according to a geometric criterion: a minimum donor – hydrogen –
acceptor angle of 1358 and a maximum hydrogen – acceptor distance of 0.25 nm [23]. Secondary-
structure assignments were performed using the rules defined by Kabsch and Sander [33].

Proton – proton distances were used to compare the simulations to experimental NMR data for
native HEWL. These comprise upper bounds for distances between pairs of atoms that can be derived
from intensities of peaks observed in NMR nuclear Overhauser effect (NOE) spectra. Out of a set of
1632 NOE upper bounds [18], 1630 were compared to the calculated 1H�1H distances averaged using 1/
r3 averaging, �r ¼ hr�3ið Þ�1=3. Interproton distances involving (aliphatic) H-atoms not treated explicitly in
the simulations were calculated by defining virtual and pseudo-atoms [19] [23] during the analysis as
described in [14] [17].
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