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Abstract

During the past half century, the number and accuracy of experimental
techniques that can deliver values of observables for biomolecular systems
have been steadily increasing. The conversion of a measured value Q°*P
of an observable quantity @ into structural information is, however, a
task beset with theoretical and practical problems: (4) insufficient or in-
accurate values of Q%P (i) inaccuracies in the function Q(7) used to
relate the quantity @Q to structure 7, (i7¢) how to account for the averag-
ing inherent in the measurement of Q**, (iv) how to handle the possible
multiple-valuedness of the inverse 7(Q) of the function Q(7), to mention
a few. These apply to a variety of observable quantities () and measure-
ment techniques such as X-ray and neutron diffraction, small-angle and
wide-angle X-ray scattering, free-electron laser imaging, cryo-electron mi-
croscopy, nuclear magnetic resonance, electron paramagnetic resonance,
infrared and Raman spectroscopy, circular dichroism, Férster resonance
energy transfer, atomic force microscopy and ion-mobility mass spectrom-
etry. The process of deriving structural information from measured data
is reviewed with an eye to non-experts and newcomers in the field using
examples from the literature of the effect of the various choices and ap-
proximations involved in the process. A list of choices to be avoided is

provided.



=2 1 Introduction

s Over the past half century it has become increasingly feasible to obtain struc-

N

s tural information on biomolecules at the atomic level of resolution due to the

N

s development of a range of experimental techniques.

N

26 1. The analysis of X-ray diffraction patterns can be used to the elucidate the
27 spatial structure of proteins.!* 3l

28 2. Neutron diffraction measurements can be used to determine the positions
20 of hydrogen (i.e. deuterium) atoms,!4 and provide information comple-
30 mentary to X-ray diffraction.

31 3. Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS)

32 can be used to derive low resolution structural constraints for large biomolecules.!!
33 4. Free-electron X-ray lasers may be used for coherent imaging of biomolecules. 67!
34 5. Cryo-electron microscopy can provide structural information approaching

35 that of X-ray crystallography.[®)

36 6. One- and higher-dimensional NMR techniques!® can be used to obtain

37 atom-atom distances within molecules, which in turn can be used to derive

38 spatial structures for biomolecules.!'?!

30 7. Electron Paramagnetic Resonance (EPR) measurements yield long-range

20 distance information between particular types of atoms.[!!]

@ 8. Infrared (IR), Raman and fluorescence spectroscopy can be used to derive

a2 local structural information on proteins.!*2: 13l
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9. Circular Dichroism (CD) can provide information on secondary structure
content of a protein fold, but spectra possess a much lower information
density than can be obtained by NMR spectroscopic or X-ray diffraction

techniques.!*!

10. Forster Resonance Energy Transfer (FRET) can be used to trace distances

between particular moieties attached to biomolecules.[!5-17]

11. Atomic Force Microscopy (AFM) can be used to obtain mechanical or

electrical response functions regarding particular systems. '8!

12. Ton-mobility mass spectrometry (IM-MS) yields collision cross sections
that can be used to obtain size and shape information on biomolecules in

the gas phase.[!?]

A number of quantities ), which are related to the mentioned measurement
techniques and for which values can be more or less directly measured, are
listed in Table 1.

In order to extend our understanding of biomolecular processes at the atomic

level of resolution the measured values of Q®*P of an observable quantity Q (™, p™)

that depends on the Cartesian coordinates 7™ = (

71,72,...,7n) and conjugate
momenta p~N = (P, pa,...,pn) of the N atoms in the molecular system, must
be converted into spatial, structural and dynamical information in terms of the
statistical-mechanical phase-space variables 7 and 5V of the system. The quan-
tities Q(7,p™) listed in Table 1 primarily depend on the atomic coordinates
7#N. For this reason and for simplicity, the dependence of @ on the momenta

7V will not be discussed further.

If the molecules in the system move, the value Q(7"(t)) becomes depen-
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Table 1: Some quantities @ and their dependence on configuration 7N =

(71,7, ...,7n) of N particles. 6 denotes a torsional angle or an angle between
a bond in a molecule and the direction of an applied magnetic field, and i an
electronic transition dipole. 7 = "/,..

. , Dependence of Q(7) on configuration 7N of N
N
Quantity Q(7™) particles
Structure factors N
(amplitudes) B (7)
NOE intensities 1, 5(7)
distances r;;” with p =3 or 6

3J-coupling constants ~ 3.J; ; = acos®0; ; + bcosb; ; + ¢

Residual dipolar

R 209. .
couplings D;;=acos“0;; +b

2 2
Tii ]a Tii TijaTijs 1
—\ 3
1 T Tij

FRET efficiencies Epa=E(fip,fla,TDA)
CD spectra I(\eY)

Mw

3
S? order parameters = 3 Z
a=1p

Chemical shielding o (™)

dent on time. Depending on the type of measurement technique used, a mea-
sured value of Q°*P of an observable quantity () corresponds to an average over
molecules in the system and over the time period of the measurement. Different
experimentally measured quantities will be sensitive to different time windows.
For example, NMR implicitly performs time averaging due to the finite dura-
tion of the various radio-frequency pulses and mixing times as well as the nature
of the specific phenomenon measured, e.g. magnetisation transfer. In a NMR
Nuclear Overhauser Effect (NOE) measurement the time window of sensitivity
depends on the rotational tumbling time and thus on the size and the solvent
environment of the molecule of interest. Such a time window of sensitivity may

in some cases be used to infer the time scale of particular molecular motions.
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However, for most biomolecular systems studied the measured values QP are
used to derive structural information on biomolecules that is independent of
time.

A value Q(7) for a particular configuration 7V

can be calculated using
theory that connects an observable @ to electronic and nuclear coordinates and
properties of molecules. For example, the intensity Iz, of a diffracted X-ray
beam as function of the crystal lattice or Miller indices h, k and [ can be
obtained as the square of the structure factor amplitude Fjj; (7" ) that results
from a spatial Fourier transform of the electron density of the system.??! NOE
intensity I; ; (V) for a pair of nuclear spins belonging to atoms i and j can be
obtained by a relaxation matrix calculation.l?!! 3.J; ;-couplings between atoms
i and j connected by three covalent bonds can be estimated using the Karplus
relation??l with its coefficients a, b and ¢ commonly empirically determined
from chosen data sets of 3.J-coupling values and molecular structures.?3] The
chemical shielding o;(7) for an atom i is related to the local electron density
which can in principle be calculated quantum-chemically. However for proteins
empirical relations are currently commonly used.[?*! These are based on fitting
calculated chemical shifts to measured ones for a chosen set of molecules and
structures.

In order to obtain a value Q(7) from a molecular configuration 7", gener-

ally the following procedure is followed. (2!

1. The atomic, electronic or nuclear degrees of freedom 7 of the solute or sol-
vent essential to describe the relation Q (7 ) are determined. For example,
a 3J; j-coupling between the spins of atoms i and j depends primarily on

the torsional angle 6; ; defined by the four covalently connected atoms
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. A relation Q(7) between @ and a particular configuration 7 is postulated.

This may be based on quantum-chemical theory, empirical relations or a
combination of both. For example, the form of the Karplus relation Q(7) =
3J(0) follows from quantum-chemical considerations, but its parameters
a, b and ¢ are empirically determined. Such a relation or function Q(7)
generally involves a variety of assumptions and approximations, which

determine its accuracy.!*!

. An empirical interaction function VPWs(#N) or force field that governs

the statistical-mechanical distribution of configurations 7" is then used to
generate an ensemble of configurations ¥ with probability of occurrence
P(#N). For example, at constant temperature 7" a Boltzmann-weighted
ensemble with configurational probability

exp (—VPS () / (ksT))

™) = o Vo) (g T)) 7

is normally required, where kg denotes Boltzmann’s constant.

. Either equations of motion for the atoms in the system can be integrated

as function of timel?”! or an alternative method to generate an ensemble

of Boltzmann-weighted configurations can be chosen.

. The ensemble average

(@) = (@) = / Q) PN )ar, (@)

is then calculated and compared to the measured value Q® = (Q) ;.0 space’
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which is normally an average, over time and a set of molecules.

If VPhys(#N) and Q(#N) are correct, i.e. they correspond exactly to reality,

=N

and the sampling of configurations 7" is infinite, one would find,

(Qgim = @7, ®3)

that is there is an exact match between simulation and experiment. Assuming
QP is correct further experiments would no longer be needed. However, in
practice these four conditions are rarely satisfied. This leads to the question how
to derive a structure or rather a set of structures, 7, from a set of measured
values Q°*P.

When trying to derive a structure 7V from Q°*P values the following prob-

lems are generally encountered.

1. For most biomolecular systems the number of independent Q<*P values
available is much smaller than the number of degrees of freedom of the

system. This means the problem is underdetermined.
2. Q°*P values contain uncertainty or error.

3. It is not possible to fully account for averaging over time and space inherent
in the experimental measurement: inversion of the averaging operation in

Eq. 2 is impossible.

4. The function Q(7) is not known or the accuracy of the function is uncer-

tain.

5. The inverse 7(Q) of the function Q(7) may not exist or if it does, it may

be multiple-valued, as in the case of the Karplus relation.
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6. The sampling of configurations v

must be biased, i.e. guided towards
Q°*P. This is especially challenging if the inverse 7(Q) of Q(7) is multiple-

valued.

Over the past decades, this structure, i.e. ensemble determination problem
has been approached in a variety of ways. While some of these approaches have
a sound physical basis, others are highly speculative or ad-hoc.

Since for all but the smallest molecules in crystalline form the number of val-
ues of observable quantities in a biomolecular system is much smaller than the
number of degrees of freedom of the system, virtually all procedures to derive
structure 7V from QP values rely on an atomic model, i.e. a function specify-
ing likely structural parameters of a system. This normally takes the form of an
atomic interaction function VP (7) that yields low-energy values for configura-
tions that are physically most reasonable. Such a function can be volume-based
(only atom-atom contact interactions, no long-range electrostatic or hydrogen
bonding terms), such as used in the structure refinement program X-PLOR.[?8]
The X-PLOR refinement function contains bond-length, bond-angle, torsional-
angle and atomic volume parameters, but no electrostatic terms. The quality
of the set or ensemble of structures derived from the set of Q°*P values depends
on (i) the number and accuracy of the Q®*P values; (i7) the accuracy of the
function VPs(7#V) used in the structure determination procedure; and (iii) the
validity and accuracy of the procedure that was used to derive a structure 7
from the Q<P values.

A common way to derive a structure from measured data is to represent the
latter by a biasing or restraining function V@restr (Q(FN); QO) that limits the

deviation of Q(#) from the measured target value Q° = Q“®. This function
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YV @restr ig added to the physical interaction function VP"$ used to describe the
system,

V() = VRS () v (Q(); Q) ()

This function is then minimised or used in a simulation. In the early days of
biomolecular structure determination, the function V(#V) was minimised with

respect to a variation of the structure 7V.[2]

Because molecular dynamics
(MD) simulation is able to overcome energy barriers in the order of kgT, energy
minimization was replaced by MD simulation first in structure determination
based on NMR data (1983)[3% 31 and later in structure determination based on
X-ray diffraction data (1987).132:331 Currently, MD simulation of biomolecular
systems in which a biasing or restraining function V& " is added to VP™s in
order to bias the sampling towards Q°*P values is the standard method to derive
structural information from measured data.[?* The various procedures and
techniques that can be applied lead to the question how best to use experimental

data in biomolecular structure refinement. When using experimental data to

bias the sampling, the following issues should be considered.

1. Whether the experimental information corresponds to observed as opposed

to derived data.
2. Whether the number of experimental data Q°*P is sufficient.
3. The accuracy of the (physical) force field VPRs(7V).
4. The accuracy and consistency of the experimental data Q°*P.
5. The accuracy of the function Q(7) relating observable @ to structure 7.

6. The choice of biasing function V@r% () to guide (Q);,, towards Q°*P.
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7. The weighting of the biasing function V@' () relative to that of the

force field energy VP (7#V) in V(7).
8. How to deal with averaging over time and space.

9. How to bias the sampling especially when the inverse 7(@) of the function

Q(7) is multiple-valued.
10. How to ensure Boltzmann sampling or weighting of configurations .

In the present manuscript these ten issues are discussed using examples per-
taining to various observables (). The examples were chosen from our own work
and mainly regard observables ) for which values can be determined through
NMR spectroscopy. The examples given mostly relate to small molecules and
peptides in order to avoid conformational sampling deficiencies that hamper the
convergence of averages in larger systems such as proteins when the conforma-
tional space that is to be sampled is too large. It should be noted, however,
that the issues they illustrate also relate to all other observable quantities and
measurement techniques mentioned above. The impact of choices made on the
structural interpretation of experimental data is evaluated, and a list of choices
to be avoided in structure refinement based on measured data is presented. Fi-
nally, the consequences of the different ways to derive biomolecular structure
from experimental data for the management of structural databases such as the

Protein Data Bank (PDB)P? are considered.

2 Deriving structure from measured values of observables

The modelling techniques described are based on statistical mechanics, in which

7N corresponds to a configuration. This applies to the solute and solvent com-

10
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bined. By grouping together slightly different configurations of a solute molecule
that show particular geometric features, we refer to such a set of configurations
as a conformer. For example, all configurations of a solute that possess slightly
varying bond lengths and bond angles and torsional angles within a limited
range, e.g. 30° from a minimun-energy angle, may be considered a single con-
former. This is done when the differences between the configurations that belong

to this conformer are irrelevant for the phenomenon that is observed.

2.1 Use of observed as opposed to derived ‘“experimental”
data

Quantities Q(7V) that can be calculated from configurations 7
g

can be either
observable quantities Q°*(7#V) that are directly measurable in an experiment,
or non-observable quantities Q3 (V) that are derived from <Q°bs>exp values
by applying a given procedure, f, based on various assumptions and approxi-

mations. 36l

Qler — f <<Qobs>exp) ) (5)

Peak location and intensity from X-ray diffraction or NMR spectroscopic ex-
periments are examples of observable quantities Q°P%, whereas molecular struc-
ture, torsional angles, or NMR order parameters are examples of derived quanti-
ties @9°". The latter reflect to some extent the assumptions and approximations

associated with the procedure f used to convert <Q°bs> b into @9°". Depend-

ex
ing on the validity of the assumptions and the reliability of the approximations

involved, the obtained Q9" values may in reality carry little experimental infor-

mation. If so their use in the restraining function may lead to a flawed structural

11
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interpretation of the <Q°bs>exp values. In principle, only values Q° of observable
quantities Q°P* should be used in the restraining function.

An example of the effect of using a flawed procedure f to derive structural
restraints can be found in Ref. 37. NMR measurements of a S-octa-peptide
solvated in methanol yielded 40 NOE atom-atom distance bounds and 12 3J-
coupling constants.[38! Using single-structure refinement and the volume-based
interaction function VP of the structure refinement program X-PLOR, 28! 20
NMR model structures were generated. These suggested the peptide adopted
a hitherto unknown 2g-P-helical structure.[*3 MD simulation of this peptide
in methanol starting from an extended structure and without any experimental
restraints, viz. V@ %" = 0, resulted in a structural ensemble dominated by the
well-known 2.515-P-helix.[3”) Since the set of 20 NMR model structures and the
ensemble of MD generated trajectory structures showed virtually no overlap, 37!
one might naively conclude that “the simulation did not match experiment”.
However, this would be incorrect. The 3J-couplings and NOE distances calcu-
lated from the MD trajectories showed an average deviation of 0.44 Hz and two
NOE bound violations of 0.05 nm. The 20 NMR model structures, which were
derived using the NOE bounds, showed an average deviation of 0.57 Hz and, as
expected, no NOE bound violations.

This example shows that derived quantities Q9" such as molecular structures
should not be relied on to validate simulations. In particular, they should not
be used in a restraining function V@' For some non-observable, derived
quantities Q9 the assumptions and approximations involved in the procedure
f relating Q4" to <Q°bs>exp are of less importance than in the case sketched

above. For example, in the absence of spin diffusion, NOE distance bounds

12
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to r;;” with r;; = |r; — 7| and p = 3 or 6, may represent the NOE intensities
1; (7V) well. Another example are S NMR order parameters, which are derived
from spectra based on well defined assumptions. The S? order parameter is
equal to the long-time plateau value of an auto-correlation function involving
the vector connecting two nuclei. Thus S? values cannot be related to a single
configuration 7, but only to an average, see Table 1. When using such derived

quantities in a restraining function, one must make allowance for the uncertainty

introduced into the Q9" values due to the procedure f.

2.2 Insufficient experimental data

If the number of items of experimental data on a given biomolecular system is
lower than the number of its degrees of freedom, or if these items are correlated,
it may not be possible to uniquely determine the conformation of a molecule
that dominates the configurational ensemble. An example is the S-octa-peptide
discussed in the previous section.[?”) The 40 NOE distance bounds and 12 3.J-
couplings are insufficient to uniquely determine the dominant conformer. The
set of 20 NMR model structures is distinct from the MD trajectory. While
the latter is dominated by a 2.515-P-helix, the former corresponds to a 2g-P-
helix.138] Other examples can be found in Refs. 39 and 40. The less independent
experimental values of Q°° that are available, the more the set or ensemble of
structures derived from them will depend on the quality of the molecular model

or force field VPhs(7V) used.

13
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2.3 Accuracy of the (physical) force field

Of all the experimental techniques mentioned in the Introduction, high-resolution
X-ray diffraction of crystals yields the highest information density. A protein
may easily give rise to thousands or ten thousands of individual reflections. Due
to this abundance of restraints in VOt the force field VP used in crystallo-
graphic structure refinement can be rather simple, e.g. containing only covalent
bond-length, bond-angle and torsional-angle terms in conjunction with short-
range (repulsive or van der Waals) interaction terms. The lack of long-range
electrostatic and hydrogen-bonding interaction terms is assumed to be compen-
sated by the large number of structure-factor amplitude restraints in 1V @-restr,
However, other experimental techniques have a much lower information density.
This means inappropriate structures may be generated if an inadequate force
field is used. This can again be illustrated by the case of the S-octa-peptide
discussed in the previous sections. The use of a simple volume-based force field
lacking electrostatic or hydrogen-bonding interaction terms in vacuo and the
requirement that the experimental data be satisfied by a single-structure during
the refinement procedure led to a 2g-P-helix be proposed. This is despite the
fact that such a helix had not been observed previously. In contrast the ensemble
generated by MD simulation using a thermodynamically calibrated force field for
this peptide in solution indicated the well-known 2.515-P-helix was dominant.
Based on the performance of the latter force field regarding the reproduction
of folding equilibria of peptides,*!:42l the 2.5;5-P-helix is much more likely to
represent reality than a 2g-P-helix. The other experimental techniques men-
tioned in the Introduction have an even lower information density than NMR

spectroscopy. This makes the quality of the molecular model or force field used

14
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in the derivation of structure from such experimental data progressively more

important and often the dominant factor.

2.4 Accuracy and consistency of the experimental data

In many cases the process of deriving structural information from experimental
data will indicate that the experimental data contain inaccuracies or inconsis-
tencies.[*3] In the case of redundant experimental data, simulation techniques
may be used to trace the source of these inconsistencies. An example is the
investigation of 103 3JN,H5 and 94 3JHQ,H5 coupling data for the 107 residue
FK506-binding protein FKBP.I*?l The 3.J-couplings related to the x; torsional
angle of the residues. These were separated into x; angles for which 0, 1, 2, 3 or
4 measured 3 J-couplings were available. Using Karplus relations to connect the
x1-angle to the different 3.J-couplings, it was possible to examine whether there
was a single xi-angle value that would reproduce, allowing for an uncertainty
of 1 Hz in the Karplus relations, the different experimental 3J-coupling values
belonging to that torsional angle. No single yi-angle value could satisfy all the
available data in 23 of the 63 residues.!*3] Thus, a single-structure refinement
procedure based on the 3J-couplings for these 23 residues would result in erro-
neous y;-angle values. Because experimental 3.J-couplings are averages and the
Karplus relation is non-linear in 1, averaging of the 3J-couplings may lead to
ranges of yi-angle values that are compatible with the observed 3.J-couplings:
for 18 of the 23 residues such a range of y;i-angle values could be found. How-
ever, for 5 of these y;-angles the only conclusions that could be drawn were that
either one or more of the experimental 3J-couplings for such a y;-angle must

be incorrect or the use of the Karplus relation was inappropriate. 4!

15
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So, if redundant experimental data are available for a particular degree of
freedom or for a small set of degrees of freedom, these may be used to detect
inconsistencies between different experimental data, which in turn hint at mis-
takes in the experiment, e.g. in the assignment of NOE signals to atom pairs or
in the structures. We note, however, that experimental data <Q>exp from dif-
ferent measurements may seem conflicting when they result from different time
windows of sensitivity of the different measurements. In addition, compennsa-
tion of errors may occur. Unfortunately, most of the experimental techniques
mentioned in the Introduction rarely yield redundant experimental data for a
particular degree of freedom or a set of degrees of freedom of a system. Gener-
ally, indications that some or all of the experimental data may be problematic
becomes evident when structures display a very high internal potential energy
as a consequence of forcing the molecule to satisfy a set of inappropriate or

conflicting restraints Q*P, see Section 2.7.

2.5 Accuracy of the function () relating observable () to

structure

The function Q(7) that relates an observable quantity @ to a structure 7 even
if postulated based on quantum-chemical theory or a set of physically reason-
able assumptions will still involve approximations and rely on a given set of
parameters and parameter values. For example, a 2.J-coupling can be related
to a particular torsional angle 6 through the Karplus relation (Table 1). The
parameters a, b and ¢ of the Karplus relation depend on the atoms involved
in the 3J-coupling and their covalently bound neighbours. These are normally

calibrated using a set of measured 3J-couplings thought to be associated with

16
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357

360

particular f-values in a given structure or molecular fragment. Figure 1 shows
various parametrisations available in the literature. As can be seen, they lead to
differences of up to 3 Hz for particular angles 0.[2343:441 Although J-couplings
generally show a low experimental uncertainty, lower than 0.1 Hz, use of the
Karplus relation may introduce an uncertainty of 1-2 Hz. Again allowance
should be made for such uncertainties when using such data in structure deter-

mination.

17
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Figure 1: The variety of Karplus relations for the 3.Jy,m - (upper panel),
3T, Hg-, and 3THy Hs-coupling values (lower panels) describing the 3 J-coupling
as function of the backbone ¢-angle and side chain xi-angle of an amino acid.
Upper panel:*4l The curves shown are from (solid line) Pardi et al.,l*¢l (dashed
line) Briischweiler and Case,*”! (dotted line) Wang and Bax,!*®l and (dash-
dotted line) Schmidt et al.*l Lower panels:1**l The curves shown are from
(black) DeMarco et al.,[%51] (red) Abraham et al.,[>?l (green) Deber et al.,[>!
(blue) Cung et al.,l® (cyan) Fischman et al.,l®®l (magenta) Pérez et al.l>fl
(NMR-based parameterization), and (orange) Pérez et al.l’ll (X-ray-based pa-
rameterization).

361 If different types of 3J-couplings related to a particular torsional angle can
sz be measured with high precision,!*®! leading to a larger number of independent

se3s  data points, it is possible to investigate the effect of varying (additional) model

18
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parameters on the fit of 3.J-couplings calculated using the Karplus relation to
measured 3.J-coupling values for a particular protein.*®! However, increasing
the number of changeable parameters of a model may also mask the approxima-
tions and assumptions that affect the calculated 3.J-coupling values. By allowing
variations in parameters of the function Q(7), the force field used or the struc-

=N

tures 7" used to calculate @)-values, the inability of a particular function Q(7)

to match all Q<P values may be alleviated, but not eliminated.

Figure 2: The relationship between the amino-acid side-chain torsional angle
X1, the hydrogen atom H, bound to the C, atom and the hydrogen atoms Hg,
and Hgs bound to the Cg atom. Nitrogen: blue; oxygen: red; carbon: black;
hydrogen: grey; remaining atoms in side chain (R): green.

Other functions Q(7) will also suffer from inaccuracy or uncertainty. When
calculating NMR chemical shifts for a variety of MD trajectory structures of a
[B-hepta-peptide in solution using semi-empirical quantum-chemical theory, the
chemical shifts obtained displayed little sensitivity to the underlying conforma-
tion compared to the variation due to different quantum-chemical approxima-
tions.[57l This can make the use of chemical shift values in structure refinement

unreliable. Despite this chemical shift data in combination with empirical re-
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lations between chemical shift and secondary structure is increasingly used in
protein structure refinement. %5

Forster Resonance Energy Transfer (FRET) depends on the distance and
relative orientation of the transition dipole vectors of a donor and an acceptor
fluorophore. In most applications, isotropic orientational tumbling of the dipole
vectors is assumed. This leads the FRET signal to be interpreted in terms of
a single distance dependence. This greatly limits the accuracy of the distance

distributions that are derived from measured FRET intensities.[1?> 16l

2.6 Choice of the biasing function V@) to guide (Q)

sim
towards QP

The goal of adding a biasing or restraining function ¥/ @:restr (Q(FN); QO) to the
physical interaction function VPhs(#N) representing the molecular model is to
keep the value of the quantity Q(7) close to the target value @°, which is

related to the experimentally observed value Q<*P,

QO — Qexp + AQCOI‘I‘. (6)

AQ°° represents a correction to the QP value that depends on the quantity
@ and its relation to molecular structure (see below).
The functional form of V@' (Q; Q°) should meet the following conditions

(Figure 3).1601

1. It should be a continuous function with a continuous derivative in order

to obtain continuous energy and force in an MD simulation.

2. It should have two or three ranges that display a different behaviour of
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the restraining force as function of Q.

(a) a flat-bottom region of zero restraining energy and zero restraining
force around Q°, e.g. for [Q° — AQ™, Q° + AQ™].

(b) a region in which the restraining energy and force increase with in-
creasing deviation of Q from Q°, e.g. for [Q° + AQ™, Q° + AQ™ +
AQ").

(¢) a region in which the restraining force reaches a constant maximum
in order to avoid too large restraining forces distorting the molecular
structure if the deviation of @ from Q° gets large, e.g. for [Q° +

AQ™ + AQ", +o0].

3. The restraining can be either purely attractive, that is apply when Q > Q°,
e.g. as in the case of NOE atom-atom distance upper bound restrain-
ing,130:31 purely repulsive, that is apply when Q < Q°, e.g. when repre-
senting the absence of NOE intensity in a spectrum!®!l or a combination
of attractive and repulsive restraining, e.g. as in the case of 3.J-coupling

restraining. 62!

The simplest representation of such a three-stage restraining function is a

flat-bottom, then harmonic, then linear function

VR (Q K9,Q°, AQ7, AQY) = JKOT(Q - @° — AQ™)?
CH(Q:Q° + AQ™) [1— H (Q;Q° + AQ™ + AQM)]
ok (o-aen - Laar) ae
CH(Q;Q° + AQ™ + AQM)-
for @ >Q° -
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and

VR (Q KL%, AQ7, AQY) = JKT(Q - @° + AQ™)’
- HQ:Q — AQ™) H(Q:Q° ~ AQ™ — AQ")
K9 (Q- @0+ aQ 4 5aQ") A"
1= H (@7 - AQ - AQY)]

for Q < Q°, (8)

where AQ™ > 0 and AQ"™ > 0, and the Heaviside step function H(z;xq) is

defined by

H(z;20) =0 forx <xg

=1 forxz>uxg. (9)
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AQP AQP

Zero harmonic

Vet (Q: KO, Q°, AQ™, AQY)

QO Qo —I—Abe QO +Ath +AQh

Figure 3: Potential energy term V @-restr (Q; KO Q°,AQ™, AQh) for restrain-

ing the quantity Q.0

415 The corresponding force along @, i.e. the negative of the derivative of

ae  VOSY with respect to Q is then for Q > Q°,

fQ,restr =0 for Q < QO + Abe
— _KQT (Q _ Qo _ Abe) for QO +Abe < Q < Qo +Abe +AQh

— _KAQP for Q> Q°+ AQ™ + AQ", (10)
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and for Q < Q°,

fQ,restr =0 for Q > QO _ Abe

KU (Q-Q°+AQ%)  for Q°—AQ-AQ"<Q<Q —AQP

= +K9"AQ" for Q< Q°—AQ™ - AQ". (11)

a17 To obtain the force on particle i, these expressions are multiplied by oQ( )/ o7, 5
a1s the derivative of @ with respect to 7;. Of course, other functional forms of the
a0 restraining function that match the basic requirements, such as a Gaussian form,
420 may be used.

421 In certain NMR experiments, the signals from different hydrogen atoms may
422 not be distinguishable, e.g. for the three hydrogen atoms of a CHjz group.
23 In such a case the (distance) restraint is applied to a so-called pseudo-atom
22 position.|%3 Such a position is defined in terms of the positions of the hydrogen
425 atoms and the atoms these are bound to, see Figure 4. The use of pseudo
a26 atoms in the restraining requires corrections AQ°™ to the distance bounds Q°*P
w27 derived from experiment.[60-63-65 Figure 4 shows three sets of AQ™ values for
22s NOE distance bounds that are used in structure determination based on NOE
a20 data. An alternative is to use so-called ambiguous restraints, in which the sum
w0 of the r= /o weighted distances to the different indistinguishable hydrogens is

a1 used in the restraining function.[66:67]
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Geometry Wiithrich (1983)  Fletcher (1996) GROMOS (1996)
correction (nm) correction (nm)  correction (nm)

Q
H H
40.10 40.07 40.09
Qg
H H
% 40.15 40.04 40.10
H i
Q
40.29 +0.15 40.22

H Q H
I I
+0.20 +0.20 +0.21
/
H Q H

Figure 4: Geometries and NOE distance bound corrections for pseudo atoms
Q, from Wiithrich et al.,|% Fletcher et al.,%] and van Gunsteren et al., GRO-
MOS..164 Fletcher et. al.l%! also apply a multiplicity correction when an NOE
signal is known to arise from an averaging over several hydrogens. For an NOE
between groups of hydrogen atoms A and B, the upper bound is then scaled by

a factor (nAnB)%, where p corresponds to the power (3 or 6) of the distance
averaging and na and np are the number of equivalent hydrogen atoms in each

group.

2.7 Weight of the restraining function V%™ relative to

that of the force field energy VPWs

The relative weight of the biasing or restraining term V@'t compared to that
of the physical force field term VP"$ in the total potential energy (Eq. 4) of

the system is determined by the size of the force constant K@ in V@restr,
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The larger the weight or K97, the smaller will be the deviation of Q from Q°.
However, if the agreement with the experimental data is forced excessively this
will result in a higher VP of the system or a higher internal energy of the
molecule to which the restraints are applied. The molecule will simply adopt a
more strained conformation in order to match the values Q°.

An early example and analysis of the effect of restraining too strongly can
be found in Ref. 68. While deriving a spatial structure of the headpiece of the
protein lac repressor, two structures were obtained, structure I in which a loop
was incorrectly folded (total NOE bounds violation: 3.242 nm), and structure
IT in which the loop was correct (total NOE bounds violation: 0.405 nm).[61]
The structure refinement procedure was based on MD simulation followed by
energy minimization (EM) in the presence of 215 attractive NOE atom-atom
distance restraints with K@" = 17-10% kJ mol~! nm~2, then followed by EM,
5 ps of MD and again MD simulation with K9" = 0.1 The results in Table 2
show that MD refinement with a large weight, K" = 17-10% kJ mol~' nm~2,
results in the incorrect structure having lower NOE bound violations, 0.180 nm,
than the correct structure, 0.258 nm. However, this results in a higher intra-
protein potential energy, -2996 kJ mol~! compared to -3053 kJ mol~'. When
the restraining term V@t is switched off, K@" = 0, the molecule relaxes
resulting in much larger NOE bound violations for the structure containing the
wrongly folded loop. This example illustrates that molecular structures derived
from experimental data should not only match that data, but must also have
a low energy. Otherwise one may satisfy the experimental data but obtain a

strained, unstable conformation.
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Table 2: MD refinement of lac repressor structures.l%! A set of 215 NOE distance bounds for pairs of atoms were used in the half-harmonic
attractive restraining term of the potential energy function with a weight K9". The GROMOS biomolecular force fieldl?6: 77l was used as
interaction function. The two initial structures I and II of the protein were taken from Ref. 61.

Structure I
Loop wrongly folded

Structure II

Loop correctly folded

K@

constraint violation

constraint violation

energy energy
(kJ mol~t nm~2) (nm) (kJ mol~1) (nm) (kJ mol1)
sum average sum average
Initial structure 3.242 0.015 -2115 0.405 0.002 -3092
After 5 ps MD + EM 17000 0.180 0.001 -2996 0.258 0.001 -3053
After EM 0 0.523 0.002 -3083 0.461 0.002 -3100
After 5 ps MD + EM 0 3.297 0.015 -3032 1.823 0.008 -3102
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This leads to the question how low should be the energy of a molecule. This
depends on the force field used as VP and on the size and composition of the
molecule. Table 3 presents the intra-protein potential energies of a number of
proteins for which a high-resolution X-ray crystal structure is available and for
some proteins the structures of which have been derived on the basis of NMR
NOE atom-atom distance bounds.[%8! The NOE bound based structures of the
lac repressor and of tendamistat both have energies comparable to those of X-
ray diffraction based structures of proteins of similar size. In contrast, the last
five structures in Table 3 display a relatively high energy, at least about 1000
kJ mol~! higher than an X-ray structure of comparable size. This is most likely
due to the use of a large value for the restraining force constant K", which
lowers the distance bound violations at the expense of a high internal energy.
The discrepancy in energy cannot be due to the application of different force
fields. The biomolecular force fields used, CHARMM!™® and GROMOS,76.77l
consist of comparable interaction terms: while the CHARMM force field yields
an energy of -2247 kJ mol~! for the crambin X-ray structure, the GROMOS
force field yields a comparable value of -2161 kJ mol~!. The structures of the
last five proteins in Table 3 are likely to be highly strained.

This example illustrates that reporting and depositing structures of doubtful
quality is not a new phenomenon. It is a consequence of the understandable ten-
dency of researchers to push experimental and theoretical methods to the limit
of what they can do. Currently many structures of large protein assemblies are
being determined using electron microscopy and then used as initial structures
for MD simulations. Here it is likely that similar problems as in the example

given will be found in some of these structures. This state of affairs calls for a
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continuous effort of the scientific community towards validation of structures in
data bases!™ 3! and if needed their improvement. 3!

In this regard it is of interest to track the fate of the highly strained structures
discussed above in Table 3. None of the structures reported in Refs. 71-75
are currently available in the PDB. So they were either never deposited or
removed. The structure of hirudim!™! was deposited in 1990 and has been
updated multiple times, the latest in 2009.

If different sets of experimental data, such as NOEs, RDCs, 3.J-couplings
or X-ray structure factor amplitudes are used simultaneously when restraining,
there is a need to provide the relative weights of the different sets of Q°*P values
originating from different experiments.[®2 However, it is not possible to do this

in an objective fashion.
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Table 3: Energies of X-ray and NMR protein structures. 58! Ngr: number of distance restraints. K Qr: weight of the restraining function.
The GROMOS!76: 77 or the CHARMMI™! biomolecular force field was used as interaction function. For tendamistat the highest and
lowest energy for a set of structures is given.

Number of Source of data . Average . Force field
residues or structure Ner K¢ Violatiin Protein energy used
(kJ mol~! nm~2) (nm) (kJ mol~1)

aPP 36 X-ray[3®! -2180 GROMOS
crambin 46 X-rayl3®! -2161 GROMOS
BPTI 58 X-ray[3°! -3529 GROMOS
Phospholipase A2 123 X-rayl3°] -7848 GROMOS
Lac repressor 51 NMR/6 215 4000 0.003 -3091 GROMOS
tendamistat 74 NMRI69] 842 -3140 GROMOS
-2834 GROMOS

crambin 46 X-ray/NMRITT 240 5000 0.033 -2247 CHARMM
hirudin 56 NMRI7 359 17000 0.016 -1138 CHARMM
Histone H5 79 NMR/™ 307 17000 0.015 -1527 CHARMM
CPI 39 NMR/73 309 33000 0.007 =724 CHARMM
phoratoxin 46 NMR/™ 331 33000 0.010 -1029 CHARMM

Al-purothionin 46 NMRI7I 310 33000 0.023 -498 CHARMM
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2.8 Averaging over space and time

Values of QP of experimentally measured properties correspond in general to

averages of a quantity @) over both space (or molecules) and time,

Q™ = (Qupace), (12)

time

where the angular brackets denote averaging (Eq. 2) over the distribution P(7)
of configurations of the system, e.g. the Boltzmann distribution (Eq. 1).
Time averaging when restraining was first introduced!®3! in relation to the

-3

use of NOE derived atom-atom (i, j) distance, r;;, information with @ = r;.” or

Q= 7“%6. This was later followed by application to crystallographic structure
factor amplitude restraining, 887 chemical shift restraining,[®8! 3.J-coupling re-
strainingl®? 88l and S? NMR order parameter restraining.®®! Time-averaging
restraining methods are characterized by two parameters, the force constant
or weight K9 of the restraining function V" and the memory relaxation

time 7 representing the time span over which Q (7 (t)) is to be averaged. The

time-averaged value of ) is commmonly exponentially damped

Q™)) = Irq (lfexp(*t/TQ))]_l/O exp(—(t — ') /mQ)Q(F™ (¢'))dt', (13)

in the restraining function V@'* (Egs. 7 and 8) in order to avoid that the
restraining force progressively approaches zero with time.®3] Time-averaging
restraining has been investigated as function of K9" and 1o for a variety of
systems.[44 837961 The force constant K'9" should be taken as small as possible in

order to avoid a restraining bias that puts strain into the molecule, as discussed
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in the previous section, while being large enough to force (Q) to be close

time
to @Q°. In addition, too strong restraints may destroy the proper Boltzmann
weighting (Eq. 1) of configurations of the trajectory. The memory relaxation
time should be of the order of the experimental averaging time that determines
QP but at least an order of magnitude shorter than the length of the MD
simulation in order to secure sufficient statistics when averaging ) (FN (t)) over
t. In addition, the heating of the system due to the non-conservative force
resulting from the time-averaging restraining term should be small.

The averaging over molecules can be accounted for by simulating N, in-
dependent systems in parallel for which the initial coordinates and momenta
(7P (to), PN (to)) are Boltzmann-distributed in regard to VP"s. This is easily
achieved in the case of the momenta p*, because the kinetic energy term in
the Hamiltonian of the system is — in the absence of constraints — quadratic
in the momenta, but rather difficult if not impossible for configurations ¥V of
a biomolecular system, because the potential energy term of the Hamiltonian
is generally a complex function of the coordinates 7.7l Relaxation times of
biomolecular systems generally exceed the time scale accessible using MD sim-
ulation which means that if the initial configurations 7 (t) of the N,, systems
are not Boltzmann distributed, the averages (@) over the N, systems are very
likely to reflect non-Boltzmann averaging. Molecule-averaging restraints were
again first introduced in relation to NOE-derived atom-atom distance informa-

tion.198:991 Here, the molecule-averaged value of Q,

N‘ITL

<Q(FN)>molecules = anQ(Fg)’ (14)

n=1
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with

Pn = Nn_@la (15)

or

o B SV (ksT))
TN exp (~VPhS(AN) / (k)

(16)

is used, instead of the single molecule value Q(#), in the restraining function
y@restr (Egs. 7 and 8).[99] Molecule-averaging restraining methods are also
characterized by two parameters, the force constant or weight K9 of the re-
straining function V@' and the number of molecules or systems N,, over

d.1100.101 Fswever, problems can arise if the

which the averaging is performe
initial configurations N (ty) are not Boltzmann distributed over the N,, sys-
tems and are given equal weight (Eq. 15) in the average (Q) (Eq. 14) unless
the simulation is much longer than the system relaxation time. In such cases

the average (Q) will only be Boltzmann weighted in the limit of a large

molecules
number of molecules N, being used in combination with large restraining force
constants K@ [102-104 and in the absence of noise in the target values Q°.19%)
Unfortunately, neither condition is normally met in practice: (i) The number
of systems N, is generally kept low, i.e. 10-100, in order to minimize the com-
putational effort; (i¢) the force constant of the restraining function should be
as small as possible, as discussed in the previous section; (ii) the experimental
data Q°*P and the function Q(7) relating @ to structure are generally not error
free.

The problem of non-Boltzmann averaging over molecules may be alleviated

by applying Hamiltonian replica-exchange techniques!'°6-198] that swap config-

urations between the N,,, molecules or systems based on the Boltzmann proba-
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bility of the respective configurations.[109 110}

Since most structures of proteins deposited in the protein data bank were
determined by single-structure refinement, i.e. not accounting for averaging, one
may ask whether accounting for averaging in restraining is important. Unless
the configurational ensemble of a molecule is very narrow and centered on a
single dominant structure, the average over a Boltzmann distribution (Eq. 2) of
structures 7V, (Q) #~, will generally not be equal to the value of () calculated

for a single structure 7V

(@~ #Q (™), (17)

and it will also not be equal to the value of @) calculated for the mean structure
(™),
(@ #Q (7)) (18)

This is due to the non-linearity of the function Q(#) with respect to config-

urations 7™V

or the non-linearity of the Boltzmann weighting in Eq. 2. As a
consequence, single-structure refinement, i.e. not accounting for averaging, may
lead to highly distorted structures. An example can be found in Figure 5.[111]
The NOE atom-atom distance bounds derived from NMR experiments on a
[B-hexa-peptide in methanol turned out to belong to two rather different confor-
mations, a left-handed 314 helix and right-handed 2.7¢,12 helix which are both
populated in solution. While single-structure refinement led to a distorted and
strained structure (Figure 5, middle), MD simulation without any restraints
sampled both helices and as a consequence satisfied all NOE bounds.["'!l For

proteins, accounting for averaging is particularly important in regard to the

mobility of side chains. Single-structure refinement of the protein tendamistat
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based on NOE data resulted in the side chain of 15 Tyr being placed in a single
conformation that resulted in small NOE bound violations to spatially adjacent
side chains. However, in the structure determined crystallographically of this
protein no electron density was observed for the side chain of 15 Tyr, indicating
it was highly mobile. This illustrates how single-structure refinement can lead
to the underestimation of the structural variability within a molecule.!*2-113]

This applies to X-ray crystallographic single-structure refinement as well as to

that based on NMR.[86,87]

P
\

I~

1,
)-—.\
=

Figure 5: Left: Molecular model for a S-heptapeptide derived from NMR data
obtained in methanol. Left-handed 314-helix with hydrogen bonds: NH(i) —
O(i+2)."" Middle: Molecular model for a 3-hexapeptide derived using single-
structure refinement using 34 distance restraints derived from NOE NMR data
obtained in methanol. Average structure: Right-handed helix in MeOH with
only one hydrogen bond: NH(4) — O(1). Distorted, due to 3 NOEs char-
acteristic for a left-handed 34-helix.[''® Right: Molecular model for this (-
hexapeptide derived from NMR data obtained in pyridine. Right-handed helix
with hydrogen bonds: NH(i) — O(i + 1,7 — 3).[''6l Hydrogen bonds (with a
maximum proton - acceptor distance of 0.25 nm and a minimum donor-proton-
acceptor angle of 135°) are shown with red dashed lines.

When applied to 2J-coupling restraining, the use of the time-average (@),
(Eq. 13) in the quadratic part of the restraining function V@' (Egs. 7, 8)

led to large structural fluctuations.®dl This is due to the fact that the average

(@), of @ can lag behind the instantaneous value of Q(t) of Q. If the restraining
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force only depends on (Q),, it may drive Q(t) away from Q° in case (@), and
Q(t) are at different sides of Q°. This effect was not observed in time-averaging
NOE distance bound restraining because (i) only attractive distance restraints
are used, (ii) the r=2 or r~¢ distance dependence of the NOE signal gives
most weight to short distances when averaging thereby reducing the difference
between Q(t) and (Q), for short distances (), and (7ii) the van der Waals
repulsion between atoms in VP prevents very small atom-atom distances Q(t)
being sampled.

The problem of (@), lagging behind Q(t) can be solved by using a biquadratic

restraining function V@ that depends on both Q(t) and (Q),,!%"!

VA (QU), (@), K9,0°,AQ7) = TEV(Q() ~ @ - AQPY:
CH (Q(1); Q° + AQ™) ((Q), — Q° — AQ™)”
CH ((Q),;Q° + AQ™), (19)

for Q(t) > Q° and (@), > Q°

VG (QU), (@), K9, 0°,AQ) = TEY Q) — @+ AQPY:
[1-H(Q:0° - 2Q™)] (@), - Q° + Q™)

- H((Q):Q° —AQ™)], (20)

for Q(t) < Q° and (@), < Q°. The corresponding force along @, i.e. the

negative of the derivative of V@'t with respect to @, is then for the case
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Q(t) > Q% and (Q), > Q°,

foreT =0 for Q(t) <Q°+AQ™ or (Q), <Q°+AQ™
=K (Q() - @7 - Q™) (@), - @° - AQ™)*
+(Q() - @° = AQ™)” (@), - @° — AQ™) - (1 — exp (—At/rq)) }

for Q(t) > Q° +AQ™ and (Q), > Q° + AQ™,

(21)

e0s Where the derivative of the average (@), (Eq. 13) with respect to Q(t) has been

eor expressed in terms of discrete MD time steps At,

9(Q),
9Q(t)

= (1 —exp(—At/1q)). (22)

608 For the case Q(t) < Q° and (Q), < Q° we have

forer =0 for Q(t) > Q° — AQ™ or (Q), > Q° — AQ™
= K] (M)~ Q"+ AQ™) ((Q), - @° + AQ")”
+(QU) = @+ AQ™)* (@), - Q° + AQ™) - (1 - exp (~At/rq)) }

for Q(t) < Q° —AQ™ and (Q), < Q° — AQ™.

(23)

eoo 10 obtain the force on particle 7, these expressions must be multiplied by
610 aQ(Fjv(t))/ or,(¢)- Using this biquadratic form, the restraining function only gener-
e11 ates a force when both the instantaneous value Q(¢) of @ and the time-averaged

sz value (Q), of @ lie outside the flat bottom of the restraining function V@restr,
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If both, attractive (Q > Q°) and repulsive (Q < @Q°) restraints are applied, the
restraining is harmonic with a flat bottom. If Q(t) and (Q), both lie outside
the flat bottom and on the same side of @°, the two terms in Egs. 21 and 23
originating from the derivatives of Q(t) and (Q), yield contributions to the force
[Tt that drive Q(t) towards Q°. If Q(t) and (Q), lie on different sides of
Q°, ie. Q(t) < Q° — AQ™ and (Q), > Q° + AQ™ or Q(t) > Q° + AQ™ and

(@), < Q° — AQ™, no restraining force is generated.

2.9 How to deal with a multiple-valued relation between

structure and restrained quantity () 7

For some of the quantities @ listed in Table 1, there is more than one configura-
tion 7V that corresponds to the same @ value. An example of such a function
Q(7) is the Karplus relation 2J () that relates a ®.J-coupling to a torsional
angle 0, see Figure 1. There are up to four values of the angle 8 that may corre-
spond to a single 3.J-coupling value. This implies that the inverse of 2.J(f), the
function 6(3J), is multiple-valued. Depending on the initial value of the angle
6, the restraining function V& " may drive the angle 6 in different directions
to one of the different angle values that correspond to 3.J°. This is illustrated
in the upper panels of Figure 6. If the target 3J°-value lies beyond one maxi-
mum or minimum of the function 3.J(6), but not beyond another maximum or
minimum, the restraining function V@' may drive the angle 6 in the wrong
direction. This is illustrated in the lower right panel of Figure 6. Thus if the
function #V(Q) is multiple-valued, the restraining techniques discussed so far
may not lead to structures that match the target Q° values. This problem can

be solved by driving the structure out of the range of #-values for which V@-restr
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has a low energy but where these energies cannot become zero.
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Figure 6: Consequences of a multiple-valued function ¢(3.J) for restraining an
angle ¢ to a particular 3.J-coupling value J° when starting from different initial
values of ¢ in structure refinement.

A technique that achieves this, local-elevation sampling, has been proposed
more than two decades ago.!''”l Tt adds a memory function Vie(¢M) depending
on a set oM = (¢1,¢a,...,dnr) of torsional or dihedral angles ¢ defined by
four atoms or particles (k1 — ko — k3 — k4) to the physical interaction function
VPhys - This memory function can have the form of a Gaussian of width A¢°
centered at the value ¢7. For a given torsional angle ¢y, Vkle(<bk) is a sum of
N Gaussians centered at generally equidistant values ¢;7, which are the same

for each k, with i = 1,2,..., N}, along the 360° range of ¢ values,

Nie

Vi (on(1) = Z Vi (o (t); 65) (24)
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with

W (0n(0) ) = K (6u(2):67) exp (—W) @)

K'® is the overall weight of the local-elevation contribution to the potential

energy, while the weight factor w (¢ (t); ¢7) is enlarged by a given amount Aw

at every time point ¢ for which
o 1 o] o 1 ]
o — §A¢ < ¢n(t) < o5 + §A¢ . (26)

In this way the total potential energy surface for the molecular configuration
at the point defined by the local-elevation variables, i.e. torsional angles ¢™,
i.c. at position ¢7, is lifted or locally elevated every time the molecule visits the
region around ¢; during the MD simulation. In this way the system is driven
away from regions of configurational space that were visited previously. Multiple
equivalent schemes have been proposed. For example, in 2002 the local-elevation
sampling technique was republished under the name “metadynamics”.[!18!

The local-elevation sampling technique can also be used when restraining
structure 7V or 6 towards Q° or 3J° values when the function 7V (Q) or 0(3J)
is multiple-valued.['*”) Tn this case the local-elevation function V}* of Eqs. 24
and 25 is used as biasing or restraining function V@7t but the way the weight
w (P (t); ¢9) in Eq. 25 is assigned is varied. The weight is only increased when
both Q(t) and (Q), lie outside the flat bottom of V@'t With @ = 3.J; we

have, using a biquadratic attractive (Q(t) > Q° and (Q), > Q°) and repulsive

(Q(t) < Q° and (Q), < Q°) flat-bottom function of Q(t) and (Q),,
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; f =t t5 & ()0
w1000 =7 [ Gy

AVE Q). (@) KU, Q0, Q")

VI QW) (@) s KV, Q7.AQ") far,  (@27)
with

A¢°
2

Ag®

1 if ¢° —
o 2 (28)

< or(t) < ¢f +

Ogn(t)p =
0 otherwise

This local-elevation biasing technique has been shown to generate structural
ensembles that match the Q%P data used in the biasing function.[44120,121]
Local-elevation biasing of a MD simulation based on target Q° values of a
quantity ) can also be used to detect inconsistencies between different exper-
imental Q®*P values.[*3l This is illustrated in Figure 7 for the case of four 3.J-
coupling values, 3Jy, 1., (4.0 Hz), *Jy 1y, (2.0 Hz), *JInp,, (1.8 Hz), 3Jnm,,
(1.8 Hz) belonging to one torsional angle ¢ = x; of the side chain of residue 8
of the protein FKBP.!*?! Using local-elevation biasing for the four ®.J-couplings
of the xi-angle, this torsional angle sampled the complete range of (0°,360°),
upper left panel in Figure 7. For no combination of values of x; could all four
3 J-couplings be reproduced to within AQ™ = 1 Hz of the above mentioned
target values Q°. Instead there was a continual increase of the local-elevation
biasing or restraining energy Vkle for the xj-angle (upper middle panel in Fig-
ure 7). Thus one or more of the reported 3.J-coupling values must be erroneous.
Analysis of the available data suggested that the value 3Jy Hys = 1.8 Hz was

probably incorrect. After removing this restraint from the restraining function,
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the local-elevation potential energy did not increase with time and a range of
Y1-angle values compatible with the three target 3.J-coupling values could be
identified (lower panels in Figure 7).

Local-elevation Local-elevation potential
potential energy V,, (t) energy V, (t=1ns)

HoHB, HoHB3

Torsional angle x,

NHB, NHB,
360
— 270k 3
HaHg, E 3270 ;
H(xH[33 a = :t
NHs, 3 3 MF A
NHEs 2 2 gof g
NG
okt
360 100 ———1
< = 80k P
—_— -]
HaHp, = B2 g E
HoHp, =2 = 5 60 4= 60f -
e 3180 = )
N, =2 5 = a0} -z 40 -
NHp, S £ S g
3 2 < <3 LI
g~ % < 20 4 .E 20} >
a < 4
o 1
%02 04 06 08 1.0 002 0.4 0.6 0.8 1.0 % 90 180 270 360
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Figure 7: Detection of inconsistency of the (redundant) experimental data.*3]
The torsional angle x; of residue 8 of FK506 binding protein (FKBP) deter-
mines four 3.J-coupling constants. Through local-elevation search inconsistency
between the four 2.J-coupling values is detected. Upper panels: four 3.J-coupling
restraints. Lower panels: three 3.J-coupling restraints. Left to right: torsional
angle value x1(t), local-elevation potential energy Vi.(t), local-elevation poten-
tial energy Vie(x1) at ¢ =1 ns.

Multiple-valuedness of the inverse of the function Q () may also occur for
other quantities @ than 3.J-couplings or residual dipolar couplings (Table 1).
The inverse of the crystallographic structure factors Fyz; (7) depends not only
on the structure factor amplitudes, which are proportional to the square root of
the scattering intensities Iy, but also on the phases ¢p;. The phases cannot be
experimentally measured and are instead inferred from a proposed model. The
uncertainty with respect to the phases ¢px; implies that different structures, i.e.

electron densities, may map onto the same structure factor amplitudes, leading
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to multiple-valuedness of the relation 7 (Ijz).

The question why and in which cases local-elevation biased sampling is bet-
ter than instantaneous restraining as applied in single-structure refinement has
been discussed in Ref. 44. It is summarised in Figure 8 for a one-dimensional
system with Q(z) and VPWs(x). VPWS(z), the molecular model or force field
used in the MD simulation, is represented by the dashed line, and the real,
correct potential energy surface of the system V™ (x) by the solid line. Three
MD sampling techniques are compared, (i) free MD, that is using VP without
any restraining function V@ (ij) instantaneous restraining (IR) MD using
VQrestr hut without accounting for averaging, so equivalent to single-structure
refinement, and (iii) local-elevation (LE) sampling MD using V@** inclusive
averaging as described above. Depending on the levels of the different energy
wells of VPWs(z) and V*!(z) and the height of the barriers between them
in relation to the kinetic energy kg1 available to the coordinate x in an MD
simulation, the different sampling techniques succeed or fail sampling the config-
urations x matching (@Q). In free MD without restraints, the simulation may fail
to sample configurations with appropriate weight due to limitations in the force
field or molecular model (upper middle and lower left panels). Instantaneous
restraining or single-structure refinement may fail when different configurations
x contribute to the average (@) such that (Q) = Q(z) corresponds to a configu-
ration z with a high energy VP%3(z) or V**2l(z) (right-hand panels in Figure 8).
Only local-elevation MD sampling yields ranges of configurations that reproduce

(Q) and are of low energy VPhs,
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Figure 8: Schematic representation of six different real (solid line) and model
(dashed line) potential energy functions illustrating the force-field problem of
unrestrained MD simulations (examples B, D, E), the sampling problem of
MD simulations which occurs when instantaneous restraints are applied (exam-
ples C and F'), and the search problem of MD simulations due to high-energy
barriers between different conformations (examples D, E, F'). The double ar-
row indicates the thermal energy (%k‘ T associated with the degree of freedom
x. If the thermal energy is comparable to the barrier height, transitions are
easy, whereas a higher barrier leads to rare transitions. If the measured 3J-
value, <3J >exp, corresponds according to the non-linear Karplus relation to a

torsional-angle coordinate x for which the potential energy is larger (examples
C and F), instantaneous restraining will lead to an unrealistic configuration x.

2.10 Boltzmann sampling or weighting of configurations

It follows from statistical mechanics that a set of molecular configurations should
approximate a statistical-mechanical ensemble, e.g. a Boltzmann-weighted set
of structures approximating at constant temperature a canonical ensemble. The
weights of the individual structures or configurations ¥V should be proportional

to exp(—Vl(#N)/(kgT)). Unfortunately, the real potential energy function
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of a biomolecular system is not known. At the atomic level of resolution it
can be approximated by a model function or force field VPWs(7#V) and the
weights of a set of structures or conformations should then be proportional
to exp(—VPWs(7#N) /(kgT)). Using Monte Carlo simulation or MD simulation
at constant temperature this relative weighting of trajectory structures is well
approximated. Yet, for most biomolecular structures reported in the litera-
ture and deposited in structural data banks, this Boltzmann weighting is not
achieved. Normally such structures result from energy minimisation or temper-
ature annealing single-structure refinement procedure, which by definition are
not Boltzmann weighted. Such sets of structures do not constitute an experi-
mental ensemble. In fact, structures based directly on experimental data should
not be called an ensemble, because their relative weights do not correspond to
or even approximate a well defined statistical-mechanical ensemble. For this
reason it is also inappropriate to use protein structures deposited in the Pro-
tein Data Bank (PDB) as a means to directly calibrate parameters for use in a
biomolecular force field. The variation in bond angles for example, represents
the variation in the minimum energy position between models, not the variation

which would be expected due to thermal motion.

3 What should be avoided when deriving structural infor-

mation from measured data ?

The considerations in the previous sections lead to a number of choices and
procedures that are to be avoided when deriving structural information from

measured data for biomolecular systems.

1. Use of derived “experimental” data in the biasing or restraining function
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V&@restr - Unless the procedure f (Eq. 5) that converts measured values
<Q°bs>exp of an observable quantity Q°"® into derived values of a non-
observable quantity Q9" involves well founded assumptions and does not

increase the uncertainty of the values Q9°", derived data should be avoided.

. Use of a poor molecular model or force field, e.g. without electrostatic in-

teraction terms or without explicit solute-solvent interactions. The quality
of the force field is particularly important in situations where the number
of independent experimental values QP is small compared to the number

of degrees of freedom of the system.

. Use of poorly defined experimental data or Q“*P values beset with a large

uncertainty in a restraining function V@ % In some cases the effects
of uncertainty in the experimental data can be accounted for by using
a flat-bottom potential energy term for restraining the range of which

corresponds to the uncertainty.

. The use of any relation Q(#) between an observable @) and structure

7V for which the inverse function ¥ (Q) is multiple-valued without an

appropriate sampling technique such as local-elevation. This applies not
only to 3.J-coupling restraints, but also to restraints based on e.g. Residual

Dipolar Couplings or crystallographic structure factor amplitudes.

. Use of instantaneous restraining or single-structure refinement, unless it

is a priori clear that the system of interest adopts a single conformation.

. Use of a too large force constant K@ or weight of the restraining potential

restr

energy term V& compared to the physical potential energy VP,
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769 7. Use of molecule averaging in restraining without using a statistical-mechanically

770 based weighting criterion, e.g. canonical or microcanonical.['?2l For exam-
771 ple, the use of replica-exchange protocols between concurrently simulated
772 copies of the molecular system may ensure correct weighting.

773 8. Use of a poor or a non-Boltzmann sampling algorithm to generate a set
774 of structures.

778 We note that these issues play a role when deriving structure from measured

776 values of all observables mentioned in the Introduction and that these issues still
-7z play a role in contemporary structure determination.?3-125 It depends on the
77s information density of the particular measurement technique, that is the ratio
77o  of the number of independent measured values Q°*P and the number of degrees
7e0  Of freedom of the molecule whose structure is to be determined, how much the
ze1  choices made in the structure refinement procedure will influence the resulting
ze2  molecular structure. The majority of the measurement techniques mentioned in
zes the Introduction yield a rather low information density, which means that the
7sa  structures modelled based on the experimental data will be dominated by the

7es  choice of molecular model and refinement techniques and parameters.

s 4 Flawed structural interpretation of measured data due
787 to inappropriate choices made when deriving structure

788 from experimental data

70 Since many structures reported in the literature have been derived based on
700 procedures and assumptions that ideally should be avoided, one might wonder to

7e1  what extent biomolecular structures that result from adhering to the standards
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listed in the previous section lead to a different structural interpretation of the
experimental data. This, of course, will depend on a variety of factors involved
in the structure derivation, the type of molecules considered and the type of
experimental data available. Below, a few examples from the literature are
presented to illustrate potential consequences.

Structures of the 16-residue C-terminal half GCN4p16-31 of the leucine zip-
per GCN4 were derived on the basis of 172 NOE atom-atom distance bounds
and 15 3.Jy i, -couplings measured by NMR.[#4 121 Single-structure refinement
using the program X-PLOR based on (i) 172 NOE distance restraints, (i4) 14
a-helical hydrogen bond restraints (2 per hydrogen bond) between the peptide
H and N atoms of residue ¢ + 4 and the carbonyl oxygen of residue ¢ with
i =18 — 24, and (4i7) 8 backbone ¢-angle restraints for residues 17-24, led to a
set of 20 NMR model structures through simulated annealing.!'26] However, this
set of NMR model structures showed five NOE bound violations larger than 0.05
nm and two 2.J-coupling deviations larger than 3 Hz. It was decided, therefore to
perform local-elevation MD time-averaging structure refinement using the GRO-
MOS program!'% and the GROMOS force field 53A61'27] based on (i) the 172
NOE distance restraints using time-averaging and (i) the 15 3Jg, g, -couplings
using local-elevation sampling.[*4l This led to a greater variability between the
structures but overall the deviations from the experimental data were smaller:
no NOE bound violations beyond 0.03 nm and no 3.J-coupling deviations larger
than 1 Hz. The network of polar side chain contacts in the LE-MD structural
ensemble was more extensive than in the set of NMR model structures obtained
through single-structure refinement using X-PLOR. This is likely to be due to

the force field used lacking electrostatic and hydrogen bonding terms.['2! In
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other words, this set of 20 NMR model structures, deposited in the Protein Data
Bank, does not capture the expected contacts between the polar side chains of
the helix. In this case an inappropriate choice of hydrogen-bond and torsional-
angle restraints based on values of derived, non-observable quantities Q9" the
neglect of averaging by applying instantaneous restraining or single-structure
refinement, and the use of a force field without electrostatic interaction terms
led to a set of structures with a lower structural variability than indicated by
the measured data, and thus not only to a poor set of structural models but to
the misinterpretation of the data on which these models were based.

An example of the combined effect of inaccuracies of the force field used in
single-structure refinement and a limited set of atom-atom distance bounds de-
rived from NMR data can be found in Ref. 128. Although the proposed structure
of the complex of the barley lipid transfer protein 1 (LTP) in complex with the
fatty acid ligand palmitate was based on the use of 25 protein-ligand NOE re-
straints, 23] these were not sufficient to identify the details of the ligand binding
site using the calculation protocol applied. Indeed, MD simulation starting from
the NMR model structure indicated this structure was not stable. The palmi-
tate ligand moved out of the internal cavity and became exposed to solvent.[12]
Using different sets of restraints (omitting hydrogen-bond restraints), different
protonation states and force-field parameters two alternative palmitate binding
modes characterised by different hydrogen-bonding patterns, were identified for
palmitate.l'?%) The two modes have similar protein-ligand interaction energies
suggesting that both are significantly populated. In these binding modes the
palmitate head group is not involved in a salt bridge or hydrogen bond to the

side chain of Cys 9 as had been previously suggested.['?8! Instead the ligand
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formed hydrogen bonds with main-chain amide groups of residues in helix A.
The ligand binding exploits irregularities in the helical hydrogen-bonding pat-
tern in this helix due to the presence of Pro 12. Simulations of single mutant
P12V and double mutant P12V, P20V variants of barley LTP also suggested
that the presence of Proline at position 12 in helix A is needed to stabilize the
binding of palmitate to barley LTP.

Another example of the incomplete picture of ligand binding based on X-ray
and NMR data as obtained by single-structure refinement based on a limited
set of experimental data can be found in Ref. 130. The data suggested the oc-
currence of two ligand binding modes of the ligand caprate to maize LTP. Using
different protonation states and configurational sampling strategies MD simu-
lation!'3!] indicated that one particular binding mode (M) is preferred in maize
LTP rather than a mixture of two different binding modes (M and B) suggested
previously. The mobility of the caprate ligand explained the absence of electron
density for the ligand head group in the X-ray structure determination.!*32]

Currently the study of so-called intrinsically disordered proteins is rather
popular. For such proteins the ratio of the amount of independent data that
can be accurately measured compared to the number of protein configurational
degrees of freedom that allow for disorder is very, very low. This implies that
the reliability of the generated structures is almost entirely determined by the
combination of molecular model and force field used in the structure generation
rather than by the measured data. This applies to most of the observable
quantities and measurement techniques mentioned in the Introduction.

Even when using a high information density technique such as X-ray diffrac-

tion crystallography the interpretation of the electron density of a molecule may
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be flawed by ignoring the motion of atoms in the structure refinement process.
This is illustrated by a time-averaging structure factor amplitude restraining
MD simulation of the protein basic pancreatic trypsin inhibitor (BPTI).[¥”l The
X-ray model structure derived using single-structure refinement based on X-
ray diffraction data contained four internal water molecules without contact to
bulk solvent due to the presence of the side chain of Glu 7 blocking their ac-
cess to the protein surface. Allowing for averaging through the time-averaging
structure refinement procedure it was found that the electron density at the pro-
posed position of the Glu 7 side chain could be due to a water molecule. While
the side chain actually does not have its own well-defined electron density, it
exists in many different conformations during the time-averaging refinement-
simulation.®”)  These conformations are consistent with the crystallographic
data, because no significant density difference exists. In contrast to the single-
structure refinement result, the new water site bridges the four internal water
sites to the bulk water outside. Other examples of misinterpretation of experi-
mental data can be found in Ref. 79-81,133,134. The risk of misinterpretation
of experimental data is even higher for the measurement techniques of low in-

formation density mentioned in the Introduction.

5 Pollution of structural databases by flawed structures

During the past years, a number of protein structures deposited in the Protein
Data Bank (PDB) were corrected or retracted, because the interpretation of the
corresponding X-ray diffraction data was flawed.[-8] Considering the number
of things that can go wrong in the process of structure reﬁnement,[gl*l?’s’ 136]

the number of partially flawed or non-optimal structures is likely to be large.8!]
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This highlights the importance of being able to correct structures deposited in
the PDB as more robust procedures to derive structure from measured values
of observable quantities!*¥ or to check the derived structures with respect to
geometric and energetic criterial®!! become available and especially when these
result in a better match to the measured values of observables!'7 than existing
structures. It also highlights the need for all structures to be deposited together
with values of the observables such as NOE bounds, 3J-couplings and struc-
ture factor amplitudes, force fields and computational protocols used for their
generation. The primary criteria for whether a structure is included in these
critical public databases must be the extent to which the models can account
for the available experimental data. Limiting the ability of researchers other
than the original depositors to correct structures will lead to the progressive
pollution of the PDB with partially flawed structures. Structures should be
stored independently of the observed data from which they were derived, and
the key choices and procedures of the structural derivation should be deposited
with the structures. Recent moves by the PDB and other repositories to enforce
this should be encouraged.[!38]

In fact, the quality of structures is an on-going concern to the PDB, and the
PDB has held a series of meetings to address concerns regarding the deposition
of flawed structures.'3®] While the ease with which data can be acquired has
increased and data processing has improved, the extent to which partially auto-
mated tools are used by less experienced persons to solve larger structures has
led to flawed structures.'4% Solving structures for more complex systems even
with modern tools can be just as challenging (i.e. error prone) as for simpler

systems with older tools. For MD simulation, the quality of force fields and
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sampling has improved, but so has the complexity of the systems studied. It

would be very wrong to assume all recent simulation studies are of high quality.

6 Conclusion

The process of deriving structural information from measured data for biomolec-
ular systems is a complex one involving many assumptions and approximations.
These may introduce uncertainty or error in the derived structures, which in turn
may then misrepresent reality. This may be avoided by carefully considering the
various choices to be made in the refinement process. These considerations re-
gard many types of observables and measurement techniques, not only NMR
spectroscopy, but also X-ray and neutron diffraction, small-angle and wide-
angle X-ray scattering, free-electron laser imaging, cryo-electron microscopy,
EPR, Infrared and Raman spectroscopy, CD, FRET, ATM and ion-mobility
mass spectrometry. The lower the information density of a measurement tech-
nique, the larger will be the chance that problematic choices of approximations
and parameters of the structure refinement process will go undetected.

Due to the complexity of the process of deriving structures from experimen-
tally measured data and the different characteristics of the variety of experimen-
tal data that can be used, it is not possible to assert what is “best practice” and
expect this to be applicable to all cases. What procedure to choose will depend
on (i) the type, quality and number of experimental data, (ii) the relationship
between these data and structure, (iii) the choice of the degrees of freedom
of the molecular model used, (iv) the quality of the molecular model and force
field used, (v) the range of the model parameter values that is sampled, and (vi)

the extent of configurational sampling and biasing executed. While it would of
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course be nice to have a straightfoward checklist for determining structure qual-
ity, the factors at play and their relative importance are likely to vary on a
case-by-case basis, thus such a list will always be a simplification and likely to
lead to even further problems. Unfortunately, a high-dimensional problem often

only has a high-dimensional answer.
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