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Abstract

A set of 1630 NOE atom — atom distance upper bounds, 213 *J-coupling constant
values and 200 S$° order-parameter values derived from experimental NMR data is used
in molecular dynamics simulations of Hen Egg-White Lysozyme (HEWL) in aqueous
solution in order to generate a Boltzmann-weighted structural ensemble for the protein
in aqueous solution that is compatible with the 2043 NMR data. The two protein force
fields used, the GROMOS 54A7 and 54A8 force fields, which only differ in the partial
charges of the charged side chains and the chain termini of the protein, show
comparable behaviour. Analysis of the generated structural ensembles shows that the
protein in aqueous solution adopts a greater variety of hydrogen-bond patterns than is

suggested by the various X-ray crystal structures of the protein.



1. Introduction

Structural information on proteins can be derived from a variety of observable
quantities, such as X-ray or electron diffraction intensities, NMR, CD, Raman or
infrared spectra to mention a few!!l. Although X-ray or electron diffraction of crystals
has a high information density, that is, the ratio of the number of independent, measured
values of observable quantities for a molecule and the number of independent molecular
degrees of freedom, these techniques do not provide detailed information on the
ensemble of configurations characterising the protein in solution. Of all techniques
available to obtain information on proteins in solution, NMR shows the highest
information density. In order to derive structural information from values of observable
quantities Q measurable by NMR, such as Nuclear Overhauser effect (NOE) intensities,
3J-coupling constants, chemical shifts, relaxation quantities such as S? order parameters,
or residual dipolar couplings (RDCs), a relation Q(F") between the observable

=N

quantity Q and the structure or configuration F" of the protein is required. Here

" =(F,T,...,T,) denotes the 3N Cartesian coordinates of the N atoms of the protein or
in the molecular system considered.

The measured value Q®* of such an observable quantity Q is an average
<Q>spacetime OF Q over the molecules (space) in the test tube and over a time window
determined by the particular measurement technique. This means that <Q> constitutes
an average over a Boltzmann-weighted set, i.e. a statistical-mechanical ensemble, of

configurations. The weights are proportional to exp(-V (F")/ (kT)), where V(F")

indicates the energy of a molecular configuration or structure ", ks is Boltzmann’s



constant and T is the temperature.

If an observable quantity Q is dependent on a single molecular configuration ",
one may try to derive an expression or function Q(F") that approximates the relation
between Q and ", which expression may then be used to derive molecular structures
that are compatible with measured values of Q, i.e.

<Q>=[Q(F)exp(-V (F")/ (kg T))dr / [exp(-V (F) / (i, T))dr ™, (1)
i.e. Boltzmann-weighted averages over the, 3N-dimensional molecular configuration
space.

The intensity 1(r,, ) of a NOESY or ROESY signal is related to the distance
between the two atoms ki and k2 involved in the NOE and can be used to define NOE
distance upper boundst®. A *J-coupling °J,, involving atoms ki and ks can be
related to a torsional angle ¢, ., in the protein using the Karplus relationt*®l. The
function °J,, (p(T,. T, . T, . T, )) depends on empirically determined parameters, see
for example!*®]. The relation between a chemical shift and structure o, (F") depends
on more than local covalent structure around atom k and is based on folded as well as
random structures. It cannot reliably be formulated as a simple mathematical function
of a few atom positions that rests on a sound physical (not empirical-statistical) basis,
see for examplel>78l. S2 order parameters contain dynamical information and are
defined in terms of local, small oscillations of particular vectors or bonds in the
proteint®!t RDCs are the result of averaging a second-order Legendre function of the

angle 9 between the magnetic field and a particular vector or bond in the protein over

the complete rotation of the protein immersed in a medium that induces a slightly non-



uniform or anisotropic rotational distribution. Since this rotational distribution cannot
be experimentally measured, an RDC-value is commonly calculated by minimising the
difference between calculated and measured, target, RDC values. This procedure leads
to a dependence of calculated RDC values upon assumptions about the shape of the
immeasurable rotational distribution and on the size, type and distribution over the
molecule of the set of measured RDCs used as target RDC values. It introduces
uncertainty into the calculated RDC values and renders RDCs less useful for structure
determination of proteins™?*3, For this reason RDC values will not be applied as
restraints in the current study.

Structure determination of proteins requires the definition of a molecular model,
because only in case of X-ray diffraction of small molecules there may be sufficient
data, i.e. diffraction intensities, to directly determine the atom positions without any
assumptions about bond lengths, bond-angles, etc. This implies that the lower the
information density of a measurement, the more the generated structure will depend on
the quality of the molecular model used. Thus, when determining structure based on
NMR data, the molecular model or force field used will significantly contribute to the
quality of the obtained structurel*?l,

In the current article, Boltzmann-weighted ensembles of structures or
configurations of hen egg-white lysozyme (HEWL) in aqueous solution are generated
using molecular dynamics (MD) simulation in aqueous solution with application of
time-averaged restraints, 1630 NOE atom — atom distance upper bound, 213 3J-

coupling and 200 S? order-parameter values, and, also without any restraining. In



addition, two different force fields, the GROMOS force fields 54A714%°] and 54A816]
are applied.

HEWL (see Figure 1) is one of the most studied and best characterised proteins. It
has been used as a model system for a wide range of studies including investigations of
protein folding, aggregation, amyloid formation, enzyme mechanisms and nanoparticle
interactions.*”21 HEWL was the first enzyme to have its structure determined by X-
ray diffraction?? and now there are over 100 independently determined X-ray
structures of HEWL in the crystalline environment available. However, most of the
studies and applications of HEWL use the protein in solution. NMR solution structures
of the protein have been determined(?®24 but at the time of the structure determinations,
refinement of the structure in aqueous solution was not usually done as the final step of
an NMR structure determination. In the past few years we have extensively studied and
developed approaches for using experimental NMR data as restraints in MD structure
refinement using HEWL as a model system.?>27] Here we bring together this work in
a final comprehensive refinement to give a structural ensemble of HEWL in aqueous
solution. This ensemble enables us to address various questions about the structure of
the protein in solution raised during the experimental NMR structure determination,*
particularly the nature of the 310 helices and the behaviour of the more mobile loop and

turn regions in solution.



2. Atom-atom distance, 3J-coupling and S? order-parameter
restraints in molecular simulation
2.1. Choice of restraining function

A simple general restraining function for a quantity Qk, continuous with
continuous derivative, is a quadratic one with a flat bottom of size 24Q™ that allows for
a penalty-free range of deviations +4Q™ of the average <Qx>-value from its target
(measured) value Q. In an MD simulation the time average, Q_kt =<Q>y, is used. For
large deviations of Q_kt from Q_, the restraining function is chosen to be linear in

order to avoid large restraining forces and energies. Such a restraining function!!! would

read for Q_kt > Q,

VQrestr(Qk( ) QkyKQ Abe AQ) (Qk rN)t—QS—Abe)Z

H (Qk ('—.—N )t;QE +Abej(1_

H(Qk rN)t;Qf+Abe+AQ“D

+KQ(Qk(—F“)t—Q£—Abe—%AthAQ“H(Qk il aQ" +6Q' .

(22)

and for Q_kt < Q,

VkQ,restr (Q ( ) QkyKQ Abe AQ j__KQ(Q (F.N )t—QS—FAbejZ
(1 H(Qk( )Qk AQ“’DH(Qk(rN)t;QE—AQﬂJ—Ath

—KQ(QK(F) ~QP+AQ" +24Q }AQ (1 Qe AQ“’—AQ“D, (2b)

with the Heaviside step function H (X; XO) defined by



H(X;XO):O for x < xy, (3a)
H(X;Xo)zl for x > xy. (3b)
Q,restr

k

—t
The corresponding force on Q, , that is, the negative of the derivative of V

—t -t
with respectto Q. isthenfor Q, > Q,

f Qresr (Qk(rN)tj:o for Q. < QY+AQ™. (4a)

fQ,restr [mt) _ _KQ (Qk (FN )t _QI? _Abej

for Q+AQ™ < Q. < QY +AQ"+AQ", (4b)

fQ,restr(Qk(FN)tj:_KQAQh for Q_kt > QY +AQ™ +AQ", (4c)

f Qrest (Qk(r'“)t):o for Q < QY -AQ™, (4d)

for Q°-AQP-AQ" < Q. < Q' —AQ™, (de)

f Qurestr (Qk(FN)tj:+KQAQh for Q, < Q°—AQ™-AQ". (49

To obtain the force on a particle 7, these expressions are multiplied by

. _
oQ, (r" (1)) / Or (t), the derivative of th with respect to T (t).

Forasetofk=1,2, ..., No Qk-values we have

— 0t No
VQ,restr (Q(FN ) j — ZVKQ,restr (Qk (FN )t,QEa KQ,AQ fb,Ath ' (5)
k=1
Here, K® is the restraining force constant.

The GROMOS force fields!'*!1%28 treat aliphatic CH, moieties as united atoms.



If explicit aliphatic hydrogen atom positions are required, the implementation allows
for the use of a virtual H atom(?%-3],
2.2. Accounting for time-averaging

When restraining an averaged quantity in a MD simulation, the averaging cannot
be over the whole simulation period ¢, because the contribution of the configuration at
time ¢ to the average would tend to zero for # approaching infinity, which implies that
the restraining force, which can only be applied to the current configuration at time ¢,
would also tend to zero for ¢ approaching infinity. For this reason, instead of using the
time average Q_kt = <Q¢>, an exponential memory function is used in the time-

—t,exp . . . .
average, Q,  , that is used in the restraining function*!-2,

Q. (r" (t))t = (7o (1-exp(-t/ TQ)))‘1 [exp(=(t—t) /r)Q (" (t))dt (6)

where 7, is the memory relaxation time, which determines the averaging time
period.

2.3. Calculation of the restraining force

The restraining force on atom i with position vector T is, using

f Qrestr (Qk (FN )tj from Eq. (4),

oy VO (D) Q( tjan(rN(t»t
FTO=""50 ; 2 o ?

In a simulation, the atomic configurations are separated by a time step or interval

At, so in discretised form we have for the n'" time step for the exponentially damped

time-averaged quantity in Eq. (6)



(n-1)At,exp

Q. (nat)™ ™ =Q, (nAt)(1-exp(-At/ ) )+ exp(-At/75)Q, (- DAt) . (8)
and using this equation

QA . _

—an (nAD =1-exp(-At/z,)=X. )

Generally, the memory relaxation time 7, is chosen to be much longer than the MD
integration time step 4¢,

At LK To < tMP (10)
where P is the length of the MD simulation. This means that the derivative Eq. (9) can
be approximated by At/ 7. However, when restraining NOE atom-atom distances and
S? order parameters, the derivative in Eq. (9), X =1—exp(-At/ 7o), 18 set to 11331
Use of Eq. (9) would mean that the restraining force is inversely proportional to the
exponential memory relaxation time 7p (for 4¢ << 7p). In order to obtain comparable
restraining forces for different values of 7o, one would have to choose the force constant
K€ proportional to X~ = (1—exp(-At/z,))™. Since the choice of the value for the
force constant K? is empirical anyway, the factor X may be set to 1.

2.4. Calculation of Q-values using configurational averaging

The calculation of Q-values Qk(t)t is straightforward, averaging over MD

trajectory structures. In the restraining simulations the Q-restraining forces on the

molecule are calculated at every time step using an exponential damping factor in the

average, using Q, (t)t'exp for Q, (t)t . These two types of averaged Q-values,

calculated from Q, ('[)t'exp on the one hand and from Q, ('[)t on the other, will differ. In

t
order to analyse all trajectories in the same way, Q,(t) is used when reporting Q-

values calculated from the trajectories.
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2.5. NOE atom-atom distance restraining

When using NOE cross-peak intensities for atom-atom distance restraining,
generally only distance upper bounds are used, Egs. (2a) and (4a-c). Lower bounds are
not needed, the repulsive non-bonded interaction already provides a lower bound to

atom-atom distances. Time-averaged <r_> >

NOE distance upper-bound
restraints without a flat-bottom part (4Q™ = 0 nm) are used in the distance-restraining
function. In the present application to HEWL, 4Q" = co nm, K¥V9E = K2 = 6000 kJmol
'nm, and the memory relaxation time g = znoe = 1 ns, much shorter than the rotational
correlation time of 5.7 ns of HEWL in solution'?*]. Because the GROMOS force fields
make use of united atoms, positions of aliphatic hydrogen atoms were constructed based
on standard geometriest:?32%_ |f an NOE upper bound involved non-stereo-specifically
assigned protons, a pseudo atom was constructed™?30341 The list of atom-atom

distance upper bounds can be found in Supporting Information Table S1.

2.6. 3J-coupling restraining

When applied to 3J-coupling restraining, the use of the time-average Q, (t)t in the

quadratic part of the restraining function V2™ (Eq. (2)) led to large structural

fluctuationst®!. This is due to the fact that the average Q, ) of Q may lag behind

the instantaneous value of Qx(t) of Q«. If the restraining force only depends on Q, (t)t ,

it may drive Q«(t) away from Q; incase Q, (t)t and Q(t) are at different sides of

Q.. This effect is not observed in time-averaging NOE atom-atom distance restraining
because (i) only attractive distance restraints are used, (ii) the r2 or r® distance

dependence of the NOE signal gives most weight to short distances when averaging,

11



thereby reducing the difference between Qk(t) and Q, (t)t for short distances Qk(t), and

(iii) the repulsive non-bonded interaction between atoms prevents very small atom-

atom distances Q«(t) being sampled. The problem of Q, (t)t lagging behind Qx(t) can
be solved by using a biquadratic restraining function that depends on both Qx(t) and
Q (t)t [1.33]
restr, af A . 1 2
VE (QO.QIQE KT AQ" )< K7 (Q -0l -aQ”)

H(Qk(t);Qf+Abe)(Qk(FN)t—Qf—AQ“’j H(QK(FN)t;Qf+AQﬂ’j,(11a)

for Q> Q and Q () > Q°,and

VR (Q (0.9, 1QE K, Q") =2 K2 Q) -QF +4Q" )
[1-H (Q.:Q —AQ’b)](Qk (P )t -Q° +AQ”’)2 [1— H (Qk (7" )t;Qf _Aquﬂ, (11b)

for Okt) < Q) and Q, Q) < Q! . Using this biquadratic form, the restraining

function only generates a force when both the instantaneous value Qx(t) of Qk and the

time-averaged value Q, (t)t of Q lie outside the flat bottom of the restraining

function Q, (t)t.
The Karplus relation™! expressing a 2J-coupling in terms of the corresponding
angle ¢ reads
SJklk4 (¢k1k2k3k4) =acos’ (¢klk2k3k4) +bcos(¢klk2k3k4 )+c . (12)
Below, the simplified notations k = (ki,ks) and k = (ki,kz2,ks,ks) are used. The inverse
o) of the Karplus relation, which expresses the angle ¢« as function of the
corresponding 3Jk-coupling, is multiple-valued. There are up to four values of the angle

o« that may correspond to a single 2Ji-coupling value. Depending on the initial value of

12



the angle @k, the restraining function
—_— ¢t
v Qe (Qk(gpk(rN(t))) Q (o (T ), KQ,AQﬂ’,AQ“j may drive the angle ¢«

in different directions to one of the different angle values that correspond to QY. If the
target Q. -value lies beyond one maximum or minimum of the function Qx(¢x), but not
beyond another maximum or minimum, the restraining function V,2™" may drive the
angle ¢« in the wrong direction. This problem can be solved by driving the structure out
of the range of p-values, for which V,2™" has a low energy but where these energies
cannot become zero.

A technique that achieves this, local-elevation sampling, has been proposed more
than three decades agol®l. It adds a memory function V,* (g (t)) depending on the
torsional angle gk to the interaction or potential-energy function®l. This memory
function can have the form of a set of Gaussian functions Vk'ﬁ ((pk ®); (piO,A¢O) of width

A¢° centred at values ¢° with i =1, 2,.., Nj, for a given torsional angle ¢«. Thus,

Nle

v, ()= kali ((Pk (t); ¢iO'A¢O) (13)

is a sum of Ni. Gaussians centred at generally equidistant values ¢, which are the

same for each torsional angle k, with i=1, 2,.., Nie along the 360° range of ¢« values,

(14)

Ve (0 A°) = K e 0, () ¢i°)exp(——(¢k L) ] .

2(A9%)°
The local-elevation parameter Nje defines the number of intervals Nje of the torsional
angle g« around the ¢ -values

@0 =27iIN,, i=1,2, .., Ng (15)

le>

and their widths

13



A’ =27 /N, . (16)
K'® is the overall weight of the local-elevation contribution to the potential energy,

while the weight factor «, (¢, (t);¢”) is

t \/Qrestratt (Qk (t '),(Tktl;Qf’ K?,AQ fb)

O (P 0:00) = O[S, .0 . t (17)
o M|y @renre (Qk(t'),Qk ;QQ,KQ,Abe)
with
S, e =1 if =N’ 12< ¢ (1)<’ +AQ" ]2 (18a)
and
5% 60 =1 otherwise . (18b)

In this way the weight @, ; (¢, (t); @) is only increased when both Ok(?) and Q, (t)t
lie outside the flat bottom of V2"

When applying biquadratic local-elevation 2J-coupling restraining to
HEWL?5%] 4Q™ =1 Hz and 4Q" = « Hz, and Nie = 36, K¢ = K’ = 50 kJmol'Hz*,
and the memory relaxation time zq = 73 = 500 ps. The lists of experimentally derived
3J-coupling values can be found in Supporting Information Tables S2 — S5.

2.7. S? order-parameter restraining
S? order parameters can be calculated using the ensemble averaging

expression[®1ll

2 _ l : Moo (t):uklkzﬁ ®) i 3 1 i off \6
Sk1k2 - 2 BZZ< > < rk‘?kz (t)> (rklkz ) ’ (1 9)

3
a=1 p=1 rk?kz (t)

tav v

where " indicates the time-averaging window, here 1 ns, shorter than the rotational

correlation time of 5.7 ns of HEWL in solution!?*!,

14



Higor = % =X ) i, > oo = Vg = Yi ) M My s Higos = (2 =2 Iy, (20)
are the x-, y-, and z-components of the vector T, and r, = ‘rklkz‘ its length.'"! To
obtain a dimensionless quantity the expression in curly brackets is multiplied with the
6™ power of the effective length ( M, ) of the vector T, . Because in the present work
bond length constraints are used, the length of T, is essentially constant over time
and thus equal to its effective value 1, .

Before calculating Skzlk2 , the HEWL protein trajectory structures are superimposed
using the backbone atoms (N, C,, C) of residues 3 — 126 in the fit in order to eliminate
the effect of overall rotation of the protein upon the Skzlk2 -values. Use of only the
backbone atoms of four o-helices and two [B-strands in HEWL did not lead to
significantly different Skz1k2 -values.

In the S? order-parameter restraining simulations, the restraining force constant
K2 = K5 =300 kJmol™', 4Q" = o Hz and the flat-bottom parameter of the restraining
potential-energy term is 40™ = 45% = 0.1, which means a flat bottom of 0.2 width[?7],
The S? order parameter is calculated at every time step (2 fs) using an exponential
damping factor in the average™ with a memory relaxation time 7o = zs = 200 psf?7],
and no rotational fit of the protein structures is carried out, which means that the
calculated order parameters in the restrained simulation are influenced by the stochastic
tumbling of the protein. These S? order-parameter values will thus differ slightly from
the ones calculated from the saved trajectory structures, because in the averages in Eq.

(19) trajectory structures 2 ps apart are used, the exponential damping factor is not used,

the averaging period is t2 = 1 ns and a rotational fit of the protein structures is carried

15



out. However, to analyse all trajectories in the same way Eq. (19) was used for both the
unrestrained and restrained trajectories. The lists of experimentally derived S? values

can be found in Supporting Information Tables S6 — S9.
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3. Molecular model, simulation set-up and analysis

The simulations were performed using the GROMOS simulation software
packagel?®l. When treating realistic molecular systems, the use of Standard International
(SI) units is recommended. Apart from restrictions when storing or printing data in non-
exponential format, the GROMOS programs are independent of the chosen units. The
units are defined by the ones used for the physical constants and atomic and molecular
quantities to be specified in the PHYSICALCONSTANTS block in the GROMOS data
files[?®l. It is recommended that the following basic units are used: nanometer (nm) for
length, atomic mass unit (u) for mass, picosecond (ps) for time, Kelvin (K) for
temperature, and electronic charge (e) for charge. These basic units then determine the
units of other quantities, e.g. kd/mol for energy, kJ/(mol nm) for force, kJ/(mol nm?) for
pressure, and THz for frequency.
3.1. Molecular model and force field used for the protein

When solvated in explicit water, the protein was modelled using the GROMOS
bio-molecular force fields 54A714! and 54A8[1¢l. The 54A8 force field involved a
recalibration of the non-bonded interaction parameters for charged amino-acid side
chains, based on ionic side-chain analogues. In view of the pH used in the experimental
NMR measurements?®37-391 pH=3.537-3 or 3.8[%31 only Glu 35 was protonated and
His was doubly protonated(“?l. This means that the N-terminus was protonated (sum of
partial charges +1) as well as the residues Lys 1, 13, 33, 96, 97, 116, Arg 5, 14, 21, 45,
61, 68, 73, 112, 114, 125, 128, and His 15 and Glu 35 (sum of partial charges 0). The

C-terminus was deprotonated (sum of partial charges -1) as well as Glu 7, and Asp 18,

17



48, 52, 66, 87, 101, 119. This led to an overall charge of +10e (e: electronic charge) of
the protein. In order to obtain an overall neutral system, 10 CI" ions were included in
the solution. The simple point charge (SPC) model™! was used to describe the solvent
molecules in the rectangular periodic box. All bond lengths and the bond angle of the
water molecules were kept rigid with a relative geometric precision of 10 using the
SHAKE algorithm[*?1, allowing for a 2 fs MD time step in the leap-frog algorithm!*®!
used to integrate the equations of motion. For the non-bonded interactions a triple-range
method™4 with cut-off radii of 0.8/1.4 nm was used. Short-range (within 0.8 nm) van
der Waals and electrostatic interactions were evaluated every time step based on a
charge-group pair list!®l, Medium-range van der Waals and electrostatic interactions,
between pairs at a distance larger than 0.8 nm and shorter than 1.4 nm, were evaluated
every fifth time step (10 fs), at which time point the pair list was updated, and kept
constant between updates. Outside the larger cut-off radius (1.4 nm) a reaction-field
approximationt461 with a relative dielectric permittivity of 611471 was used. Minimum-
image periodic boundary conditions were applied.
3.2. Simulation set-up

The X-ray crystal structure “2VB1” of the Protein Data Bank (PDB)M“®l, derived
from a triclinic unit cell at 0.065 nm resolution at T = 100 K, was used as initial structure
for the energy minimisations followed by MD simulations. It contains multiple side-
chain conformations for 46 residues. For the initial structure the side-chain
conformation with the highest occupancy was chosen.

The initial structure was first energy minimised in vacuo to release possible strain

18



induced by small differences in bond lengths, bond angles, improper dihedral angles,
and short non-bonded contacts between the force-field parameters and the X-ray
structure. Subsequently, the protein was put into a rectangular box filled with water
molecules, such that the minimum solute-wall distance was 1.0 nm, and water
molecules closer than 0.23 nm from the solute were removed. This resulted in a box
with 12157 water molecules, of which the 10 water molecules with the highest
electrostatic potential were replaced by CI” ions. Thus the initial protein structure was
solvated by 12147 water molecules and 10 CI ions. In order to relax unfavourable
contacts between atoms of the solute and the solvent, a second energy minimisation
was performed for the protein in the periodic box with water while keeping the atoms
of the solute harmonically position-restrained!?®! with a force constant of 25000 kJmol-
Ihm=2,

The resulting protein-water configuration was used as initial configuration for the
MD simulations. In order to avoid artificial deformations in the protein structure due to
relatively high-energy atomic interactions still present in the system, the MD
simulations were started at T = 60 K and then the temperature was slowly raised to T =
308 K. Initial atomic velocities were sampled from a Maxwell distribution at T = 60 K.
The equilibration scheme consisted of five short 20 ps simulations at temperatures 60,
120, 180, 240 and 308 K at constant volume. During the first four of the equilibration
periods, the solute atoms were harmonically restrained to their positions in the initial
structures with force constants of 25000, 2500, 250, and 25 kJmol*nm?2. The

temperature was kept constant using the weak-coupling algorithm with a relaxation
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or coupling time z7= 0.1 ps. Solute and solvent were separately coupled to the heat bath.
Following this equilibration procedure, the simulations were performed at a reference
temperature of 308 K and a reference pressure of 1 atm. The pressure was kept constant
using the weak-coupling algorithm*®l with a coupling time zp = 0.5 ps and an isothermal
compressibility xr = 4.575 10* (kJmoltnm3)1. The centre of mass motion of the
system was removed every 1000 time steps (2 ps).
3.3. NOE atom-atom distance restraints for HEWL

The GROMOS force fields treat aliphatic carbons as united CH, CH, and CH3
atoms. So when calculating NOE distances, inter-hydrogen distances involving the
aliphatic hydrogen atoms were calculated using virtual atomic positions for CH and
pro-chiral CH[?%3% and pseudo-atomic positions for CH3!* for those hydrogen atoms.
The pseudo-atom NOE distance bound corrections of Ref.**l were used. The set of
1630 NOE atom — atom distance upper bounds for HEWL 23?4 can be found in Table
S1 of Supporting Information. The NOE between Trp 28 HZ3 and Leu 56 HG was
reassigned as between Trp 28 HZ3 and Leu 56 HD* following reassessment of the
experimental spectra. Inter-hydrogen distances were calculated as <r3>13 j.e. using r
3 averaging over the trajectory structures, where r indicates the actual hydrogen-
hydrogen distance. The inter-hydrogen distances obtained from the simulations can be
found in Table S1 of Supporting Information.

In view of the uncertainty due to the assumptions and approximations involved in
the conversion of NOE signals to NOE atom — atom distance upper bounds for r?

averaged distances, deviations from experiment of less than 0.1 nm are considered
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insignificant.
3.4.3J-coupling restraints for HEWL

Two sets of experimentally derived backbone *Jun.z, couplings and two sets
of experimentally derived side-chain *Ju,.rs couplings of HEWL?! were used, see
Supporting Information Tables S2- S5.

1. A set (bbl) of 95 backbone 3Jun-r.-coupling values, see Table II of Ref.[?”!
from which the values for 11 glycine residues were omitted, because these had
not been stereo-specifically assigned.

2. Aset (bb2) of 22 experimentally stereo-specifically unassigned backbone *Jun-
Ho-coupling values for the 11 glycine residues, see Table II of Ref.’7]. 10 of
these were stereo-specifically assigned®®! based on a comparison of the >Jun-
Ha-coupling values calculated from MD simulations and from X-ray structures.

3. A set (scl) of 58 3Jusmp-coupling values, see Tables III and IV of Ref.P7),
which were stereo-specifically assigned using experimental data.

4. A set (sc2) of 38 out of 40 experimentally stereo-specifically unassigned >Jq-
np-coupling values, see Table III of Ref.’”!, which were stereo-specifically
assigned®® based on the Ju.mp-coupling values calculated from MD
simulations. Only Glu 7 could not be stereo-specifically assigned.

For the calculation of the backbone *Jyy.r-couplings, the Karplus relation'*!

was
used with the parameter values a = 6.4 Hz, b =-1.4 Hz and ¢ = 1.9 HzP", see Figure 2

of Ref.[*]. The side-chain *Jp,.r5-couplings were calculated using the parameter values

a=9.5Hz b=-1.6 Hz and c = 1.8 HzP!!, see Figure 2 of Ref.[*!,
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The experimentally derived *Juy-r.-coupling values for Val 2, Thr 51, Asp 66,
Cys 115, Thr 118 and Ile 124 lie outside the Karplus curve, so were set to 9.7 Hz, which
is the maximum of the Karplus curve used™’!. None of the experimentally derived *Jq-
mp-coupling values lie outside the Karplus curve used®!!. The nomenclature for the Hoo
and Hyz atoms in Gly residues and the Hp, Hp> and Hps atoms in the side chains was
defined as in Figure 3 of Ref.[?!. The values obtained from the simulations can be found
in Tables S2 — S5 of Supporting Information.

In view of the various factors contributing to an uncertainty of about 2 Hz inherent
to the Karplus relation linking structure and J-couplings!"], a deviation of less than 2
Hz between 3J-coupling values calculated from MD trajectory structures and *J-
coupling values derived from experiment is considered insignificant.

3.5. S? order-parameter restraints for HEWL

Four sets of experimentally derived S? order-parameter for HEWL, 121 for the
backbone NH and 79 for the side-chain CHs, NH and NH, moietiest®3, were used to
evaluate the simulations, see Supporting Information Tables S6 — S9. S? order
parameters for the atom pair (ki,k2) were calculated using the ensemble averaging
expression Eq. (19).

For the Asn and GIn residues, only one S?, (exp)-value per NHz group is
available*®l. This required the assignment to one of the two NH1 and NH2 bond vectors.
This was done based on a comparison of the SZ,, (sim)- and SZ,, (sim)-values

2

calculated from MD simulations[?”). The experimentally unassigned SZ- and SZ;,-

values for Val and SZ,,- and SZg,-values for Leu residues®! were assigned in a
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similar way!?7],

For an ideal methyl group with equal and fixed C-H bond lengths and H-C-H bond
angles in which rotation around the symmetry axis occurs uniformly, the order
parameter for the C-H bond vector is given byl

S2rot = ((3c0s?(P)-1)/2)> (21)
where B is the angle between a C-H vector and the symmetry axis, which can be
considered equal to the C-C bond vector of the bond to the C-atom adjacent to the CHzs-
group. When in addition the rotational motion around the C-C axis is independent of
the motion of the C-axis itself, one may factorise their contributions,

S?cH = S%cc SProt - (22)
When B = 109.5°, one has®® S%t = 0.111. Thus the methyl group restraining is applied
to the C-C bond vector and the target value is

S2cc (exp) = S%ch (exp)/0.111 . (23)

For the NH2-groups in Asn and GIn approximation Eg. (22) does not hold, because
the rotation around the C-N axis is not uniform. There is a large barrier for the 180°
rotation and the rotational motion need not be decoupled from other motions.
Experimentally, the two hydrogens are in slow exchangel®8,

Order-parameter target values greater than 0.95 were set to 0.95. The S? order-
parameter values obtained from the simulations can be found in Tables S6 — S9 of
Supporting Information.

In view of the uncertainty due to the assumptions and approximations involved in

the conversion of NMR relaxation data to Skzlkz (exp)-values corresponding to
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experiment and inherent to the calculation of Skzlkz (sim)-values from MD simulations,
a deviation of less than 0.2 between simulation and experiment is considered
insignificant.

3.6. MD simulations performed

Four types of MD simulations of HEWL of length tMP = 100 ns were performed
resulting in trajectories or ensembles of HEWL structures.

1. MD simulation of HEWL without any restraining of the protein using the 54A7

force field (MD _54A47).

2. MD simulation of HEWL without any restraining of the protein using the 54A8

force field (MD _54A438).

3. MD simulation of HEWL with NOE atom-atom distance, J-coupling and S°

order-parameter restraining using the 54A7 force field (rMD_54A47).

4. MD simulation of HEWL with NOE atom-atom distance, J-coupling and S°

order-parameter restraining using the 54A8 force field (rMD_54A48).
3.7. Analysis of atomic trajectories

Trajectory energies and atomic coordinates were stored at 2 ps intervals and used
for analysis!?8:54],

Atom-positional root-mean-square differences RMSD Dbetween calculated
structures and the 2VB1 X-ray crystal structure and atom-positional root-mean-square
fluctuations (RMSF), i.e. around their average positions, in the MD trajectories were
calculated after superimposing the backbone atoms (N, CA, C) of residues 3 — 126 to

eliminate the contribution of overall translation and rotation of the protein.
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The secondary structure assignment was done with the program DSSP, based on
the Kabsch-Sander rules®!,

Hydrogen bonds were identified according to a geometric criterion: a hydrogen
bond was assumed to exist if the hydrogen-acceptor distance was smaller than 0.25 nm

and the donor-hydrogen-acceptor angle was larger than 135°.
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4. Results and Discussion

Figure S1 shows the atom-positional root-mean-square difference (RMSD) for the
backbone atoms of HEWL between the 2VB1 X-ray crystal structure and the MD
simulated structures as function of time. After about 50 ns the RMSD value appears to
be stable for the two unrestrained MD simulations, while for the restrained simulations
stabilisation occurs earlier, after about 10 ns. As expected, applying 2043 restraints
stabilises the distance from the X-ray structure of the protein. This suggests that
averaging over 100 ns of the simulations would be sufficient to characterise the
ensemble of configurations of HEWL in aqueous solution. The occurrence of secondary
structure elements as function of time, shown in Figures S2 - S5, appears to confirm
this conclusion.
4.1. Analysis of unrestrained MD simulations: comparison between force fields
54A7 and 54A8

A comparison of the occurrence of secondary structure elements as function of time
(Figures S2 and S3) between the two force fields used shows overall similar behaviour.
Small differences are observed at residue 78, where the 54A7 force field tends to
indicate a 310-helical fold, and around residue 108, where the 54A7 force field indicates
a 310-helical fold, whereas force field 54A8 seems to prefer an a-helical fold. At residue
116 the opposite is observed (54A7: a-helical; 54A8: 3i0-helical). The difference
between these two force fields only concerns the partial charges of the charged side
chains (Arg, Lys, Asp, Glu 7, His 15) and chain termini, leading to differences in

electric fields throughout the protein, in particular close to these residues. This may
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influence the balance between adopting a 310-helical and a-helical local structure in the
backbone. Table 1 shows, in line with the previous observations, rather small
differences in average potential energies in the MD_54A7 and MD_54A8 simulations.

Table 2 shows that force field 54A8 yields 53 NOE atom — atom distance upper
bound violations larger than 0.1 nm (out of 1630 upper bounds, 3%), a bit more than
the 34 upper bound violations found using the 54A7 force field (2%).

A similar picture is seen in Table 3 for the 95 backbone (assigned) 3Jun-#. coupling
constants, with 13 deviations larger than 2 Hz from measured values for force field
54A7 (14%) and 19 for force field 54A8 (20%). Of the 22 unassigned backbone 3Jun-
Ha COupling constants only 2 (9%), for force field 54A8, deviate more than 2 Hz from
the measured value, see Table 4. Table 5 shows that for the 58 (assigned) side-chain
33 1a-1p coupling constants 14 (24%) deviate more than 2 Hz from the measured values,
for the 54A7 as well as the 54A8 force field. For the 38 unassigned side-chain *Ju-mp
coupling constants (Table 6) these values are 13 (34%) for force field 54A7 and 10
(26%) for force field 54A8.

Table 7 shows the number of deviations between 121 simulated and experimentally
derived backbone S?wn order parameter values. For force field 54A7 17 values(14%)
are larger than 0.2, while for force field 54A8 there are 15 values (12%) larger than 0.2.
For the 51 side-chain S%cq order parameters the numbers of deviations larger than 0.2
are 18 for force field 54A7 (35%) and 21 (41%) for force field 54A8 (Table 8). For the
11 side-chain S?yn order parameters of Trp and Arg residues the numbers of deviations

larger than 0.2 are 1 for force field 54A7 (9%) and 2 (18%) for force field 54A8 (Table
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9). Of the 17 side-chain S?wn2 order parameters of Asn and GIn residues there is only
one deviation larger than 0.2 (6%) for force field 54A7 (Table 10).

Figure 2 shows the atom-positional root-mean-square fluctuations (RMSF) for the
CA backbone atoms in the four simulations. The two force fields used, 54A6 and 54A7,
show rather similar mobility in the unrestrained simulations.

Overall, the agreement between the 2043 MD simulated and experimentally
derived data for HEWL is rather similar for both force fields.
4.2. Analysis of unrestrained MD simulations: comparison with the 2VB1 X-ray
crystal structure

Although the 2VB1 X-ray crystal structure was not determined at the low pH of
about 3.5 of the NMR measurements of HEWL in aqueous solution, it satisfies rather
well the 1630 NOE atom — atom distance upper bounds, with only 12 violations (1%)
larger than 0.1 nm and none larger than 0.2 nm (Table 2). The unrestrained MD
simulations yield 34 (54A7, 2%) and 53 (54A8, 3%) bound violations larger than 0.1
nm and only 11 (54A7, 1%) and 18 (54A8, 1%) larger than 0.2 nm. The number of
deviations from measured values for the 95 backbone (assigned) ) *Jun-#. coupling
constants larger than 2 Hz is 3 (3%) for the 2VB1 X-ray crystal structure, while 13
(54A7, 14%) and 19 (54A8, 20%) for the MD simulations (Table 3). For the 22
unassigned backbone 3Jun-x, coupling constants (Table 4) the MD simulations show a
similar agreement with measured values as the 2VB1 X-ray crystal structure (only 2
deviations larger than 2 Hz for the 54A8 force field).

For the 58 assigned side-chain (Table 5) and 38 unassigned (Table 6) side-chain
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331a-np coupling constants the comparison between the 2VB1 X-ray crystal structure
and the MD simulations shows a different picture. The 2VB1 X-ray crystal structure
shows 15 (26%) deviations from measured and assigned values larger than 2 Hz, while
both MD simulations yield 14 (24%) such deviations, whereas for the unassigned 3J,-
ap coupling constants these numbers are 25 (2VB1 X-ray crystal structure, 66%), 13
(54A7, 34%) and 10 (54A8, 26%) for the MD simulations. It is not surprising that an
X-ray crystal structure will match side-chain conformations less well than backbone
ones.

The GROMOS force fields appear to match the NMR derived (1630) NOE atom —
atom distance upper bounds and (95 assigned and 22 unassigned) backbone 3Jun-ze
coupling constants for HEWL less well than the 2VB1 X-ray crystal structure. This may
have different origins.
1. The protein HEWL is a challenging case regarding detailed structure determination
and refinement: it is a non-spherical, not compact protein with an overall charge of
+10e, containing a variety of secondary structure elements and loops. As will be
discussed below, the latter show considerable structural variability.
2. The GROMOS force-field parameter calibration protocol primarily involves
reproduction of condensed-phase thermodynamic quantities such as energies, densities,
and solvation free energies of small compounds representative for protein fragments.
It is not based on (machine) learning from X-ray crystal structures for proteins.

The calibration protocol for the GROMOS force fields lead to simulated

destabilisation properties of proteins matching experiment, thereby avoiding
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overstabilisation of proteins, as other protein force fields seem to do. An example is the
reproduction of the temperature and urea induced denaturation of the Trp-cage mini
protein TC5bP®. MD simulations of TC5b in aqueous solution at three different
temperatures (278 K, 360 K, 400 K) show the melting temperature to be lower than 360
K, which is much closer to the experimental value of about 315 K than the values of
400 — 450 K reported for other force fields®®l. This flexibility of the GROMOS force
fields would suggest that the deviations from the 2043 experimentally derived data
observed in the unrestrained MD simulations would be easily reduced by restraining to
these data.
4.3. Analysis of NOE, 3J-coupling and S? order-parameter restrained MD
simulations

Applying the 2043 NOE atom — atom distance, 3J-coupling and S? order-parameter
time-averaging restraints reduces the number of significant deviations from
experimentally derived data to only a mere 3 (rMD_54A7) or 2 (rMD_54A8) for the 51
side-chain S%cy order-parameter values (Table 8). Table 1 shows the different
restraining energies. We note that local-elevation 3J-coupling restraining does not
introduce strain into the structural ensemble in the same way as distance restraining
does, because in local-elevation restraining the potential-energy surface is only adapted,
on the fly, until the simulated 3J-coupling values agree with the experimentally
determined target 3J-coupling values. The restrained MD simulations of HEWL in
aqueous solution produce a structural ensemble that is compatible with the NMR data.

The regions that form 310-helices in the X-ray structures of HEWL (residues 80-84
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and 120-124) have been of interest as these regions formed a-helices in the NMR-
derived solution structure and some of the main chain 3Jun-n. coupling constant values
are higher than would be expected for a helix (7.2 and 9.2 Hz for residues 83 and 84
respectively)?*37] In the simulations the residues in these regions form both NH(i) —
CO(i-3) and NH(i) — CO( i-4) hydrogen bonds (Table 11) with much lower populations
(mostly 20-50%) than are seen for the hydrogen bonds in the a-helical regions
(generally 80-95%). For residues 80-84 the 310-helical hydrogen bonds predominate in
all simulations. For residues 120-123 the a-helical hydrogen bonds predominate in the
unrestrained simulations, while a-helical and 310-helical hydrogen bonds have similar
populations in the restrained simulations. Thus the simulations suggest that the 31o-
helices persist in solution but are fluctuating in nature and have some a-helical character
too.

Various regions of the protein display more mobility and have lower
experimentally derived *H-1°N order-parameter values and show significant root-mean-
square fluctuations (RMSF) in the MD simulations (particularly residues 46-50, 68-72
and around residues 103 and 118), see Figures S4, S5 and 3. The hydrogen bonds of
these residues have been analysed in detail in the MD simulations and compared with
those in three X-ray structures of HEWL with different crystal symmetries (Table 11).
The data for the region around Asn 103 are particularly interesting. For these residues
there are differences in the hydrogen bonds seen in the different X-ray structures, some
large NOE violations for the unrestrained 54A8 simulation and some 3Jun-+. coupling-

constant deviations for both unrestrained simulations. Here three of the hydrogen bonds
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seen in the X-ray structures have very low populations in all the simulations. One is
present only in the 54A7 unrestrained simulation and the other two are seen with fairly
low populations in the two restrained simulations. This region therefore has fewer
hydrogen bonds in solution than the X-ray structures would suggest.

Residues 68-72 in the long loop region also show some variation in the hydrogen
bonds present in the different X-ray structures and show some *Jun-Hq COupling constant
deviations for both unrestrained simulations. Again some of the hydrogen bonds seen
in the X-ray structure have very low populations in the simulations, but there are some
hydrogen bonds with populations of 30-55% in all the simulations which are not seen
in the X-ray structures (particularly 69 NH — 66 OD1/2 and 69 OHG1 — 66 OD1/2).
Hence this region has a significant number of hydrogen bonds in solution but some of
the predominant ones are not observed in the X-ray structures.

For residues 46-50 the main chain hydrogen bonds seen in the X-ray structures are
observed with high populations (61-93%) in all the simulations, but there is more
variation in the side chain hydrogen bonding. In a similar manner, in the region around
residue 118 in the restrained simulations the main chain hydrogen bonds seen in the X-
ray structures are observed, but there is also a hydrogen bond involving the side chain
of Thr 118 (118 OHGL1 — 115 CO) which is not seen in the X-ray structure.

Overall, in the regions of higher main-chain fluctuations a greater variety of
hydrogen bonds is seen in the simulations than in the X-ray structures. Many of the X-

ray hydrogen bonds involving side chains do not persist in solution.
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5. Conclusions

When comparing the MD simulations of HEWL in aqueous solution using the
slightly different GROMOS force fields 54A7 and 54A8 the structural and energetic
differences are small. This is not surprising because these force fields only differ in
regard to the partial charges of the charged side chains (Arg, Lys, Asp, Glu 7, His 15)
and the chain termini, leading to differences in electric fields in throughout the
protein. This may influence the balance between adopting 3;0-helical versus a-helical
local structure in the backbone.

Both force fields show comparable agreement with the NMR data. Of the 1630
NOE atom — atom distance upper bounds 98% (54A7) and 97% (54A8) are
reproduced within 0.1 nm. Of the 117 (95 stereo-specifically assigned and 22
unassigned) backbone 3Jun-r. coupling constants 89% (54A7) and 82% (54A8) are
reproduced within 2 Hz from the experimentally derived values. Of the 96 (58 stereo-
specifically assigned and 38 unassigned) side-chain 331 coupling constants 72%
(54AT7) and 75% (54A8) are reproduced within 2 Hz from the experimentally derived
values. Of the 121 experimentally derived S%v+ backbone order-parameter values 86%
(54A7) and 88% (54A8) are reproduced within 0.2. Of the 79 (51 S%ch, 11 S\n, 17
S?nH2) side-chain S? order-parameter values 75% (54A7) and 71% (54A8) are
reproduced within 0.2,

Applying the 2043 NOE atom — atom distance, >J-coupling and S? order-
parameter restraints produce a structural ensemble for HEWL in aqueous solution that

is compatible with the NMR data. Out of the 2043 restraints only a mere 3
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(rMD_54A7) or 2 (rMD_54A8) of the simulated 51 side-chain S%cy order-parameter
values deviate more than 0.2 from the experimentally derived values.

A comparison of the structural ensembles of HEWL in aqueous solution
generated in the NMR-data restrained MD simulations with X-ray crystal structures
show that the latter are generally compatible with the NMR data on the backbone, but
less so with the 3J-coupling NMR data on the side chains. These are better represented
by the restrained MD simulations. Hydrogen bonding patterns in regions that form
310-helical or a-helical structure (residues 80 - 84 and 120 — 124), and around residues
46 — 50, residues 118 and 103 are different. In aqueous solution there seems to be a
greater variety of hydrogen bonding networks than suggested by the X-ray crystal
structures. Many of the hydrogen bonds involving side chains in the crystalline
environment are not present in solution, which seems not unexpected, but suggests
caution when interpreting side-chain conformations present in X-ray crystal
structures.

This example of HEWL illustrates that a protein in aqueous solution may show
considerably more structural variety than indicated by X-ray crystal structures derived

from diffraction data.
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Data and Software Availability
The GROMOS software for biomolecular simulation 1is available at

https://github.com/biomos under the GPL-2.0 license.

Supporting Information

Table S1. List of 1630 NOE bounds and distances for HEWL calculated for the
2VB1 X-ray structure and the 7 weighted averages of the MD simulations.

Tables S2 — S5. Two sets of backbone Jun-« couplings (95, 22) and two sets of
side-chain *Jp-#p couplings (58, 38) for HEWL calculated for the 2VB1 X-ray structure
and the averages of the MD simulations.

Tables S6 — S9. One set of backbone S, order parameters (121) and three sets
of side-chain SZ, (51), SZ,, (11) and S%,, (17) order parameters for HEWL
calculated as averages over the MD simulations.

Figure S1. Atom-positional root-mean-square difference (RMSD) for the
backbone atoms of HEWL between the 2VB1 X-ray crystal structure and the MD
simulated structures as function of time.

Figures S2 — S5. Backbone secondary structure as function of time for the four

MD simulations.
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Tables

Table 1. Average energies (kJmol ™) of the protein HEWL in the two (force fields 54A7

and 54A8) unrestrained MD simulations (MD_ 5447, MD 54A8), and in the two

corresponding NOE atom-atom distance, >J-coupling and S order-parameter restrained

100 ns MD simulations (rMD_54A7, rMD_54A8) starting from the 2VB1 X-ray crystal

structure. *Not including the restraining energies.

Type of energy (kJmol") MD 5447 | MD 5448 | rMD 5447 | rMD 5448

Potential energy® -9893 -9754 -8730 -8695
Fluctuation of potential energy 275 272 292 338
Bond-angle energy 2347 2373 2410 2424
Improper-dihedral energy 700 696 743 745
Proper-dihedral energy 1340 1323 1532 1524
Electrostatic energy -10875 -10779 -10186 -10210
Van der Waals energy -3405 -3368 -3229 -3178
Restraining energy 477 514
NOE distance-restraining energy 107 109
3 J-coupling-restraining energy 335 370
S? order-parameter-restraining energy 35 35
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Table 2. Number of NOE distance bound violations in the 2VB/ X-ray crystal structure

(X-ray_2VBI), in the two (force fields 54A7 and 54A8) unrestrained MD simulations

(MD 5447, MD 5448), and in the two corresponding NOE atom-atom distance, *J-

coupling and S order-parameter restrained 100 ns MD simulations (rMD 54A47,

rMD 4A8) starting from the 2VBI X-ray crystal structure. Number of NOE distance

bounds: 1630.

Structure or Size of NOE distance bound violation (in nm)

simulation 0.05-0.1 | 0.1-0.15 | 0.15-02 | 02-025 |025-03 |>03
X-ray 2VBI 21 7 5 0 0 0
MD 5447 43 14 9 1 5 5
MD 5448 45 19 16 9 5 4
rMD 5447 1 0 0 0 0 0
rMD 5448 1 0 0 0 0

Table 3. Number of deviations, |*Jin-ria (eXp) - Junra (MD or X-ray)|, for the 95

backbone *Jyy.ro-coupling values derived and assigned based on NMR measurements

(set bb1), in the 2VB1 X-ray crystal structure, in the two (force fields 54A7 and 54A8)

unrestrained MD simulations (MD_54A7, MD 54A8), and in the two corresponding

NOE atom-atom distance,

3J-coupling and S? order-parameter restrained 100 ns MD

simulations (rMD_54A7, rMD_54A8) starting from the 2VB1 X-ray crystal structure.

Crystal structure or Size of 3Jun-# deviation (in Hz)
simulation 1-2 2-3 3—-4 4-5 >5
X-ray 2VBI 13 1 0 0
MD 5447 32 6 0 0
MD 5448 25 12 7 0 0
rMD 5447 1 0 0 0 0
rMD 5448 1 0 0 0 0
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Table 4. Number of deviations, |*Jun-ta (exp) - Jun-#a (MD or X-ray)|, for the 22
backbone 3Jun.ra-coupling values derived but stereo-specifically unassigned from
NMR measurements (set bb2), in the 2VB1 X-ray crystal structure, in the two (force
fields 54A7 and 54A8) unrestrained MD simulations (MD 5447, MD_54AS8), and in
the two corresponding NOE atom-atom distance, >J-coupling and S° order-parameter
restrained 100 ns MD simulations (rMD_54A7, rMD_54A38) starting from the 2VB1 X-

ray crystal structure.

Crystal structure or Size of 3Jun.u, deviation (in Hz)
simulation 1-2 2-3 3-4 4-5 >5
X-ray 2VBI 5 1 0 0 0
MD 5447 3 0 0 0 0
MD 5448 2 2 0 0 0
rMD 5447 0 0 0 0 0
rMD 5448 0 0 0 0 0

Table 5. Number of deviations, [*Juu-#p (exp) - 3Jua-rp (MD or X-ray)|, for the 58 side-
chain *Jue.mp-coupling values derived and stereo-specifically assigned based on NMR
measurements (set sc/), in the 2VBI X-ray crystal structure, in the two (force fields
54A7 and 54A8) unrestrained MD simulations (MD 5447, MD 54A4S8), and in the two
NOE atom-atom distance, >J-coupling and S” order-parameter restrained 100 ns MD

simulations (rMD_54A7, rMD_54A8) starting from the 2VB1 X-ray crystal structure.

Crystal structure or Size of *Jy,.1p deviation (in Hz)
simulation 1-2 2-3 3-4 4-5 >5
X-ray 2VBI 23 9 4 1 1
MD_5447 19 3 5 4 2
MD 5448 20 6 2 2 4
rMD 5447 0 0 0 0
FMD_5448 0 0 0 0
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Table 6. Number of deviations, |*Jua-mz (exp) - >Jro-rs (MD or X-ray)|, for the 38

side-chain Ju,.mp-coupling values derived but stereo-specifically unassigned from

NMR measurements (set sc2), in the 2VB1 X-ray crystal structure, in the two (force

fields 54A7 and 54A8) unrestrained MD simulations (MD 54A7, MD 54A48), and in

the NOE atom-atom distance, >J-coupling and S? order-parameter restrained 100 ns

MD simulations (rMD_54A7, rMD_54A8) starting from the 2VB1 X-ray crystal

structure.

Crystal structure or Size of *Juu-np deviation (in Hz)
simulation 1-212-3|3-4|4-5]| >5
X-ray 2VBI 9 3 4 5 13
MD 5447 6 8 3 1 1
MD 5448 12 8 1 0 1
rMD 5447 2 0 0 0 0
rMD 5448 0 0 0 0

Table 7. Number of deviations, |S?(exp) - S?(MD)|, for the 121 backbone S?yx-values

in the two (force fields 54A7 and 54A8) unrestrained MD simulations (MD_54A7,

MD _54A48), and in the two corresponding NOE atom-atom distance, *J-coupling and S°

order-parameter restrained 100 ns MD simulations (rMD_54A47, rMD_54A48) starting

from the 2VB1 X-ray crystal structure.

Simulation Size of §? deviation

0.05-0.1 0.1-0.2 0.2-0.3 03-04 04-0.5 >0.5
MD 5447 21 44 15 2 0 0
MD 5448 31 36 12 3 1 0
rMD 5447 62 30 0 0 0
rMD 5448 60 34 0 0 0
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Table 8. Number of deviations, |S?(exp) - S?(MD)|, for the 51 side-chain S?cx-values

in the two (force fields 54A7 and 54A8) unrestrained MD simulations (MD 5447,

MD 54A48), and in the two corresponding NOE atom-atom distance, °J-coupling and S?

order-parameter restrained 100 ns MD simulations (rMD_54A47, rMD_54A8) starting

from the 2VB1 X-ray crystal structure.

Simulation Size of $? deviation

0.05-0.1 0.1-02 02-0.3 03-04 04-0.5 >0.5
MD 5447 16 9 7 1 1
MD 5448 12 9 8 2 2
rMD 5447 13 18 3 0 0 0
rMD 5448 15 16 2 0 0 0

Table 9. Number of deviations, |S?(exp) - S?(MD)|, for the 11 side-chain S?yz-values

of Trp and Arg residues in the two (force fields 54A7 and 54A8) unrestrained MD

simulations (MD_54A7, MD 54A4S8), and in the two corresponding NOE atom-atom

distance, 3J-coupling and S’ order-parameter restrained 100 ns MD simulations

(rMD_54A47, rMD_54A8) starting from the 2VB1 X-ray crystal structure.

Simulation Size of S? deviation

0.05-0.1 {0.1-02 [02-03 |03-04 |04-05|>05
MD 5447 4 4 1 0 0 0
MD 5448 3 4 2 0 0 0
rMD 5447 4 2 0 0 0 0
rMD 5448 4 1 0 0 0 0
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Table 10. Number of deviations, |S?(exp) - S*(MD)|, for the 17 side-chain S°nu2-values
of Asn and Gln residues in the two (force fields 54A7 and 54A8) unrestrained MD
simulations (MD_54A7, MD_54A48), and in the two corresponding NOE atom-atom
distance, 3J-coupling and S’ order-parameter restrained 100 ns MD simulations

(rMD_54A7, rMD_54A8) starting from the 2VB1 X-ray crystal structure.

Simulation Size of $? deviation

005-0.1 [{01-02]02-03]03-04 |04-05|>05
MD 5447 3 6 0 1 0 0
MD 5448 4 8 0 0 0 0
rMD_ 5447 5 3 0 0 0 0
FMD 5448 6 5 0 0 0 0
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Table 11. Hydrogen bonds as observed in three (2VBI: triclinic, //EE: tetragonal, /AKI:

orthorhombic) X-ray crystal structures and in 100 ns unrestrained and NMR-data

restrained MD simulations of HEWL in aqueous solution using the GROMOS force

fields 54A7 and 54A8. Hydrogen bonds were identified according to a geometric

criterion: a hydrogen bond was assumed to exist if the hydrogen-acceptor distance was

smaller than 0.25 nm and the donor-hydrogen-acceptor angle was larger than 135°.

Hydrogen bond X-ray MD MD rMD rMD
5447 | 5448 | 5447 | 5448
82 NH-79 CO (100,-,-) 49 42 46 54
83 NH-79 CO (---) 10 14 9 9
83 NH - 80 CO (100,-,-) 58 48 55 61
84 NH — 80 CO (--,-) 11 22 16 13
84 NH - 81 CO (100,-,-) 44 37 53 53
85 NH-81 CO (--,-) 12 11 19 17
85 NH - 82 CO (100,-,-) 35 29 21 21
122 NH - 119 CO (100,-,-) 6 6 5 7
123 NH-119 CO (--,-) 39 35 37 42
123 NH - 120 CO (100,-,-) 11 14 20 19
124 NH - 120 CO (--,-) 80 84 34 31
124 NH - 121 CO (100,-,-) 2 2 27 31
125 NH - 121 CO (100,-,-) 64 33 30 32
125 NH - 122 CO (100,-,-) 9 8 29 27
102 NH-98 CO (---) 27 - 26 17
102 NH -99 CO (100,-,-) 3 - 1 1
103 NH - 101 ODI1 (-,") - 14 - -
103 NDH2 - 98 CO (100,-,-) - - - -
104 NH- 101 OD1 (--»-) 52 - - -
104 NH- 102 CO (--»-) - - 13 14
105 NH - 23 OH (100,100,100) 1 2 1 10
105 NH-101 CO (---) 1 90 - -

50



105 NH — 103 CO (--,-) 47 - - 1
106 NH — 102 CO (--,-) 1 67 - -
106 NH — 103 CO (-,100,100) 3 5 27 27
106 NHD2 - 103 CO |  (-,100,100) 2 - 12 12
67 NH — 65 OD1 (100,100,100) 1 3 20 30
68 NH — 66 OD1 (100,100,100) 26 24 36 46
68 NH — 66 OD2 (--,-) 25 28 43 40
68 NH22 — 51 OGl (-,100,-)

69 NH — 66 OD1 (--,-) 40 44 52 49
69 NH — 66 OD2 (--,-) 45 52 55 43
69 OHG1 — 60 OG | (100,100,100) 1 1 - -
69 OHG1 — 66 OD1 (--,-) 26 42 52 62
69 OHG1 — 66 OD2 (--,-) 32 52 55 60
72 NH - 69 CO (-,100,-) 3 2 2 1
73 NH - 61 CO (100,100,100) 74 86 88 90
45NHI12 - 49 CO (-100,-) 5 9 1 1
46 NH - 50 CO (100,100,100) 83 89 91 92
46 ND2H - 50 OG (100,100,-) 8 15 62 57
46 ND2H - 52 OG1 (100.-,-) 55 54 49 52
46 ND2H - 52 0G2 (-,100,-) 55 51 42 45
49 NH — 46 CO (100,100,100) 76 81 72 78
50 NH — 48 OD1 (100,100,100) 43 50 30 41
50 NH — 48 OD2 (100,100,100) 40 48 34 40
116 NH- 111 CO (100,100,100) 7 2 47 47
118 NH - 115 CO (100,100,100) 1 1 29 23
118 NH- 116 CO (--,-) 19 22 7 5
118 OHG1 — 115 CO (--,-) 3 - 36 34

51



Figures
Figure 1. Ribbon picture of the structure of HEWL showing in colour the regions of
particular interest. 319 helices: residue 80-84 (red) and 120-124 (green) and more mobile

regions: residues 46-50 (blue), 68-72 (magenta), 102-105 (cyan) and 116-118 (orange).
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Figure 2. Atom-positional root-mean-square fluctuations (RMSF) for CA backbone
atoms for the four 100 ns MD simulations, calculated after superimposing the backbone

atoms (N, CA, C) of residues 3-126.
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Figure 3. Six structures from the rMD 54A7 trajectory (at 50, 60, 70, 80, 90, 100 ns)
superimposed using the backbone atoms (N, CA, C) of residues 3 — 126 illustrating

the variety of the local backbone and side-chain structures in aqueous solution.
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