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General Introduction

Molecular dynamics (MD) computer simulation techniques have been
applied to a wide range of problems in chemistry and physics, since it allows
the understanding of the properties of a complex molecular system in terms
of interactions at the atomic level. The method is based on the knowledge of
the potential energy of the molecular system as a function of the atomic
coordinates. The forces acting on the atoms are obtained from the first
derivatives of the potential energy with respect to the atomic position. These
forces can be used to calculate the dynamical properties of the system by
solving Newton's equations of motion. The presence of motional freedom
during a MD simulation mimicks the state of constant motion of the atoms
of a molecular system at room temperature and allows the sampling of a
range of conformations that is accessible to the molecular system within the
time period of simulation. This means that molecular properties can be computed
as dynamic averages over an ensemble of molecular configurations. The develop-
ment of computer simulation has been made possible by the continuous and
rapid development of computer hardware and presently allows simulations for
time periods in the picosecond to nanosecond range. The MD simulation
technique has successfully been used for structural and dynamical studies of
glasses; liquids," polymer fibers, polysaccharides, membranes, nucleic
acids (DNA and RNA) • and proteins. The simulations provide insight into
chemical and biological processes and allow, for instance, the prediction of
properties of modified proteins and binding affinities of small molecules to
macromolecules.^'* Especially in the field of protein engineering and drug
design, the simulation techniques will have an important impact, because of
its useful relationship to advances in experimental techniques in this field.

Given the wide range of problems that can be attacked by molecular
dynamics it is worthwile to examine some of the present limitations of the
technique. The MD simulation method faces two important problems: (a) the
accuracy of the empirical force field describing the various interactions between
the atoms is limited and (b) the time span needed to investigate interesting
(bio)chemical properties and problems in some cases largely exceeds the time
span that can presently be covered by a MD run which is limited by the
available computer power.

The motions that occur in proteins cover a vast range of time scales
varying from 10"14 s (involving bond stretching vibrations) to 103 s (folding
of a protein). Large-scale conformational changes and collective motions in
proteins take at least nanoseconds to milliseconds. Especially the folding of
proteins is a dynamical phenomenon that is most difficult to treat theoretically.
In principle, it should be possible to predict the folding of a protein from its
amino acid sequence by molecular dynamics using an atomic interaction function
of sufficient accuracy. However, the configurational space accessible to even
a small molecular system is enormous. Consider a small protein with 50
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residues. On the two sides of a peptide bond there are two rotatable bonds
((p,i)j). Suppose there are three possible conformations about each rotatable
bond: then there are 310° * 1048 possible conformations of the polypeptide
backbone. In order to simulate the folding of this small protein from the
amino acid sequence alone (if one assumes that it only takes one second in
real time and the simulation is accurate enough to imitate the real folding
process which is not a random search process) at least 10B central processing
years (CPY) are needed on a NEC SX2 supercomputer ! (If the search is done
randomly it would take at least 10*1 years!) Although the rapid developments
in hardware (increasing speed through miniaturization, application of array
and multiprocessors) and software (parallel programs) will increase the power
of computers tremendously, no future computer capabilities can cope with
such problems.

Fortunately, there are many problems of interest that occur in a much
smaller time scale. The prediction of local changes in a protein structure
induced by binding or removing a substrate or conformational changes
induced by a change of solvent environment »"~^ is possible with the available
computer capabilities.

In some cases computational effort can be reduced by combining the
theoretical simulation techniques with experimental data. In the work described
in this thesis, atom-atom distance information obtained from two-dimensional
nuclear magnetic resonance (2D NMR) is combined with molecular dynamics
simulations. This kind of information not only allows for starting from a
plausible initial structure, but it also reduces the configurational space to be
searched. The application of MD simulation in combination with NMR data is
called MD refinement. The simulation is used to improve the accuracy of a
model constructed on the basis of NMR data. During the MD refinement the
crude NMR structure is simultaneously optimized with respect to the atomic
interaction function and to the set of atom-atom distances or other NMR
information. This means that insufficient experimental data is completed with
theoretical knowledge and the combination will lead to more reliable structures

than would be obtained from one technique alone. In some cases misinterpreta-
99 9*̂

tions of experimental data have besn discovered by MD simulations. i t~° It is
important to realize that the succes of this method depends on the quality
of the force field used in the simulation.

Accuracy of Molecular Model and Force Field

The interatomic potential energy function used for proteins is generally
composed of terms representing bond stretching, bond-angle bending, harmonic
(out-of-plane, out-of-tetrahedral configuration) dihedral bending, sinusoidal
dihedral torsion, van der Waals' and Coulombic interactions. The resulting
expression which describes the potential energy V of the molecular system as
a function of the Cartesian positions vectors rt of the N atoms has the
following form:
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The force constants Kb, K&, Kg, Kv , equilibrium or geometric reference
values bo , &o , fo , tpo , n, S, Lennard-Jones parameters C12 and C6 and
atomic charges q that appear in the energy potential function are initially
obtained from experimental studies < X-ray data on small molecules such as
peptides and nucleotides, spectroscopic studies etc.) and ab initio quantum
mechanical calculations. These parameters have been refined to yield correct
results for calculations with small model systems. The level of refinement of
force field parameters depends on the system properties to which they are
fitted, on the accuracy of the computational procedures used and on the
molecular details that are taken into account. A force field used for small
organic molecules for which structural and geometric parameters are well
known allows a higher level of refinement than a force field for proteins. At
this moment no generally valid force field or molecular model exists and any
potential energy function will contain approximations that restrict its range
of validity. Depending on the specific application of interest, it is necessary
to choose a force field of an accuracy that is in balance with the accuracy of
the molecular model and computational procedure. For example, in the case
of simulating biological macromolecules there is no reason to improve the
bond-length term of Eq. 1 by adding anharmonic terms, as long as the long-range
Coulomb forces are evaluated using a cut-off radius.

In this thesis the simulations have been performed by using the Groningen
molecular simulation program package (GROMOS) in combination with the
GROMOS force field.24 The force field and molecular model of GROMOS
have proved to give reliable results for the dynamic modelling of biomolecules.
In the molecular model only polar hydrogens are explicitly treated, while
CHi, CH2, CH3 groups are treated as united atoms. ' " No explicit hydrogen
bonding interaction is applied, since this interaction can be adequately modelled
by the electrostatic and van der Waals' terms of Eq. 1. Usually the bond-lengths
are constrained, since this does not affect significantly the dynamical properties
of macromolecules on time scales larger than about 0.05 ps, while the compu-
tational efficiency of the molecular dynamics simulation is increased by about
a factor of three.26 Bond-lengths can be kept rigid by applying the SHAKE
method.27-28

For simulations of protein or nucleic acid molecules in an aqueous solution a
solvent model compatible with the protein force field was developed. The
simple three point-charge (SPC) potential for liquid water29 was extended to
include interactions between water and polar groups of proteins.^ In spite of
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the optimization of this water-protein potential, it is still only an approximation.
An evident limitation is the fact that the electronic polarisability of solute
and solvent atoms is neglected. The polarisation is taken into account as an
average effect by adapting empirical parameters.

Another problem is that the stabilities of solute...solute, solute...solvent
and solvent...solvent hydrogen bond interactions appear to be sensitive to
details in the interaction function. The value of the free energy change for
formation of a hydrogen bond in a protein in aqueous solution is not known.
It is even not known if the free energy change is negative! The reason is
that when protein...protein hydrogen bonds are formed, protein...water hydrogen
bonds are lost and water...water hydrogen bonds may be formed:

protein...H2O + protein...H2O •» protein...protein + H2O...H2O

This means that there may be no net increase in the number of hydrogen
bonds and the free energy change of this reaction depends on a very subtle
balance between small differences in stabilities of the protein-water, protein-
protein and water-water hydrogen bonds.

Despite the approximate character of the interaction potential used in
GROMOS, the accuracy appears to be sufficient to obtain reasonable structural
results.5' 10,17-20,22,23,25,31,32.33

Energy Minimization and Molecular Dynamics

Given a potential energy function, it is often desirable to find low-energy
configurations of a molecular system consisting of N atoms with masses rrij
(/' = 1, 2 N ) and Cartesian position vectors r. . Applying energy minimiza-
tion algorithms (EM) one searches for a minimum energy configuration of the
system by moving downwards on the potential energy surface through configura-
tional space:

Ar-, - -d/drs V(rj, r2 rN) (2)

The energy hypersurface describing a macromolecular system contains a very-
large number of local minima and since EM moves only downhill over the
energy surface the algorithm yields only a local minimum energy configuration
in the neigherborhood of the initial one."'* Thus, EM covers only a small part
of the configuration space. However by application of methods which combine
systematic or random search with energy minimization, a larger part of config-
uration space can be searched. °'°°

In a molecular dynamics simulation the state of constant motion of atoms
in a molecular system at ordinary temperatures is mimicked. This means that
the entropic effects are naturally included. The presence of such motional
freedom allows the possibility of passing energy barriers which are of the
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order of kT and a range of (protein) conformations are sampled. Therefore,
MD searches a larger part of configuration space and generally ends up in a
lower energy minimum than regular EM techniques. In a molecular dynamics
simulation, the classical Newtonian equations of motions of all atoms in the
system are solved:

d2rj/dt2 = mr1 F(rj(t), r2(t) rN<t» (3)

Fi = - d/drt V(rt, r2 rN> (4)

Here, the force on atom / is denoted by Ft . By numerically integrating these
equations using the leap-frog scheme' with a sufficiently small time step a
trajectory (atomic positions as a function of time t) can be obtained. The
length of the time step At in a MD simulation is limited by the highest
frequency vmax in the system: At << v^a* . In practice At = 0.5 fs if bond
vibrations are taken into account and At = 2 fs if these bond-lengths are
constrained using the SHAKE method. '™ A variety of experimental conditions
can be simulated by molecular dynamics. The simulations discussed in this
thesis are performed at constant temperature (typically 300 K) and pressure
(typically 1 atm for the simulations performed in solution, see chapter IV).
This is achieved by coupling to an external bath with constant temperature
and/or pressure with adjustable coupling constants.

The simulations of biological macromolecules in an aqueous solution can
in principle be performed by placing the molecule in a liquid drop. ° However,
this introduces unacceptable disturbances due to the edge effects and the
motions of atoms at the edges have to be restrained. By applying periodic
boundary conditions, edge effects can be minimized in a more acceptable way.
The macromolecule and solvent are put into a (periodically space filling
shaped) box which is surrounded by 26 identical translated copies of itself.
This guarantees that all atoms are surrounded by neighbours, either the real
atoms or images of these atoms. In order to avoid a significant effect of the
periodicity on the behaviour of the atoms, the box size must be large enough
to allow for long-range interactions while an atom may not simultaneously
interact with another atom and its image. In practice the solute molecule and
its images should be separated by at least 5-8 water layers.

Molecular Dynamics Refinement From 2D NMR Data

The development of 2D NMR techniques 3 9 in the last few years has made
it possible to determine the three-dimensional structure of small proteins in
solution. The largest protein determined by NMR till now is flavodoxine from
M. Elsdenenii (137 residues) for which no crystallographic data are available?3

The first step in the structure determination of biomolecules is the sequential
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assignment of lH resonances. This can by done by tracing networks of
(off-diagonal) cross peaks in 2D-NMR. spectra corresponding to pairs of
protons that are coupled either by through-bond spin-spin coupling (COSY,
multiple quantum 2D. etc.) or by through-space dipole-dipole interactions (2D
NOE spectra). Once the assignments are known, NOE's between proton pairs
can be identified and translated into proton-proton distance constraints on
which the NMR structures are primarily based. The NOE's can only be measured
between protons that are spatially in close proximity. The nuclear Overhauser
effect falls off as r~6 where r is the distance between the pair of protons.
The maximum distance sampled depends on the mixing time. However, identifi-
cation of pairs of nuclei more distant than about 0.5 nm becomes unreliable
due to spin diffusion. The build-up rate of the NOE is directly proportional
to r~6 and allows in principle, exact distance determination. However,
instead of recording several 2D NOE spectra with different mixing times, the
NOE values for one relatively short mixing time are often used. The NOE
values in the spectrum are transformed into a distance by calibrating the
values to a known distance in the molecule. In this way, a NOE value larger
than or equal to the calibration value can be translated into an upper bound
distance constraint.

If the interconversion between conformational. equilibria in a protein is
fast on the NMR time scale, NOE's from several equilibrium conformations
will be observed simultaneously. This means that the observed set of NOE's
does not necessarily represent the average structure and there may be no
single conformation which is consistent with the data set.

From a 2D NMR spectrum a large number of distances or upper bounds to
distances between pairs of protons can be obtained. In the case of lac repressor
headpiece (51 residues) 169 NOE's were measured while for the two and a half
times larger M. Elsdenii flavodoxin (136 residues), 619 NOE's were identified.
The number of NOE's in proportion to the size of the protein allows the
definition of the 3D structure in a general way. However, from the ratio
between the number of NOE's and the number of degrees of freedom present
in a protein it becomes clear that the problem is underdetermined and additional
information is needed to improve the quality of the structure.

A crude initial structure can be constructed by model building techniques-'
or distance geometry calculations. 4-3-45 jjjese crude structures can be subse-
quently refined by EM and MD using an additional term in the energy function
in Eq. (1), which represents the set of distance constraints. This pseudo-
potential term forces the proton pairs to be within the distance range imposed
by the NOE data. During the MD refinement theoretical knowledge implied in
the potential energy function is combined with experimental data and during
the refinement both the physical reliability and the agreement with the experi-
mental data of the structures is increased. The reliability of the refined structures
can be improved further by inclusion of the solvent during the refinement
procedure. However, this will require 50-100 times more computer time. The
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inclusion of solvent is only worthwhile if one starts from an initial structure
of good quality that already satisfies essentially the experimental data. The
influence of the additional (un-physical) pseudo-potential term on the behaviour
of the solute would otherwise interfere with subtle solvent effects.

Normally, the quality of the initial structures is low (bad packing, arbitrary
side chain orientations and large violations of the experimental constraints)
and a large part of configuration space has to be searched by the molecular
dynamics algorithm to obtain reliable structures. At this stage of the refinement
the main goal is to eliminate the distance constraint violations present in the
initial model and the use of a reliable physical force field is superfluous. By
using simplified potential functions, •*" which allows the atoms to pass
through itself while still yielding structures that subsequently can be refined
using a more reliable and detailed force field (including solvent), it is possible
to extent the sampling properties at reduced computing efforts. In con unsHon
with high temperature dynamics, correct conformations can be obtained • / >n
when one starts from a random array of backbone and sidechain atoms so
long as a sufficient amount of atom-atom distance information is used.

The use of time-dependent distance restraints by Torda et al. * instead
of static restraints in a molecular dynamics simulation not only represents in
a better way the time-dependent non-linear character of the NOE but can in
principle also accommodate apparently contradictory NOE"s originating from
different equilibrium conformations.

Application to the Lac Repressor Headpiece

One of the many intriguing questions in molecular biology is how proteins
interact with specific DNA sequences and as a consequence regulate the
expression of genes. Important major concepts of expression and regulation
have come out from biochemical and genetic studies done on the lac operon
of Esctiericia coli. The lac repressor from E. coli is a protein, which binds
very tightly to a specific part of the DNA, the operator, and can block the
expression of the structural genes of the lac operon. The understanding of
the direct molecular interactions of the two macromolecules at the atomic
level is still rather poor. For such understanding, it is necessary to know
their three dimensional (3D) structures. Despite considerable efforts, no crystals
of the repressor of sufficient quality for an X-ray study have so far been
obtained. The determinants for DNA binding are mainly localized in four
small N-terminal domains or "headpieces" which can be cleaved by proteolytic
enzymes from the tetrameric core. * These headpieces retain their original
three-dimensional structure and their ability to recognize DNA specifically.52

The size of these headpieces allows for 2D-NMR spectroscopic measurements
and the NMR structure of headpiece-51 (51 residues) was described by Kaptein
et al.21

In chapter II of this thesis the MD refinement in vacuo of the DNA binding
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domain of the lac repressor (headpiece, 51 residues) starting from a model-built
structure is discussed. During the refinement not only NOE data (converted
to attractive distance restraints), but also information that is contained in
the absence of NOE's between assigned protons (non-NOE's: converted to
repulsive distance restraints) and the information that is contained in the
occurrence of large J-coupling constants (converted to dihedral angle restraints)
are included in the refinement procedure. In chapter III the refinements of
headpiece structures generated by the distance geometry (DG) algorithm **
are discussed and the results are compared to the refinement of the model-built
structure of chapter II. Interestingly, the internal energy of the refined model-
built structure is lower than the energies found among the refined DG structures,
while the total violation approaches the best of the refined DG structures. It
was concluded that the refined model-built structure was a reasonable initial
structure for detailed simulations of headpiece in aqueous solution (Reference
53 and chapter IV).

2D NMR Data of Lac Headpiece and Its Operator

The lac headpiece structure formed the basis for further 2D NMR studies
aimed at determining the way in which the lac repressor recognizes its operator.
From the 2D NOE spectra of the complex of the lac headpiece with a 14-basepair
operator fragment corresponding with the left half of the operator, 24 NOE's
between the protein and the headpiece were detected by Boelens et al.. •
On the basis of these intermolecular NOE's, a low-resolution structural
model for the complex could be derived by using static model building techni-
ques. Due to the limitations of the static model building techniques and
the poor understanding of the structural complexity of repressor operator
interactions, it was not possible to propose details of the interactions.

Rfipressor-Operator Interactions In General

The overall structure of the lac repressor headpiece shows a helix-turn-helix
motif which, together with a third helix, forms a hydrophobic core. This
helix-turn-helix motif is also observed in other DNA-binding proteins? Most
of the general features of protein—DNA recognition are inferred from model
building studies using the repressor structures determined in absence of the
DNA.60 '64

Recently the X-ray structures of three repressor-operator complexes at
atomic resolution were described: the trp repressor complex at 2.4 A resolution,
the phage 434 repressor complex at at 2.5 to 3.0 A resolution66 and the X
repressor complex at 2.5 A resolution. In their general features, the observed
repressor-operator complexes are in agreement with the proposals done in
the model building studies. The repressor proteins contain the helix-turn-helix
motif with the second a-helix located in the major groove. The DNA maintains
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a conformation that is essentially B-type DNA, although some distortion
occurs relative to the ideal B— DNA structure. However, the cocrystal structures
emphasize the structural complexity of protein—DNA interactions and many
details of the interactions had not been anticipated. Several amino acids may
cooperate to recognize a particular basepair and one residue may contact
several backbone and basepair atoms of the DNA. Direct and water-mediated
hydrogen bonding and nonpolar contacts contribute to the overall affinity of
binding . Direct hydrogen bonds between the sidechains of the protein and the
basepairs appear to be less important for recognition than expected. For
example, a central base pair of the operator of 434 repressor, is not contacted
by hydrogen bonds at all, while other polar DNA-site-residues of the recognition
helix of the 4-34 repressor are only involved in nonpolar contacts. In the
case of the X repressor, only two basepairs (in one half-site) are recognized
by the minimum number of two hydrogen bonds that is necessary to unambig-
uously identify the basepair in the major groove. The most striking finding
is that the crystal structure of the trp repressor complex shows no direct
hydrogenbonded or nonpolar contacts with the bases that could explain the
specificity. The sequence seems to be recognized indirectly through induced
changes in the geometry of the sugar-phosphate backbone. Also water-mediated
polar contacts seem to be important for the specific recognition.

The results show that there is no (simple) "recognition code" telling how
a certain amino acid will be used to recognize a certain basepair. Therefore
there is little prospect in applying static docking techniques based on simple
chemical considerations like, for example, maximizing the number of hydrogen
bonds or optimizing electrostatic interactions.

Prediction of Interactions for Low Resolution Repressor-Operator Structures

A molecular dynamics computer simualtion, using a sufficiently accurate
atomic force field which describes the total system of a complex and solvent,
will in principle objectively express all factors that influence the binding. The
capability of the method to deal accurately with solvation and entropy effects
implies the feasibility to manage the complexity of the interactions. Therefore
molecular dynamic simulations have a potential of improving the resolution of
the low structural model of the lac repressor headpiece-operator complex.
The enormous size of the configurational space can be reduced to relevant
parts by the experimental NOE's.

In chapter IV a molecular dynamics simulation of the lac headpiece-operator
complex in aqueous solution is described and compared to a molecular dynamics
simulation of free headpiece in aqueous solution. The results explain most of
the available genetic and biochemical data and the resulting model is consistent
with the findings of the X-ray studies of other repressor-operator complexes.65"67

The simulations facilitate the interpretation of biochemical and genetic data
and suggest some interesting amino acid substitutions that have not yet been
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studied experimentally.
Although MD is not yet reliable enough to substitute experimental structure

determination methods, the results suggest that the overall character of the
simulated interactions between headpiece and its operator is essentially correct.

Future Developments

Molecular dynamics simulation techniques will become an important tool
for the detailed study of macromolecular systems, although much develop-
mental work is still necessary. The refinement of 3D structures on the basis
of NMR or X-ray crystallographic data has already become a standard proce-
dure. • While in 10-15 years time it may be possible to refine low resolution
structures without further experimental data. Already within a few years the
method will be an essential tool in the design of drugs, enzymes and new
materials.

However, some formidable problems have still to be solved. One of the
problems is the development of a very detailed general force field which
allows very reliable simulations. For that purpose a comprehensive comparison
with experimental data is necessary. At the same time the development of
simple simulation techniques requiring orders of magnitude less computing
time will be essential. Knowledge of the validity and the consequences of the
approximations will be the basis for the design of special simulation techniques
that are tuned to specific applications of interest at the lowest possible
computing effort. Large-scale problems will become accessible to computational
chemistry when the problem can be divided into several stages which can be
solved by these special simulation techniques.
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Abstract. In recent years a procedure has been developed by which the three-
dimensional (3D) struclure of biomolecules can be derived from 2D NMR data This
procedure combines model building with restrained energy minimization (EM) and
molecular dynamics (MD) techniques. Distance information from NOE's is incorpo-
rated in the form of an upper limit distance restraining term that is added to the
interatomic potential function.

Here, two improvements of the refinement procedure are introduced. First, the
information that is contained in empty parts of 2D-NOE spectra is transformed into,
so-called. non-NOE's which are modelled by adding a lower litnil disiance restraining
term to the potential function for each non-NOE proton pair. Secondly, the informa-
tion that is contained in the occurrence of large J-coupling constants for specific
dihedrals is modelled by adding a sinusoidal dihedral angle restraining term to the
potential function for each dihedral angle with a large J-value.

The improved refinement procedure is tested by application of the lac repressor
headpiece. Both the inclusion of non-NOE data and the inclusion of J-coupling
information markedly improve the result of the restrained MD refinement of head-
piece. In the refinement procedure MD simulation is used for searching configuration
space. Energy barriers which are too high to be crossed by MD are surmounted b\
manually changing the model structures on a picture system. The resulting close
non-bonded contacts are relaxed by Eivt.

The final struclure of headpiece satisfies essentially all 169 NOE and 9529 non-NOE
distance constraints as well as the fiC,, - C dihedral angle values corresponding to the
measured J-coupling values.

1. INTRODUCTION
Knowledge about the 3-dimensional (3D) structure of
proteins has been primarily derived from X-ray crystal-
lography.' However, the bottleneck in this method of
3D-siructure determination is still the process of crystal-
lization. In many cases it is very difficult, if not impossi-
ble, to grow protein crystals. An example is the lac
repressor protein of E. coli for which no crystals of
sufficient quality for an X-ray study have so far been
obtained. Fortunately, in recent years methods have
been developed to obtain structural information by
proton nuclear magnetic resonance (NMR) spectros-
copy.!"7 The method can be applied only to relatively
small proteins (MWS2-104). but has the advantage of
yielding a 3D structure in solution.

For a few polypeptides, i.e. glucagon (29 residues).3 the
DNA binding domain of lac repressor (51 residues)."
proteinase inhibitor HA from bull seminal plasma (57
residues).' the 3D-structure has been derived by 2D-
NMR methods. The first and most tedious step is the
assignment of proton resonances to specific protons in
the protein. This is done by tracing networks of (off-
diagonal) cross peaks in 2D-NMR spectra corresponding
to pairs of protons that are coupled either by through-
bond spin-spin coupling (COSY, multiple quantum 2D,
etc.) or by through-space dipole-dipole interactions (2D-
NOE spectra). Once the assignments are known. NOE's

between proton pairs can be identified and translated
into proton-proton distance constraints. The final step is
to construct a 3D model structure on the basis of the
available proton-proton distance information. This can
be done by a combination of different techniques, such as
model building on a graphics display system, distance
geometry calculations8"" and distance restrained molecu-
lar dynamics (MD) refinement.""" On the basis of a set of
169 NOE distance constraints a 3D structure of the lac
repressor headpiece has been derived by an iterative
procedure involving model building and restrained
MD.*"113

However, it is possible to use additional experimental
information in the restrained MD refinement procedure.
The absence of a NOE. a so-called non-NOE between
two protons may be translated into a minimum distance
for the proton pair. Besides, J-coupling constants be-
tween vicinal protons may define allowed regions of
dihedral angle values in the protein.

This paper analyzes whether the inclusion of non-NOE
constraints and J-coupling information in the restrained
MD refinement procedure will improve the 3D solution
structure of the lac repressor headpiece.

* Author to whom correspondence should be addressed.
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2. TRANSLATION OF EXPERIMENTAL NOE OR ./-COUPLING
INFORMATION INTO DISTANCE- OR DIHEDRAL ANGLE

CONSTRAINTS
For headpiece, resonances of all backbone amide and

C protons (except those of He 48) and of the majority of
the side-chain protons have been assigned."

NOE proton-proton distance constraints
Analysis of the 50 ms mixing time 2D-NOE spectra of

headpiece resulted in a list of 169 direct NOE's (not
involving spin-diffusion)/ In the a-helical regions of the
molecule, cross peaks between C. protons of residue i
and amide protons of both residue i + 1 and i + 3 were
just visible. In a regular a-helix. the corresponding
proton-proton distances dm (i, i + I) and dm (i, i + 3) are
approximately 0.35 nm. Therefore, we have taken this
value as an upper limit or NOE distance constraint for all
169 proton pairs that give rise lo cross peaks in the
2D-N0E spectrum with a mixing time of 50 ms.

The 2D NOE spectra contain information on the
secondary structure of the protein, because different
interproton relationships prevail for various secondary
structure elements. For headpiece three a-helices were
found:" residues 6-13, 17-25 and 34-45 (see Fig. 1). In
order to facilitate the preservation of the a-helices 17
attractive constraints (r° = 0.25 nm) between the amide
proton of residue i and carbonyl oxygen of residue i - 4,
with i = 10-13. 21-25. 38-45,' were added to the 169
attractive NOE constraints.

These a-helical amide prolons are among those that
are observed to exhibit a slow H-D exchange."

Non-NOE distance constraints
The presence of a peak in a 2D-NOE spectrum yields

proton-proton distance information as does the absence
of an observable peak. Therefore, the intensities of all
cross peak positions between assigned prolons were
measured. When the intensity turns out to he lower than
a certain level, the cross peak position is called a
non-NOE. As for the NOE constraint, known distances
in a-helical regions of the protein were used to translate
the non-NOE's into distance constraints. In the 100 ms
2D-N0E spectrum the intensity of cross peaks between

the C. prolon of residue i and the amide proton of
residue i + 4 in a-helical regions of the molecule can just
be observed. In a regular a-helix. the corresponding
proton-proton distance is approximately 0.41 nm. There-
fore, cross peaks with an intensity below this level were
taken as non-NOE's for which the non-NOE constraint
consists of a lower limit of (1.41 nm to the proton-proton
distance. Special care was taken in correctly phasing the
2D NOE spectrum in the absorption mode and in
applying base line corrections in both the frequency
domains w, and tn;. This resulted in a flat base plane of
the 2D spectrum The spectrum was then analysed for
NOE cross peak intensity below the cut-ofl level for all
assigned proton pairs. Proton pairs with large line widths
or low intensity due lo extensive spin-spin splittings were
not included in the non-NOE list. This involves all Val
and He Ce and Leu C, protons. Also, protons which were
suspected to exchange fast with water were excluded,
because the intensity of peaks due to these protons in the
H,O spectrum can be considerably reduced when the
exchange rate with water is larger than the inverse of the
relaxation time T,. A more detailed discussion of the
procedure by which non-NOE's are detected will be
given elsewhere (R. Boelens et at, manuscript in prep-
aration).

The procedure resulted in a set of 9529 non-NOE's for
the lac repressor headpiece.

The use of pseudo and virtual atoms
For some proton pairs (n. m) corrections have to be

applied to the basic upper and lower bound distance
contraints of 0.35 nm and 0.41 nm, respectively. This may
arise due to lack of stereospecific assignments (e.g. CB

protons and methyl groups of Val or Leu) or because of
dynamic effects such as rotation of the hydrogens in a
methyl group and flipping of aromatic rings of Phe and
Tyr. In these cases the distance constraint must refer to a
pseudo atom n (or m)'" and distance constraint r" must
be enlarged by a value of Ar° (Table 1).

In the interatomic potential function that is used here,
hydrogen atoms that arc attached lo carbon atoms have
been incorporated into the latter forming united atoms.
When a distance constraint refers to such a prolon its

HEADPIECE HEADPIECE
Fig. 1. Stereo picture of the backbone atoms of the lac repressor headpiece. a-Helix I (6-1.1), II (17-25)
and 111 (34-45) are represented by cylinders.
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Table 1. Virtual and pseudo hydrogen atoms and distance constraint correction terms

Group
Correction term -ir" on

Configuration Atom type distance constraint r" (nm)

CHI (aliphatic)

CHI (aromatic)

CH2 (siereospecific)

virtual

virtual

virtual

11.11

(I.It

CH2 (non-sieren-specific)

h

9 pseudo OJW

CH3

n
? pscudo II 10

CH3 (non-Mereo-
specific. Val, Leu)

CHI (aromatic at C* or C.
in Phe and Tyr)

pseudo

pseudo

11.22

(Ul

position has to be constructed from the positions of the
neighbouring non-hydrogen atoms. Such hydrogen
atoms, viz, those in groups like CH and CH; are called
virtual atoms. A full discription of the use of pseudo and
virtual atoms is given in Reference 13. The concept is
summarized in Table 1.

Use of information from J-coupling
From high resolution 2D correlated spectroscopy

(COSY) experiments" values for J-coupling parameters
of vicinal protons can be obtained. A large J-value
indicates a trans conformation of the vicinal protons. In
fact only extreme values of J can be unambiguously
interpreted in terms of dihedral angle constraints.1' This
is because intermediate values of 6 to 7 Hz may be due to
dynamic averaging. Headpiece large values (10-12 Hz)
for J j (the coupling between the C. and C , protons)
were found for the residues Val 9,20,23,38." Val 24 and
Thr 19 (R. Lamerichs, personal communication). When
in the case of valine residues the C. and C, protons are
in a trans conformation, the distance between the y,
methyl group and the amide proton of the same residue
is much smaller than that for the y2 methyl group. This
means that the stereospecific assignment of these methyl

groups follows directly from the relative intensity of the
corresponding cross peaks in the 2D-NOE spectrum.1'
As can be seen from Table 1. the stereospecific assign-
ment of the Val methyl groups leads to smaller correc-
tions to the distance constraints.

However, the J-coupling information can also directly
be used by constraining the corresponding dihedral angle
to the values that correspond to the measured J-coupling
constants. This will be discussed below.

i. MOLECULAR MODEL AND RESTRAINED
MD REFINEMENT PROCEDURE

When a set of upper and lower bound distance con-
straints and a set of dihedral angle constraints has been
obtained for a molecule, the next step'is to construct a
3D model structure that satisfies these sets of constraints.
An initial structure can be obtained either by a distance
geometry calculation.*"" or by model building.' as was
done in the case of the headpiece of the lac repressor.
The crude initial structure is generally highly strained,
due to the way it has been constructed. It is subsequently
refined by applying energy minimization (EM) and MD
techniques and. if necessary, model building on a picture
system.
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Molecular model and force field
The molecular model and Ihe interatomic potential

function thai is used has been described in more detail
elsewhere." All atoms are treated explicitly except hy-
drogens bound m carbon atoms, for which trie concept of
united (CH, CH,. CHS) atoms arc used. All bond lengths
in the protein are kept rigid by applying the SHAKE
method.""' The potential energy function V(r) consists
of the usual terms representing bond-angle bending,
harmonic (out-of-plane, out-of-tetrahedral configura-
tion) dihedral bending, sinusoidal dihedral torsion, van
der Waals and electrostatic (Coulomb) interactions."-"

In order to obtain structures that satisfy the distance
and dihedral angle constraint discussed above, two extra
terms were added lo the potenlial energy function V(r).

Distance conslrainl term
This term represents upper limit (NOE) and lower

limit (non-NOE) constraints. We chose the following
form:" an upper limit constraint / with length r?between
atoms n and m is represented by

if/•!

and a lower limit constraint / with length r° between
atoms n and m is represented by

Vdc{r^, r°,) = \Kdc\2rm - r?- r]][r\ - r°\ if OS rm S r)

= \Kdc[r^-r°,Y if r'%rm SO

= 0 Hr1srm

Figure 2 shows Vdc(r) in graphical form. The value of r°
is 0.35 nm (upper limit constraint)or 0.41 nm (lower limit
constraint) plus the correction terms (Table 1) arising
from the use of pseudo atoms. The potential energy term
Vdc(r) is taken linear beyond r\ (see Fig. 2) in order to
avoid the occurrence of very large restraining forces
when a structure strongly violates a constraint r,. Strong
restraining forces originating from Vdc[r) may disrupt
the structure of parts of the molecule that already have

the correct folding (for instance, a-helices). Here a value
of r) = r° + 0.1 nm is used.

The value of the force constant Kdc can be changed
during the refinement. A high value forces the molecule
to satisfy the constraints, but may disrupt the molecular
structure and will suppress the flexibility of the molecule.
A low value may lead to slow convergence of the
structure to the experimental constraints. We have used
values ranging from 250 lo 4000 kj moP' run"1. As long as
the structures were still violating the NOE constraints
considerably, low values of Kdc were used in order to
allow the molecule to search a larger part of configura-
tion space. When the refinement proceeds. Kdc is gradu-
ally increased.

Dihedral angle constraint lerm
For the extra term representing the dihedral angle

constraints the following form has been chosen:

+cos( * , - « , ) ) .

The value of the phase angle 5, of constraint I is chosen
such that V f c = 0 when the corresponding dihedral angle
<t>{ adopts the value derived from the J-coupling constant.
Here we chose Kj« = 6.8 kJ mol"1, which allows a devia-
tion of (t>, from its ideal value of about 11° when
performing MD at 300 K. This angle variation is of the
same order of magnitude as the accuracy of the dihedral
angle values derived from the J-coupling constant.

Computational procedure
Before applying MD refinement, the strain which is

present in model built or distance geometry generated
structures, must be relaxed by EM. A few hundred
(typically 300) conjugate gradient EM steps are generally
sufficient. When starting a MD simulation, the initial
velocities are taken from a Maxwellian distribution at the
desired temperature (usually 300 K). The translational
and rotational motion of the molecule is halted. When
integrating Newton's equations of motion with a time
step of AT = 2/s, the molecule is weakly coupled to a
temperature bath with reference temperature To, using a
coupling constant of TT =0.1 ps.2*

POTENTIAL ENERGV TERM FOR DISTANCE CONSTRAINTS
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Fig. 2. Potential energy term for non-NOE and NOE distance constraints.



Table 2- Refinement of the lav represser headpiece structure

Structure

Initial model
EM
MD Hips
MD 2Ops
manualls modified structure
MD l()ps
MD 4(lps
MD 5(lps
MD h3ps
best snap shot structure
(hl.Ups)
EM (of best structure)

£,..,

4074
-27(16
-2065
-2067
+ 15(01)
- 1"K4
- 1XXS
- 2 1 0 0
- 20.17

- 20.10
-!<WI

id.,.,,

6.10
5.4.1
4.40
4..11
.1.54
2.611
2.IS
1.70
O.K"

0.52
0.5S

d ?!.",'

1I..11
0.12
0.2"
0 2 5
0.17
(1.2(1
0.15
11.11
II.IKi

0.05
0.05

A*,.,,,

Ml.2
57.S
72.S
n2.h
25.5
12.2
h.2
.1.7
5.X

h.S
2.1

A «

I5S
116
114
12.1
117
2S
| |
X

11

15
h

Ar,,,..

_

0.01X((l.02h)
0.244(0.16(11
11.24.1(0. IS1)
0.0"S(0.1|71)
0.207(0.140)
0 145(0.21'))
O.I 17(0 OKSI
O.I6.1(0.0»W|

_

—

Ar

_

0ll.lX(0 02lil
0.24h((l lhM
(1.111(112421
11154(0.25T)
(1.3117(0.225)
0 40710.251)
Olh4(ll.22h|
0.177(11.2.10)

(I..W((I.2MI
II VI 1(11 211)

The total potential energy of the molecule is given in kJ mol '. The total distance constraint violation.
i.e. the sum over lh u NOE and Q52<) non-NOE constraints is denoted b\ i d and given in nm The
largest single violation is denoted by d"','. The mean (over fS angles) dihedral ungle deviation from u
trans configuration for the C, and C» protons of Val 4. 20. 21.24. .IK and Thr 11 is demited b\ the s> mbol
A(j>juB and given in degrees. The largest deviation of a single dihedral is denoted bv A£,",V The symbol
Arp,c. denotes the root mean square (rms) difference (in nm) between the atomic positions of a structure
with the previous one. The mean is over all atoms. The values between parentheses are obtained hy
averaging over all C-atoms. The rms diflerenece with the initial structure is denoted bv Ar „

In order to reduce computing costs, a cut-off radius of
0.8 nm is applied beyond which no non-bonded interac-
tions are evaluated. Furthermore, the list of non-bonded
neighbours is only updated every 10th EM or MD step.

Also when evaluating the non-NOE distance con-
straints, a list procedure is used to reduce computing
costs. A list is made which only contains proton and/or
pseudo atom pairs that are closer than 0.51 nm in the
current structure. At each MD step the repulsive poten-
tial term Vdc is only evaluated for pairs in the list The
list is updated every 5ps. Since the list contains on
average 375 non-NOE distance constaints out of a total
of 9529 non-NOE's this procedure yields a substantial
reduction of computing effort.

The restrained MD refinement extended over a total
time period of 63ps (Table 2). Dihedral angle restraining
was only switched on after 35ps.

4, RESULTS AND DISCUSSION
Refinement of the lac represser headpiece structure

The structure that has been obtained by previous
model building" was used as an initial structure for the
restrained MD refinement that is presented here. The
potential energy is highly positive and it violates the 169
NOEs and 9529 non-NOE's by 6.10 nm (Table 2). The
mean deviation of the 6 dihedral angles from their ideal
J-coupling values amounts to 91°.

In order to allow the molecule some flexibility with
respect to the constraints a relative low value of Kdc =
250 kJ mol"' nm"* was chosen and subsequently energy
minimization (EM) and MD refinement over 20ps was
performed. During the first 35ps of the refinement
procedure the possibility of dihedral angle constraining
was not yet available (or effectively Kdac = 0 kJ mol"').
Energy minimization relaxes the strain in the molecule,
but does not change the conformation substantially (rms
difference Ar = 0.038 nm, for all atom positions). The
agreement with the constraints is improved, especially
for the dihedral constraints, even although Kdac = 0.
When MD is applied, the structure changes considerably

(AfptI> = 0.339 nm for all atoms), but it leads only to a
decrease of the total distance violation of lh%. From Fig
3 it can be concluded that this decrease was realized
during the first 5ps. Over the next 15ps the constraint
violation was more or less constant. Detailed analysis of
the structures showed that 60% of the violations involved
atoms in or in the vicinity of (he loop region (residues
26-33) connecting helix II and helix 111. Using a graphics
device it was found that the configuration of the loop was
incompatible with the distance constraints involving
atoms of the loop. In order to fit the NOF. constraints a
part of the backbone in this region had to be rotated.
Apparently the relatively low restraint energy (Kdc =
250 kJ mop1 nm"!) and the available kinetic energy (T =
3(10 K) in the MD simulations were not large enough to
surmount the considerable energy barrier corresponding
with a rotation of part of the backbone in the loop.

Therefore, it was decided to perform a backbone
rotation manually, using the program GUIDE;7 on an
Evans-Sutherland Picture system 2. This is shown in Fig.
4. A rotation of the backbone about an axis through
C.,-26 and C.-29 was followed by a rotation about an axis
through C-29 and C-30. The result of the reorientation
of this pan of the loop is nicely illustrated by inspection
of the violation of two NOE constraints in this region.
The distance between Ha-23 and Ho-27 must be shorter
than 0.35 rim and that between Ha-23 and Ha-28 must
be larger than 0.41 nm. The actual distances between
these two proton pairs are in the 20ps structure 0.55 nm
and 0.18 nm, which amounts to violations of 0.20 nm and
0.23 nm respectively. After the reorientation of (he loop
both distances satisfy the constraint.

Apart from the major reorienlation in the loop region,
a few side-chain conformations were changed manually
in order to improve the NOE constraints involving the
atoms of the side-chains. These side chain reorientations
are listed in Table 3. For three residues (19 Thr, 20 VaI
and 3S Val) these changes also lowered the relatively
high deviation of the J-coupling dihedrals from the ideal
J-coupling conformation.
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Fig. 3. Total distance constraint violation Id.. . , for NOE's (solid line) and non-NOE's (dashed line) as a function of time.

Table 3. Side-chain rotations performed by hand

Residue

5Thr

6 Leu

l«)Thr

20Val

WVal

Dihedral

N-C..-C.-O,,

N-C..-C.-C,

N-C..-C-O,,

N-C..-C.-C,

N-C..-C.-C,

Dihedral
value

MD-20ps

+ 70

-A3

+ M

+ 5<J

+ 50

angle

new

- M l

- 1 1 2

-5K

w*

- 4 7

SThr

5Thr

ftU-u

ISVal

17Thr
l<*Thr

23Vat

JSArg

NOE

H.-7TyrHM.
C-TTyrH.,.,

C,,;-vValC\..

C,,-l<mirH.

H_-20ValC,.
C,3-20ValH,

H.-38ValC,.
H.-3KValH,

Distance constraint
violation

MD-20ps

0.12
(l.lfi

0.lr>

fl.ln

0.12
0.19

0.25
0.15

new

0.05
0.0

0.14

OKI

(1.1(1

o.n
O i l
0.0

The angles are given in degrees and the distances in nm.

From Table 2 it is observed thai the manually modified
structure does satisfy the NOE and J-coupling con-
straints better than any of the previous structures. As
expected, the modified structure has a high energy (15030
kJ mop1) due to unfavourable non-bonded contacts re-
sulting from the modifications. This energy could be
reduced to -2907 Urno!"1 by applying EM. Subse-
quently, the M D simulation was continued during which
the force constant of the N O E distance restraint term in
the potential function was gradually increased; from
20-30 ps: Kdc = 250 Id m o l ' ; from 30-35 ps: Kdc = 500
kJmol ' ; from 35-50 ps: Kdc = 1000 U m o l 1 . At / = 3 5
ps the dihedral restraining term in the potential function
became available and was switched on. We chose K** =
6.8 kJ mor'. This lowers the deviation of the J-coupling

dihedrals from their ideal values by a factor of two.
Although the MD-50 ps structure was already within the
error limit of the present N M R data (S.dM= 1.70 nm;
&4u* — 3-7°) we continued the M D run for another 13ps.
in which Kdc gradually was increased to a very high
value of 4000 kJmol nrrf1. The structures obtained
were selected on a low value of the restraint energy. Also
the potential energy was monitored, because a high value
of Kdc may easily lead to a distortion of the structure. At
61.14 ps we found a structure with an extremely low
restraint energy and a reasonably low potential energy.
The total distance constraint violation of this "best snap
shot" is only 052 nm. and the potential energy is - 2030
Umor 1 . After energy minimization these values are
respectively 0.58 nm and -3091 Umol"1.
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Fig. 4. The orientation of the loop region between helix II and
III of the MD 20ps structure (thin line) and the manually
modified structure (thick line). Only the C , C and N atoms of
the backbone ate shown.

The existence of a conformation thai both satisfies
basically all NOE constraints and has a low potential
energy shows that the basic underlying assumption of
one structure with only small amplitude fluctuations is
correct, at least at the present level of accuracy of the
data. So far, no evidence has been obtained for an
equilibrium of multiple conformations which could lead
to mutually exclusive distance constraints.

In Fig. 5 the number of NOE distance constraint
violations is displayed as a function of the size of the
violations for five structures (initial, 20ps, 4(>ps, Mips. 61.
14ps) During the refinement the total number of viola-
tions decreased and the large violations disappear.

We conclude that by combining model building and
restrained MD techniques it is possible to obtain a
3D-structure of the lac repressor headpiece that essen-
tially satisfies the experimental distance constraints (\W
NOE's, 9529 non-NOE's) and the 6 dihedral angle values
derived from J-coupling data.

The effect of inclusion of non-NOE constraints
In Fig. 3 the violation of the NOE constraints is shown

as a function of time for both the NOE's and the
non-NOE's. It is not surprising that the average non-
NOE violation is lower than the average NOE one. From
a purely geometric point of view it is clear that there are
more structures satisfying the non-NOE's than there are
satisfying the NOE's. However, in this case the structure
has to fit the non-NOE's and the NOE's simultaneously,
which means that the number of conformations satisfying
the non-NOE's will be restricted.

number of distance constraint violations
30-, 30-|

20-

10-

20-

10-

04 08 12 16 20 24 28 .32 04 08 .12 16 .20 .24 .28 .32
size of violations (nm)

number of distance constraint violations
30-| 30-| 30

20-

10-

20-

10-

20-

10-

Ik.04 08 .12 .16 .20 .04 .08 .12 .16 .20 .04 .08 .12 .16 .20
size of violations (nml

Fig. S. Number uf ditunce constnint violations for NOE's and non-NOE's as a function of the size (in nm)
of the violatiom: (a) initial structure; (b) structure at 20ps; (c) structure at 40ps; (d) structure at fflps; (e) best
snap shot structure (61.14p»).



Table 4 The effect of including non-NOF'.s in ihe MD refine-
ment

Id..,,
Structure (ill 2(>ps)

MD (with NOF's)

MD (with N O F s
and non-NOF's)

N O F . s N O F s + non-NOF's

3.711 5.02

3.1K 4.33

The values of 5.(i.,.., are given in nm The summation runs over
the 16" NOFs or o u r these NOE's plus the 452" non-NOFs

Table 5. The eflect of including J-coupling data in the refine-
ment

E,... Id., , A*,,..,Structure (at 20ps)

MD (no dihedral restraining) - 2067 4.33 62h

MD (dihedral restraining) - 2073 2.77 h.6

The various quantities are defined in the caption of Table 2.

In order lo assess the effect of including the non-NOE
constraints in the MD refinemen! a separate 20 ps MD
refinement simulation was performed without applying
the non-NOE distance restraint term in the potential
function The result is shown in Table 4 The remarkable
conclusion is that the inclusion of non-NOEs constraints
in the refinement not only improves the agreement with
the non-NOE-s but also improves significantly the agree-
ment of the structure with the NOE constraints.

The effect of inclusion of J-coupling information
In the refinement process the dihedral restraining term

in the potential function was switched on at I = 35ps.
However, at that stage of the refinement the dihedral
values derived from the J-coupling data were already
essentially satisfied. So this refinement run does not yield
much information on the eflect of direct dihedral re-
straining.

A separate lest was performed by carrying out a lOps
refinement including the dihedral restraining term, start-
ing from,the lOps structure which has a &<hal value of
72.8°. The result is shown in Table 5. The conclusion is
that inclusion of dihedral restraining not only improves
the values of the restrained dihedral angles, but also
lowers the total potential energy and the violation of the
NOE distance constraints.

SUMMARY
The work presented here can be summarized as fol-

lows. First, we have shown that it is possible to derive a
solution structure of the lac repressor headpiece based
on 2D NMR data by a combination of model building
and restrained MD refinement techniques. The obtained
solution structure, which will be discussed elsewhere,
displays a total violation of 169 NOE and 9529 non-NOE
distance constraints of only 0.58 nm. The mean deviation
of the 6C.-C; dihedrals which show experimentally large
'-couplinf values from their ideal values is only 2.1°.
Sen-nOiy, the inclusion of non-NOE information by
adding repulsive restraints in the MD refinement does
improve the agreement with the non-NOE as well as with
the NOE constraints. Thirdly, the inclusion of J-coupling
information by restraining dihedral angles also does

improve the agreement with the experimentally allowed
dihedral angle values as well as the NOE and the
non-NOE distance constraints.
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Combined Procedure of Distance Geometry and Restrained
Molecular Dynamics Techniques for Protein Structure
Determination From Nuclear Magnetic Resonance Data:
Application to the DNA Binding Domain of Lac Repressor
From Escherichia coli
.1. do Vlii'K,1 R.M. Scheek.1 W.K. van liunsleren,1 H..I.C. Iterendsen,1 K. Kaptein.- and .1. Thompson1

' Ijihunilniy »/ I'hyairiil Chemistry. I 'ntccrsity n/ (Inminwn. HT-17 AC dnininwii tint/ -l)f/mrlwt'iit of Organic
Chemistry. Vnirermty oflUrcrhl. H5H4 CH Utrecht. The Netherlands: 'Department nfPharmaceutical Chemistry.
I'nirersitytifVulifnrnia, Sun Franciscn, Sun Francixiii, California HJU.I

.lliSTHMT The technique of two-dimensional
nuclear magnetic resonance (2D-N.MKI has recently
iissumed an active role in obtaining information on
structures of polypeptides. small proteins, sugars,
and DNA fragments in solution. In order to generate
spatial structures from the atom-atom distance in-
formation obtained by the N.MR method, different
procedures have been developed. Here we introduce
a combined procedure of distance geometry (I>(J) and
molecular dynamics (MO) calculations for generat-
ing •!!) structures that are consistent with the NMR
data set and have reasonable internal energies. We
report the application of the combined procedure on
the lac repressor DNA binding domain (headpiece)
using a set of 169 NOK and 17 "hydrogen bond"
distance constraints. Kight of ten structures gener-
ated by the distance geometry algorithm were re-
fined within 10 ps Ml) simulation time to structures
with low internal energies that satisfied the distance
constraints.

Although the combination of !)(• and Ml) was de-
signed to combine the (food sampling properties of
the I Hi algorithm with an efficient method of low-
ering the internal energy of the molecule, we found
that the Ml) algorithm contributes significantly to
the sampling as well.

Key words: distance-restrained molecular dynam-
ics, 2D NOE-spectroscopy, tertiary
structure, solution conformations

INTRODUCTION

In recent years methods have been developed to
determine the 3-dimensional (3D) structure of pro-
teins by nuclear magnetic resonance (NMR).1 ' The
NMR method has the advantage of yielding a 3D
structure in solution and avoiding the crystallization
process. The latter is still the bottleneck in protein
structure determination by X-ray crystallography. In
many cases it is very difficult, if not impossible, to
grow protein crystals. An example is the lac repressor
protein of Escherichia coli for which no crystals of

sufficient quality for an X-ray diffraction study haw
been obtained so far.

For a number of polypcpt ides, for example glucuKnn
129 residues).1'1 proteinase inhibitor HA from bull sem-
inal plasma (57 residues),1" phoratoxin (46 residues),'
birudin In'.1) residues!*" and the globular domain of
chicken histone H5 (79 residues)," the 3D structure
has been derived by 2D NMR methods. Once the
proton resonances are assigned, the nuclear Overhau-
ser enhancements (NOE) between proton pairs can be
identified and translated into proton-proton dis-
tances, which can be used to construct a 3D model
structure. This can be done by a combination of differ-
ent techniques, such as model building1" on a graph-
ics display system, distance geometry calculations,''
and distance-restrained molecular dynamics.12

Kor lac repressor headpiece a 3D solution structure
has been obtained by a combination of model building
and restrained molecular dynamics.10 Starting from
a crude initial hand-made model, a solution structure
was derived by an iterative process of manual adjust-
ments on a graphics display system and restrained
molecular dynamics calculations. In this way it was
possible to obtain a solution structure that satisfied
all NMR data and had a low internal energy.

However, the process of graphics-display sessions
become cumbersome when large molecules with many
distance constraints are considered, and a certain
amount of subjectivity will probably he introduced
during the model-building step. Also the configura
tional space accessible to the molecule under the dis
tance constraints will certainly not be searched
completely in this way of structure determination.
Therefore, we introduce here an alternative proce-
dure to generate 3D-structures in which the model
building step is replaced by a distance geometry cal
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dilation ilKii." Since/ the IKi methods start from
randomly srlrcti'tl distances withnut requiring a pic
defined model structure, the configurational space
can he srarchi'd by generating a cluster <if initial
structuivs. all satisfying the distance constraints, by
repeated distance geometry calculations.

The Ut! structures are generally highly strained
and ni'ed further energy refinement. Therefore we
used a refinement procedure consisting ol restrained
energy minimization I KM I and molecular dynamics
lMI)i techniques to search lor low-energy structures
within Ihe allowed range of violations. In order to
reduce the computing effort during the energy refine-
ment procedure, the Ml) simulation time was limited
to 10 ps. In this way the good sampling properties of
thr IKi algorithm are combined with an efficient
method nfenergy relinement.

The combined IMi and Ml) procedure was applied
to the /in repressor headpiece using a set of ltft) NOK
distance and 17 "hydrogen bond" distance con-
straints. In order to investigate the merits of the
combined procedure we generated in total ten initial
headpiece structures by repeated distance geometry
calculations. These initial structures were subse-
quently refined. In this paper the following points
will be addressed:

1. A detailed comparison of the refined and unre-
fined stinclines is made to test the sampling proper
lies and the ability of the KM MI) refinement pro-
cedure to transform highly strained 1X1 structures
into energetically acceptable structures.

2. The structures are compared to our previous so
lulion structure of lac repressor headpiece, which was
obtained by a combination of model-building tech-
niques and restrained molecular dynamics calcula-
tions'" in order to estimate the degree of convergence
during the molecular dynamics simulations.

:i. The configurational space searched by DG and
I he combined use of DG and MD is compared to the
configurational space searched during molecular dy-
namics alone.

< <>MI'l TATH>NAI, MBTH<)I)S
Translation of Experimental NOKs to Distance
Const mints

For the headpiece, resonances of all backbone amide
and t'i< protons (except those of He 481 and of the
majority of the side chain protons have been as-
signed.'' Analysis of the 50 ms mixing time 2D NOE
spectra of the headpiece resulted in a list of 169
NOKs."

The 21) NOK spectra contain information on the
secondary structure of the protein because different
patterns of short interproton distances prevail for
different secondary structural elements. For the
headpiece three ix- helices were found: residues 6-13,
17 25, and .14-45.'•' In the u-helical regions, cross
peaks between (.'<* protons of residue i and amide

protons of both residue i t 1 and i • •'' were just visible.
In a regular n helix, the distances lietween these pro
tons are approximately O.:i.r> mil. Therefore we have
taken this value as a basic upper limit of the NOK
distance constraints for all 1H9 proton-proton pairs
that give rise to cross peaks in the 21) NOK spectrum
with a mixing time of 5(1 ms. In order to facilitate the
preservation ofthe (i helices. 17 attractive constraints
(r,, 0.25 mill between the amide proton of residue i
and the carbonyl oxygen of residue i t , with i 10-
i:l. 21-25, :)8-15, were added to the HiW attractive
NOK constraints.

For some proton-proton pairs, corrections have to be
applied to the basic upper limit distance constraint tit*
O.'tfi mil. This may arise in cases where protons can-
not be distinguished in the NMK spectra, either be
cause of the lack of slereospecilic assignments or
because of rapid dynamic processes. In these cases
the distance constraint must he applied to the aver-
age position ipseudoatotnl and the upper limit bound
is corrected for the difference between the proton
position and the actually used pseudoposition."' A
full description of the concept of the use of pseudo-
atoms in (1ROMOS1' is given in reference IK.

The Distance Geometry Algorithm

The distance geometry algorithm used was devel-
oped from the KMBKD program" and will be de-
scribed in more detail elsewhere. It was implemented
on a CRAY 2 computer at the Boeing supercomputer
facility in Seattle. In the first phase ofthe program,
upper and lower bounds on interatomic distances are
calculated for all pairs of atoms separated by less
than two variable dihedral angles. Omega dihedral
angles in proteins are fixed to their trans values to
ensure planar peptide bonds. For pairs of atoms sep-
arated by one variable dihedral angle, upper and
lower bonds are calculated corresponding to the trans
and cis conformations, respectively, of the atom pair
with regard to the rotatable bond. If no dihedral
angles separate a pair of atoms upper and lower
bounds are set equal to the interatomic distance.

The upper and lower bounds thus generated are
augmented by the distance constraints that follow
from the 169 observed NOE and 17 "hydrogen bond"
distance constraints. For all remaining atom pairs,
lower bounds are taken to be equal to the sum of the
atomic radii. To allow for hydrogen bond formation
between atoms of the proper type, the lower bound
for such pairs are lowered by 0.1 nm. The DG algo-
rithm then proceeds with an iterative bound smooth-
ing procedure. For all possible triplets containing
a certain atom pair, the upper bound on the distance
between the atoms of that pair is lowered and the
lower bound is raised to the triangulation limits im-
posed on it by the bounds on the two other distances
in that triplet. Distance matrices are then randomly
selected between the upper and lower bound matrices
and subsequently embedded in three-dimensional
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space according to the procedure described else-
where." ''' Since in the embedded structures many
distances usually fall outside their bounds, a conju-
gate gradient optimization is needed to minimize the
remaining atom-atom distance violations and to im-
pose the proper chirality to the various asymmetric
centers in the molecule.

Structure Refinement by EM and Ml) I'sing
Distance Constraints

In the method of restrained EM and MD refine-
ment, an arbitrary initial structure is refined by min-
imizing the violations of the distance constraints and
tin1 potential energy function of the molecule. By
application of EM, one searches for a minimum en-
ergy conformation by moving along the gradient:

Ar, - - ririr.Vlr,, x-j, rNi i l )

through condgurational space"" where r; are the
cartesian position vectors of N atoms with masses m,
(i - I. 2 Ni. Since in this way one moves basi-
cally only downhill over the energy hvpersurface, EM
yields only a local minimum energy conformation,
which is generally not far away from the initial one.

In an MD simulation a trajectory (conformations as
a function of timel of the system is generated by
simultaneous integration of Newton's equations of
mot inn:

d-r, dt- - m, ' K,
K, - - fl/Jr, Vir,. r2.

(21

. . . rNi

for all the atoms in the system. Here, the force on
atom i is denoted by Vr In MD the kinetic energy
makes it possible to cross over energy barriers of the
order of kT, This feature makes MD a more efficient
technique to generate low-energy conformations than
EM techniques.1"-1

Molecular Model and Force Field

The potential energy function consists of the usual
terms representing bond angle bending, harmonic
lout-of-plane, outoftetrahedral configuration I dihed-
ral bending, sinusoidal dihedral torsion, van der
Waals. and electrostatic (Coulomb) interactions."2'1

All atoms are treated explicitly except for the hydro-
gens bound to carbon atoms, for which united (CHi,
CHj, CH:i) atoms are used. The covalent bond lengths
are kept fixed by applying the SHAKE method.24'2n

Since no solvent molecules are considered, we have
neutralized the charged groups in order to compen-
sate for the missing shielding effect of the solvent.1"
The values of the parameters of the potential energy
function can be found elsewhere.1'

In order to obtain 3D structures that satisfy the set
of distance constraints, an extra term has been added
to the potential function:

- I) if'O S r,,,,, s r " | i

• 'jK.i.ir,,,,, r " | i - i f i r " , s r,,m £ r1 ,i 13)

' j K,i,i2r,,m r" i - r l i«r l | r" |i i f ' rm l , ? r1 i1

where r"i is the value for the basic upper limit con-
straint plus the correction terms for pseudo atoms,1H

and rnn, is the actual distance between atoms n and
m involved in the specific constraint. The potential
energy terms VA. Irl is taken linear beyond r1! in
order to avoid the occurrence of very large constrain-
ing forces. In this way a conformational change from
one local minimum to another one, which are sepa-
rated by a conformational path with large violations
of the distance constraints is allowed. Here a value of
r1) = r"| + 0.1 nm is used. The force constant kdl. can
be gradually changed during the refinement so that
the flexibility of the molecule can be adapted in the
different stages of refinement.

Computational Procedure

The distance geometry technique was repeatedly
applied to the lac repressor headpiece using the set of
169 NOE and 17 "hydrogen bond" distance con-
straints and resulted in ten structures.

Before applying MD. the strain that is present in
structures generated using distance geometry must
be relaxed by EM. This was done in two consecutive
steps. First, the structures were subjected to 100
steepest descent EM steps in which the iiond vibra-
tions were explicitly treated. Second, 200 bond-length
constrained conjugate gradient steps were per-
formed.2" The first step was necessary to prevent
convergence problems in the SHAKE algorithm24•2S

caused by the high strain occurring in the DG struc-
tures. In both steps a distance constraint force con-
stant of Kdc = 500 k j • mol ' n m 2 is used.

When starting an MD simulation, the initial veloc-
ities are taken from a Maxwellian distribution at the
desired temperature (usually 300 K), and the trans-
lational and rotational motion of the molecule is
halted. The MD time step was At = 0.002 ps, and the
neighbor list of nonbonded atom pairs was updated
every 10 MD steps, using a cut-off radius of 0.8 nm.

Furthermore, the molecule was weakly coupled to
a thermal bath with reference temperature T,, using
a coupling constant of r — 0.1 ps.1' In order to reduce
computing effort we limited the MD refinement time
to 10 ps. During the first 5 ps a distance constraint
force constant of Kdc = 500 kJmol '-ran '- was
used. Subsequently the MD refinement was contin-
ued for 5 ps during which the force constant was
increased gradually at a rate of 750 kJ-mol xnm 1

•ps ' to a final value of 4,000 kJ- mol '-ran '-.Fi-
nally the kinetic energy was removed from the sys-
tem by another cycle of conjugate gradient energy
minimization using the same high value for the force
constant.
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TABI.K I. .Average Ke.sults of Ihe Refinement Procedure*

E,,,.,
E
E.,,,,.1,
E,,,,,i,i,
Eiiii,
E,.,
E , j

RMSI)

Distance
^eonietry

12,46818101
7,88011101

3551791
3361481
646(1111

1,00711421
4.26917741
(>.84l().13i
0.11 lO.OU

Alter EM
refinement

1,351 11451
—

470(291
165(12)
492 (401

1,5021891
976(45!
1.74(0.301
0.12(0.011

After EM + MD
refinement

2.8061891

346(241
99(111

286(291
-1.995(51)
1,550(621
0.77 10.24)
0.19(0.061

'Thi' mean pnti'ntial energv contributions, total distance constraints violations and
rms differences averaged over ton headpiece structurt'S obtained by distance
geometry, rt'fint'nwnt of these structures using KM. and refinement using KM+ ML)
calculations. The energy terms for bond-length, bond-angle hending. harmonic
dihedral bending, sinusoidal dihedral torsion, electrostatic and van der Waals
interactions are denoted by K|limi!. K-inui,., Kmilllll. K.i,,,, K,.], and Ej,. rt-speclively.
and are given in kJ.mnl ', The sum over these terms is denoted hy the symbol K,,,,,,
During KM and ML) calculations the K|lumi t*-inn has no meaning because bond
lengths are kept rigid hy applying the SHAKK method."IIJ1 The total distance
constraint violations, i.e., ihe total sum of the violations of the 16*9 NOK and 17
"hydrogen hond" distance constraints is denoted by the symbol -,)V11,i and given in
nm. The symhol RMSD denotes the average root mean square differences between
the ten structures and is given in nni. For fitting and comparison of the structures
only the ('. atom positions of residues 4-47 are used. In parentheses the standard
deviation of the average values are given.

TAKI.K II. Individual Results of Refinements of Ten Distance (ieometry
Structures of the lac Repressor Headpiece*

Structure

SI
S2
S3
S4
S5
S6
S7
S8
S9
S10

Initial

Epot !

13,937
12,457
11,955
13,230
11.404
11,418
12,442
12,560
11.551
13,707

0.72
0.85
0.95
0.76
0.88
0.78
0.59
1.03
1.05
0.82

Alter EM

Epot

1,393
-1,269
-1,406
-1,199
-1,577
-1,545
-1,196
-1,098
-1,301
-1,379

-dvioj

1.46
1.88
2.32
2.07
1.49
1.28
1.57
1.95
1.78
1.61

After
EM +

Epot

-2,686
-2,798

2,776
-2,716
-2,927
-2,926
-2,671
-2,847
-2,819
-2,891

MD

s:.iv,..i

1.13
0.86
0.81
0,63
0.37
0.55
1.07
0.67
1.07
0.58

'The tola! potential energy and total distance constraint violations for ten distance
geometry-generated lac repressor headpiece structures (denoted by the symbols SI. S2,
. . . . SIOi before and after EM and EM +MD refinement. The various quantities are
defined in the footnote to Table 1.

RESULTS AND DISCUSSION

In view of testing the quality of our simple refine-
ment procedure and the sampling behavior of dis-
tance geometry and molecular dynamics calculations,
the structural quantities of ten lac repressor head-
piece structures generated by repeated distance ge-
ometry calculations (DG) before and after EM/MD
refinement were compared.

We also compared the refined and unrefined struc-
tures to our previous solution structure, which was
obtained by a combination of model building and
restrained EM/MD refinement.10

Average Results of the Refinement Procedure

The mean values of the potential energy contribu-
tions, total violation of the distance constraints and
total root mean square positional differences aver-
aged over ten headpiece structures obtained by II
distance geometry calculations and 2) combined use
of DG and EM/MD refinement are shown in Table I.

The DG structures have on the average a very low
total violation of the distance constraints (0.84 nm)
but an extremely high potential energy (12,468
kJ-mol" M because of a large bond energy term (7,880
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kjmul 'i and Lennard-Jones interaction 14,269
kJ • mol ' i. The high value of the potential energy is
above all caused by the use of slightly smaller stan-
dard van del" Waals radii during the DG calculations
than those used by the GROMOS17 force field. By
restrained energy minimization 1EM1 the potential
energy is brought down considerably. However, the
mean value of the total violation is increased during
the energy minimization hy a factor 2 from 0.84 to
1.74 nm. This is apparently due to the fact that the
distance constraint energy term and the physical force
field have opposite effects. This is not very surprising
because the DG structures are only determined by
intormolecular distances but not by other internal
energy terms.

During the MD refinement the mean potential en-
ergy drops strongly from -1,351 kJ-mol ' to -2,806
kJ-mol ', and only minimal violations on the dis-
tance constraints remain in the final structures. The
drop in potential energy is caused by a decrease of all
energy' terms, of which the Lennard-Jones and elec-
trostatic interaction terms are most important. The
mean value of the total distance constraint violation
of the MD refined structures is even lower than the
value found for the DG structures. This observation
reflects the power of dynamic modeling. Generally.
MD searches a larger part of configurational space
than EM, since the available kinetic energy allows
the molecule to cross over barriers of the order of kT.

Differences Between Individual Refinements

In Table II, the constraint violations and potential
energies of the structures during the ten individual
refinements are shown. It is observed, as expected,
that for all ten EM refined structures the total viola-
tion of the distance constraints is larger than those
found for the initial DG structures. For six of the MD
refined structures, however, the values of the total
violation are lower; for two they are approximately
equal (S2, S9>, and for two (SI, S7) they are higher
than for the DG structures.

In all cases the potential energies of MD refined
structures are much lower than for those refined only
with EM. In two cases (structure SI and S7) the MD
algorithm was not able to generate structures with a
lower or approximately equal value for the total vio-
lation as found for the initial DG structure. Also the
potential energies of structures SI and S7 are among
the highest of the refined structures (-2,686 and
- 2,671 kJ • mol"'). Apparently, for these two the ini-
tial distance geometry structures are too strained to
be refined to reasonable structures with low energies
while satisfying the set of distance constraints. How-
ever, by using a more elaborate refinement proce-
dure, large improvements can be obtained as will be
shown below. We note here that structures SI and S7
have the lowest total distance constraint violations
among the distance geometry structures. This shows
that the best DG structure is not necessarily the best
one when the internal energy is taken into account.

In Figure 1 the refinement is followed by displaying
the number of NOE distance constraint violations as
a function of the size of the violations. We chose the
refinement of structure 4 as a typical example. The
number and the size of the violations occurring in
structures generated by the distance geometry algo-
rithm is normally small (Fig. lal. However, the num-
ber and the size of the violations increase dramatically
by performing EM refinement iFig. lbl. During the
EM refinement of structure 3 the maximum violation
became even as large as 3.2 nm' In spite of the large
number and size of violations occuring in EM struc-
tures, only small violations remain after MD refine-
ment (Fig. lcl.

RMS Positional Differences

Before comparing two structures, they were fitted
to each other by superimposing the centers of mass
and by subsequently performing a rotational least-
squares fit around the common centers of mass. Be-
cause the positions of the N- and C-termini are not or
only weakly determined by NMR data, only the C.
atom positions of residues 4 to 47 are used for fitting
and comparison. In Table III, the RMS positional
differences among refined and unrefined distance ge-
ometry structures are compared. The spread between
the RMS positional differences among DG structures
is low iTable III. upper righthand trianglei. The stan-
dai-d deviation of the average RMS differences of 0.11
nm is only 0.01 nm. After the MD refinement the
spread is increased strongly as can be observed in the
lower lefthand triangle of Table III. In most cases the
difference between two structures increased after re-
finement, but, in particular, the increases for struc-
tures 1 and 7 are extremely large. The RMS difference
between structures 6 and 8 before and after refine-
ment decreased significantly from 0.12 nm to 0.08
nm.

In Table IV the RMS positional shifts during EM
and MD refinements are compared. Energy minimi-
zation does not change the conformation substan-
tially (shifts range from 0.02 to 0.04 nml and
apparently relaxes the strain in the molecule by small
local positional adjustments. When MD is applied,
the structures change considerably, which leads to a
large decrease of the internal energy.

Comparisons With a Model-Built Structure

In Table V we compared the refined and unrefined
structures with our previous solution structure.10 This
structure was obtained by a combination of model
building and restrained EM/MD calculations. The po-
tential energy of this structure is -3,091 kJmol '
and the total violation is 0.40 nm for the 169 NOE
and 17 "hydrogen bond" constraints used for the gen-
eration and refinement of the DG structures. Apart
from these distance constraints, non-NOE data and
information on Jcoupling were also included during
the refinement of the model- built structure. We note
that the internal energy of the refined model-built
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Fig 1 Number ol distance constraint violations as a function refinement (S4). a: Initial distance geometry structure, b: Struc-
of the size (in nm) ot the violations in the course of a typical lure after EM. c: Structure after 10 ps MD and EM.

TAIM'K III. RMS Differences Between Various IMC Kcpresmtr Headpiece Structures*

Structure

1
2
3
4
5
6
7
8
9
10

1

0.26
0.26
0.24
0.24
0.27
0.21
0.25
0.22
0.21

2

0.12

0.20
0.15
0.15
0.1 fi
0.2H
0.16
0.13
0.16

:i

0.10
0.11

0.1H
0.16
0.22
0.23
0.20
0.23
0.19

4

0.10
0.13
0.09

0.09
0.11
0.29
0.11
0.17
0.10

5

0.10
0.13
0.11
0.10

0.11
0.26
0.12
0.17
0.10

6

0.12
0.13
0.10
0.11
0.11

0.32
0.08
0.17
0.13

7

0.10
0.12
0.09
0.11
0.11
0.11

0.30
0.26
0.29

8

0.12
0.12
0.11
0.12
0.11
0.12
0.10

0.16
0.13

9

0.13
0.11
0.11
0.13
0.14
0.13
0.12
0.11

0.16

10

0.12
0.14
0.12
0.12
0.10
0.11
0.12
0.11
0.13

1 Kunl mr;in square differences in nm hetu-ern various hivulpiece structures fur (', jmsit idns of residues
•I-IT. I'pper righthand tri;in(ili': KMS differences between l)(i structures. Lower lefthanu1 trianul'"- KMS
differences (H'lueeii the KM t M I I refined structures.

TAI51.K IV. KMS Positional Shift During the KM
and KM + MD Refinement Procedure fur

Structures SI-SKI*

Structure

SI
S2
S3
S4
S5
S6
S7
S8
S9
S10

EM refinement

0.02
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.02

MD refinement

0.26
0.18
0.15
0.16
0.09
0.15
0.23
0.20
0.13
0.17

*For the comparison of tht* initial distance ^t'ometry structures
to the EM and KM + MD refined structures only the C . positions
nf residues 4-47 are used.

structure is lower than the energies found among the
refined DG structures, while the total violation ap-
proaches the best of the refined DG structures. From
Table V it is observed that the rms differences of the
refined model-built structure and the ten DG struc-

tures are approximately equal and range between
0.14 to 0.17 nm. However, after MD refinement struc-
tures S4, S5, S8, and S10 correspond more closely to
the refined model-built structure than before. It is
striking that the two structures that are the closest
to the model-built structure (S5 and S10I are charac-
terized by low values of their potential energies and
total violation of the distance constraints (Table III.
Structure S5 can even be called the best-refined DG
structure according to these two criteria.

On the other hand, for structures SI and S7 the
correspondence to the model-built structure de-
creased greatly during MD refinement. As noted be-
fore, these two refined structures are characterized
by (relatively) high internal energies and large viola-
tion distances.

A More Elaborate Refinement Procedure

For two structures (Si and S7I the refinement pro-
cedure of 10 ps simulation time was not sufficient, as
shown above. In order to investigate if the refinement
can be improved by using a more elaborate procedure,
the worse structure (S7) was simulated over a period
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TAIil.K V. Root Mean Square Ilifference (in nml
Hetween the MIMiifinod Modcl-lluilt Structure and

1) l)(i Structures and 21 KM + MD Refined Structures*

Structure

SI
S2
s:i
SI
S5
S(i
S7
SS
SH
SKI

Distance ^t'(tint'ti">'

0.1.ri
0.17
0.15
O.Hi
0.17
O.I-I
0.17
0.17
o.ir.
(1 id

KM • Ml) ivfinwl

(1.2(1
0.17
0.17
0.111
0.10
I). IS
0.25
0.14
0.17
0.09

*()nl> (' .itiun posit inns ufresuiurs 1 (7 are compared.

TAKI.K VI. Results iit'a More Klahorate Ri-fint-ment
I'nteedun'*

Structure

Initial DC,
structure

MO 10 ps
20 ps
40 ps

[.;

12.442

2.671
2.782
2.872
2,938

-tKlnl

0.59

1.07
1.01
0.7:!
0.55

'Tin1 potential energy and distance constraint violation during
a more elaborate refinement protocol u.sed for structure S7 tsee
for definitions of the quantities the footnote loTahle II. During
this protocol the value of the force constant K<ic and tempera-
ture T,, are changed as follows. From 0 to 5 ps: K(i(. - 500
kJ.mol '.nm -; from 5 to 15 ps: 4.000 kJ.mol '.ran -, from
15 to IS5 ps: 500 kJ.mol '.nm '-; and from 35 t(l 50 ps: K,,,.
4.000 kJ.mol '.nm ". The change of K(Il. was done gradually
at a rate of 750 kJ.mol '.nm -.ps '. The temperature during
the run was changed as follows: from 0 to 40 ps: T - 300 K:
from 4(1 to 45 ps: T = 600 K; from 4fl to 50 ps: T = 300 K.

of 50 ps in which the temperature was increased to
600 K and decreased again to 300 K over the last 10
ps. As can be seen from Table VI the refinement of
structure 7 is improved greatly by using this elabo-
rate procedure. After 40 ps simulation time at normal
temperature (300 K) an energetically acceptable
structure is generated that satisfies reasonably the
experimental distance constraints. By raising the
temperature to 600 K (from 40-45 psl and subse-
quently cooling down to 300 K (from 45-50 ps), even
lower values for the potential energy and distance
violations are attained, which are comparable to the
values found for the structure S5 (best-refined DG
structure!. Also, the correspondence to the refined
model-built structure is improved from 0.25 at t = 10
ps to 0.19 nm at t = 50 ps.

RMS Positional Fluctuations and NOE-
Determination Value

In order to judge roughly the extent to which the
relative position of each residue is determined by the

NOE data, we defined a NOE distance constraint
determination value per residue (rdvi. This was done
as follows:

number of max. of
(pseudol atoms 3 NOEs .n.u

t
rdv =

N,llh
(41

where

rdv = NOE distance constraint determination
value per residue

r'/j" = basic upper limit distance constraint for the
j'th NOE involving (pseudo) atom i

r" = actual distance constraint corrected for
example, dynamic effects or lack of stereo-
specific assignments

N,|,|, = number of dihedral degrees of freedom per
residue

In Figure 2 the reciprocal value of the NOE-deter-
mination value of the residues of lac repressor head-
piece is shown (bottom). In this figure it is observed
that the constraints are not uniformly distributed
over the molecule. Especially the N- and C-terminal
parts and the loop region between helix I and II are
weakly determined by NOE distance constraints. The
reciprocal of the NOE determination value is com-
pared to the rms fluctuations in C., positions for re-
fined and unrefined DG structures (Fig. 2, topi. The
rms positional fluctuations are calculated by only
averaging over the reasonably refined structures.
Therefore, structures Si and S7 are excluded from
the calculation. From Figure 2 it is observed that,
especially for those parts of the molecule that are
poorly determined by NOE distance constraints, the
fluctuations are larger in refined than in unrefined
structures. Thus, the structures adopt a wider range
of conformations after the MD refinement than was
generated by the repeated distance geometry calcu-
lations, most notably in the poorly determined parts
of the molecule.

RMS Positional Differences Between
MD-Generated Structures

Although the combination of DG and MD tech-
niques was designed to combine the good sampling
properties of the DG algorithm with an efficient
method of energy minimization, we found that the
MD algorithm contributes significantly to the sam-
pling as well. However, the occurrence of an enlarged
spread in the MD-refined DG structures is partly
caused by differences between the DG structures used
as starting structures of the MD runs. It is not to be
expected that during the course of an MD simulation
at moderate temperatures the same large differences
between generated structures will be observed. In
order to test this assumption, a separate 40-ps-long
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Fig 2. Bottom: Reciprocal value of the NOE-determination
value per residue (see text.). Top: rms positional fluctuations in
nm for headpiece C. atoms averaged over eight structures (S2-
S6. S8-S10) obtained by distance geometry calculations (dotted

lines) and after EM + MD refinement (solid lines). Ony Ca posi-
tions of residues 4-77 are used for superimposing. The thick
lines represent the positions of the <i-helices I, II and III.

MD simulation was performed (at 300 K), starting
from the refined model-built structure and using a
force constant of 500 kJ • mol ' • nm -. Every 5 ps a
structure was selected and used as an initial struc-
ture for another 5 ps MD run in which the force
constant was gradually increased to 4,000 kJ-
mol '•nm - at a rate of 750 kJ-mol '•nm '--ps '.
Subsequently the structures of the eight side-line MD
simulations were energy minimized using again a
force constant of 4,000 kJ-mol ' n m -. In this way
the refinement procedure of the distance geometry
structures was mimicked as well as possible.

In Table VII the average potential energies and
total violation, averaged over eight headpiece struc-
tures, and the mean rms positional differences among
these structures obtained by DG, DG+ EM+MD, and
selection from a MD run, are compared. (Again, struc-
tures SI and S7 are excluded.)

From Table VII it is observed that the spread be-
tween structures selected from an MD run is clearly
lower than the spread found among unrefined and
refined DG structures. At the same time the internal
energies and violation distances of the snapshots are
lower because of the better starting structure. Pic-

TAIS1.K VII. The Average Potential Knergicx and Total
Violation Distances Averaged Over Right Headpiece
Structures and the Mean rms Potential Differences
Among These Structures Obtained by DC, DU-t-MI),
and Selection from an Ml) Kun Right Structures; See
Text*

Structures
obtained by E()111 i.'av

DG 12,285 0.89
DG + MD refinement -2,838 0.69
Selected from -3,044 0.52

MD run

RMSD

0.12
0.15
0.08

•The various qunntilk's an- defined in the I'railmiU' t" Tahk- I.

tures of the C. atoms of the eight unrefined, refined,
and MD snapshot structures of the lac repressor head-
piece are given in Figure 3.

CONCLUSIONS

From the application of combined DG and re-
strained MD techniques to the lac repressor head-
piece using an experimentally determined set of NOE
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Fig 3 Pictures ol the C atoms of eight tec repressor head-
piece structures generated by the distance geometry algorithm
before (A) and after EM + MD refinement (B). In C: snapshot struc-

tures from an MD run are shown. The structures (S2-S6, S8-
S10) were superimposed such as to minimize the RMS differ-
ences in the C positions of residues 4-47.

distance constraints, a number of conclusions can be
drawn. Using DG techniques, we generated ten struc-
ture.-; with minimal violations of the distance con-
straints. During NOE-restrained EM refinement the
highly strained structures could only be relaxed at
the expense of a dramatic increase in the NOE viola-
tions. By applying MD refinement even lower values
for the internal energies are reached than with EM,
and for eight out of ten structures the total violation
distance is again brought down to values equal to or
even lower than those found among the DG struc-
tures. This result is expected, since MD searches a
larger part of the eonformational space and generally
results in a lower energy minimum than EM. For two
of the structures it was concluded that the simulation
time of 10 ps was insufficient, although these were
the best structures generated by the DG algorithm as
judged by the violation distance. This emphasizes the
necessity of refining DG structures with the use of an
energy function that describes the intramolecular po-
tential. A more elaborate procedure totaling 50 ps
run time applied to one of these two structures was
able to transform it into an acceptable one.

Although the combination of DG and restrained
MD techniques was designed to combine the good
sampling properties of the DG algorithm with an
efficient method of energy minimization, we found
that the MD algorithm contributes significantly to
the sampling as well, most notably in the poorly
defined parts of the molecule. However, the enlarged
spread appearing in the MD refined DG structures is
mainly caused by the already existing differences in

the initial structures. This is confirmed by the fact
that during the course of one MD run the differences
between MD snapshot structures is lower than that
found between different DG structures.

In four cases <S4, S5, S8, and SlOt, the correspon-
dence to a solution structure, which was found earlier
by applying restrained MD to a model-built structure,
increased significantly during the MD refinement of
the DG structures. In only two cases did the corre-
spondence to the model-built structure decrease
greatly (SI, S7) during MD refinement.

We note that all of the distance constraints used
can be satisfied simultaneously in all lac repressor
headpiece structures generated by the combined pro-
cedure of DG and MD calculations. This implies that,
at the present accuracy of NMR data, there is no
evidence for an equilibrium of multiple conforma-
tions that could lead to mutally exclusive distance
constraints. This is in contrast to the case of the cyclic
decapeptide antamanide, where a dynamic exchange
between multiple conformations of the molecule oc-
curs, leading to a NMR data set that cannot be satis-
fied by one conformation.26

Finally we conclude that the combination of DG
algorithms11'27'28 to sample the allowed part of con-
formational space and restrained MD to search for
low-energy conformations within the allowed range
is a very powerful technique to obtain 3D molecular
structures from atom-atom distance information. The
same conclusions have been reached by Clore et al.,29

and Lautz et al.,30 in their recent comparisons of DG
andMD.



- 36 -

.M'KNOWLKIMtltlKNTS
This work was supported by tht% Netherlands Foun-

dation tor I'ht'micul Research fS.O.N.) with financial
aid from I he Netherlands Organization for the Ad-
vantenuMil of Pure Research (Z.W.O.).

KKFKRKNCKS

1 KrtiM, |{K, Bn.Ji-nh;iu.si-n. C... Wokaun. A. "Principles of
Nuclear Magnetic Resonance in One or Two Dimensions"
(Klinil; Clarendon Press. HtHT.

2. Wmhi'k-h. K. "NMH of Proteins ami Nucleic Acids." New
York: .1. Wiley and suns. IHW*>.

:i Kaptein. K.. ZuiuVrweg. K R . P . Scheek. K.M.. Boelens, R..
van (iiinsifivn, W.F. A prutcin siruetuiv from nuclear man-
nelic nsonatuv data: (in repressor headpiece. .J. Mcil. Mini.
1S2:17H lSli. IWtii.

1 Wuthnch. K-. Wider, (i.. Wagner. <•.. ttatun. W. Sequential
irsoiiamv assignments as a basis I'm* determination of spa-
tial pmtt-in structures by high resolution proton nuclear
magnetic resonance. .1. Mol. Bid. 15ii:;U1-MtH. U*K2.

5. Kntun. W. Wider. (I., l.ee. K 11., Wiithnch. K. Conforma-
tion of glueagon in a Upid water inliTphuse by *H nuclear
magnetic resonance. J. Mnl. Binl. lfi»:921-»48. WHM.

H. Willmmsim, M.P.. Havel, T.K.. Wiithrifh, K. Solution enn-
tiHiiKition uf prou-inasc inhibitor HA iVoni hull seminal
phisnia l»y *H nucli'ar ma^ni'tie rfs(»nan«' and distance
^'imu-trv.'J. Mnl. Bint. 1S2:295-:J15. 1985.

7. (Muri*. (i.M.. Sukumaran. O.K.. Nil^us. M.. tlront-nnnrn.
A.M. Thivf dimi-nsi(»nal structure of phonttaxin in j«ilii-
lt»»n: t'umliint'tl use ui'mifleai' magnetiv ri'sonuntv, distanct*
ti<itmetrv and restrained mok'cular dynamics. Biochemis
try a«: 17:*2 -174S. 1HK7,

S. ('inn-. (i.M., Kukunmrun. D.K.. Nil^i-s. M.. Zarhnck. •(..
(JruiH'tihttrn, A.M. The i-iinlnrniatidus nl' hirudin in sulu-
liun: A study urtinfi n u d r a r magnetic ri'sonance, distanci"
^ennietry and restrained molecular dynamics. KMHO A.
K:52W-5:17. I9K7.

9. ('Inn-, (i.M., (Iniiu-nhdrn. A.M., Nil^es. M , Kukumaran,
U.K., Zarhnck. J. The polypeptidr liild ni" the j^liihular do-
main of histnne HS in solution. A study tisin^ nuclear
majinetic resoniince. distance ^ '"nietiy and restrained ni»-
li-cular dynamics. KMRO J. fr.WXi- IH42, 1JW7.

10. de \ \w£. J.. Boelens. R., Scheek. K.M., Kaptein. K., van
(ftinsteren, W.K. Rt'straint'd molecular dynamics procedure
for pmtfin tertiary structure determination from NMK data:
A Utv repres-sor headpiit'e structure based on information
on >f coupling ami from prosence and ahsence of NOK's. Isr.
J .( 'hfm.27:W(-lHH. 1986.

11. Havi'l.T., Kuntz. I.U., Oipp t 'n . G.M. The theory and prac-
tice of distance geometry. Bull. Math. Biul. 45:655-720,

VI. ("lore, (J.M., Gront-nborn, A.M.. Briin^er, A.T., Karplus. M.
Solution conformation of a heptadecapuptidt* comprising
the DNA binding helix F of the cyclic AMP receptor protein
of Earhvrivhia Cuti: Combined use of 'H-nuclear magnetic
resonance and restrained molecular dynamics. J. Mol. Biol.
186:435-455 1985.

I.'J. ZuidfrweK. K.R.P.. Kaptein. R. and Wuthrich, K. Sequence
specific rt'sonunce asKiynmenU in the ' H nuclear-mugnL'tic-
rt'sonanct1 spectruni of the far repressor UNA-binding do-
main 1-51 fn>m Esvht'rifkia wli bv two-dimunsional spec-
troscopy. Kur. J. Biochum. 137:279-292, 1983.

14. ZuidvrwvK. E.R-P-. Scheek. R.M. and Kaptein, R. Two-di-
mensional 'H-nmr studies on thu lac rcprtwscir DNA bind-
ing domain: Further resonance nssignments and
identification of nuclear overhauser enhancements. Biopo-
lymers 24:2257-2277, 1985

15. Zuidenveg, K.R.P.. Kaptein, R.. Wuthrich. K. Secondary
structure of the lor repressor DNA-hinding domain by two-

dimensional 'H nuclear ina^m-lK1 re.stuiauce in solution.
IVoc. Nail. Acad. Sci. I'.S.A. 80:58:17-5811. UJS:i.

lti. Wulhrich K.. Bilteter M., Hnitin \V. Pseudostnictures for
the 21) common aimnn acids for use tn studies of protein
conformations by mensuivments of intramolecular pnilnn
protnn distance constraints with nuclear magnetic rcso
iiiim-i'. -J. Mill- Klol. 1«9:H49-HH1. 198M.

17. van (lunsh'reii, W.F., Berendsen. H.-l.C. "(Irnningen Mnfee
ular Mifitulation itiRDMOSi Library Manual." Nijeiiborgli
I(i. (irouingcn. The Netherlands: Hiomos B.V.. HW7.

IS. van (iunsieren, W.K, Hoelens. R.. KapU'in, R., Sclut-k. R.M..
Zuiderweg. K.R.I'. An improved rcstr;tined iii.»!cru)ar d\
namics technique In obtain protein tertiary structmv from
nuclfar maunetic resonance data. In: "Molecular Dynamics
and Protein Structure." Hermans. .1., ed. Western Springs.
II.: Pnl.vcrystal Bookservict' 19«5:92-VW.

JR Crippen, (i.M. Distance gi'iinu'try and conforniational nil-
filiations. In: "I 'hemonjetrics Research Studies Series."
Buwde-n. D., vd. New York: J. Wiley and sons. 19ft:i:l-58.

21). van (iunsti-ren. W.K., Karplus, M. A mt'tbod fur constrained
I'lu-rgy mininii/alion ofnuicroninlccules. J. Comput. ( ' h tm
l:2Hti 271. IHrtl).

21. van Gunsteren, W.F.. Kaptein, R., Zuiderweg, E.R.P. Use of
molecular dynamics computer simulation when determin-
ing protein structure by 2D-NMR. "Report of u NATO
CECAM Workshop on Nucleic Acid Conformation and Dv-
namics." Olson. W.K. ed. CECAM. Universite du Paris Sud.
Orsay, France, 1983:18-29.

22. Aqvist, J.. van (Junsteren. W.K., Leijonmarck, M.. Tupia, () .
A molecular dynamics studv of the (/-terminal fragment of
the 1.7 U 2 ribosomal protein. J. Mol. Biol. !H3:4fil-477.
1S1H5.

2;t. van (iunsteren. W.F., Berendsen. H.J.C Molecular dynam-
ics simulations: techniques and applications io proteins. In:
"Molecular Dynamics and Protein Structure." Hermans. -J.
ed. Western Springs, IL: Polycrystal Bookscrv ice. 1S*H5:">-
11.

21. liyckaert, -1,1'.. Ciccotti. t l . . Berendsen. H.-J.C. Nurticncal
integration of the Cartesian equations of motion of a sys
leni with constraints: Molecular dynamics of n-aikanes. -J.
Coniput. PhyH. 2;l::i27-:i4l.l977.

2:"i. van (iunslcren. W.F., Berendsen, H.J.C Algorithms for
macroniolt't'Liiar dynamics and constraint dynamics. Mol.
Phys. :W:i:j11- 1327, 1977.

2fi. Kessler. H.. (iriesinger. C . I.autz. -)., Muller, A., van (iun-
steren. W.K.. Berendsen H.J.t '. Conform a tional dynamics
detected by nuclear magnetic resonance NOK-vuhii-s and J
coupling constants. -I.A.C.S., in press, 19HS

27. Havel, T.. Wuthrich, K. A distance geometry program tor
determining the structures of small proteins and other mac
romolecules from NMR measurements of intramolecular
proton-proton proximities in solution. Bull. Math. Biol.
4fi:67.'t-698. 1984.

28. Braun. W., and Go, N. Calculation of protein conformations
by proton-proton distance constraints: A new efficient al-
gorithm. J. Mol. Biol. 186:611-B26, 19H5.

29. Clore, G.M., Nilges. M.. Briinger, A.T.. Karplus. M-, (Iro-
nenborn. A.M. A comparison of the restrained molecular
dynamics and distance geometry methods for determining
three-dimensional structures of proteins on the basis of
interproton distances. FEBS Lett. 213:269-277, 1987.

30. Lautz, J., Kessler, H., Blaney, J.M., Scheek, R.M., van Gun-
steren, W.F. On calculation three-dimensional molecular
structure from atom-atom distance information. Submitted
to Int. J. Peptide Protein Res.



CHAPTER IV
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Color Stereo Figures

In this work color stereo figures are used to present structural elements.
The color figures will appear in the journal "PROTEINS". In this thesis I
decided to reproduce these figures in black and white form to reduce the
financial costs. I hope you will have understanding for this decision and will
accept my apologies. The colors mentioned in the figure captions (Fig. 4-, 5,
6, 7, 9) can be recognized in the black and white forms as follows:

color intensity In black and white form

white ++++
violet-blue +++

green ++
yellow-gold +

red

Stereo Viewing

In order to see a stereo pair in three dimensions It Is often necessary to use
a special stereo viewer which separates the right and the left eye images. It
Is also possible to use a piece of cardboard for separating the stereo pairs.
In the latter case you must be patient since it usually takes a little time to
see the stereo effect.

This chapter and parts of it has been submitted to PROTEINS: Structure,

Function, and Genetics and to SCIENCE.
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ABSTRACT

The results of a 125 psec molecular dynamics simulation of a lac headpiece-
operator complex in aqueous solution are reported. The complex satisfies
essentially all experimental distance Information derived from two-dimensional
nuclear magnetic resonance (2D-NMR) studies. The interaction between lac
repressor headpiece and its operator is based on many direct- and water-mediated
hydrogen bonds and nonpolar contacts which allow the formation of a tight
complex. No stable hydrogen bonds between side chains and bases are found,
while specific contacts occur between both nonpolar groups and, to a lesser
extent, through water-mediated hydrogen bonds. The simulated complex
structure in water is intrinsically stable without application of nuclear Overhauser
effect (NOE) distance restraints, while being compatible with most of the
available biochemical, genetic and chemically Induced dynamic nuclear polarisation
(CIDNP) data.

INTRODUCTION

Repressor-Operator Interactions

Accurate recognition of specific base pair sequences within DNA by regulatory
proteins is the prerequisite of accurate regulation of transcription. A general
mode of interaction presumed to occur in many DNA-repressor proteins is
the recognition of structural details in the major groove of B-DNA by an
a-helix. This recognition helix is part of a helix-turn-helix motif which has
been found in many repressor and analogous proteins with known three-dimen-
sional structure. Most of the repressor proteins have been crystallized in
the absence of DNA however, and the general features of protein-DNA interac-
tions are anticipated on the basis of model building studies2"4 '7"9 and genetic
studies.10

Recently the electron density maps of co-crystals of the DNA-binding
domain of phage 434 repressor with a synthetic 14-basepair operator at 3.2 to
4.5 A resolution and a closely resembling complex with a 20-basepair operator
fragment at 2.5 to 3.0 A resolution 12 have been described. Other complexes
involving the DNA-binding domains of X-repressor at 2.5 A resolution 13 and
the trp repressor complexed with its operator at 2.4 A resolution 14 have
been determined as well. In their general features, the observed repressor-operator
complexes support the models for DNA-protsin interaction that were earlier
developed from model building and genetic studies. As predicted, the repressor
proteins contain the helix-turn-helix motif with the second a-helix located in
the major groove of the DNA. The recognized DNA segment retains its B-type
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conformation although some deformation occurs relative to the ideal B-DNA
structure.

In spite of the important insights that these X-ray results have provided,
a chemical model which could explain the specificity of the interaction between
repressor and operator on an atomic level is still lacking. In principle, the
base pair sequence can be directly "read" by the repressor through comple-
mentary hydrogen bonding to the donor and acceptor groups of the base
pairs exposed within the grooves (so called "direct readout"). The methyl
group on the thymine provides hereby an additional sequence recognition
element, which can be identified from the major groove. However, in order to
unambiguously read the identity of a base pair in the major groove a minimum
of two hydrogen bonds is necessary, as was pointed out by Seeman and
colleagues.15

In the high- resolution structure of the complex of 4-34 repressor 12 the
repressor makes a number of hydrogen bonds to the phosphates of the backbone.
primarily with peptide amino groups and neutral side chains. There are van
der Waals contacts to deoxyribose sugars as well and water molecules are
involved in bridging protein— DNA contacts. The three Gin residues of the
recognition helix make the primary contacts to the bases exposed in the
major groove by making hydrogen bonds as well as nonpolar interactions.
Only two base pairs are contacted by the minimum of two hydrogen bonds,
of which one is probably a less unique bidentate hydrogen bond joining a
guanine and a terminal NH2 of glutamine. The central base pair, which is
known to be important for the recognition, is only contacted through nonpolar
interactions to the methyl group of thymine and the outermost base pairs in
the major groove are either not linked or only linked by one hydrogen bond
to the repressor. Other DNA-contacting -residues of the recognition helix.
such as 27 Thr and 30 Ser are involved in van der Waals contacts only.

In spite of the essential differences between the 434 and A complex, the
general characteristics of the interaction appear to be the same. The X complex
is stabilized by an extensive network of hydrogen bonds between the protein
and the sugar-phosphate backbone. Nonpolar contacts appear to be as important
as hydrogen bonds to the specificity of binding and several side chains seem
to "cooperate" in the recognition of one single base pair.

In the crystal structure of trp repressor at atomic resolution 14 no direct
hydrogen bonds or nonpolar contacts to the bases are observed that can
explain the repressor's specificity for the operator sequence in simple chemical
terms. In some cases bases are hydrogen bonded to the repressor via water
molecules, which explain part of the specificity but in other cases they are
exposed to solvent. Thus the trp repressor-operator complex presents an
example of so called "indirect readout" : the operator sequence is recognized
indirectly through induced changes in the geometry of the phosphate backbone
which, in turn, permit the formation of a tight complex with the protein. The
primary role of the DNA sequence is to permit a conformation that substantially
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enhances attractive interactions with its repressor.
The X-ray complex structures of 434, X and trp repressors make it clear

that a simple "recognition code" in the sense of one-to-one interactions
between amino acids and base pairs does not exist and that the specific
recognition probably depends on a very complex combination of so called
direct and indirect readout principles and solvent effects.

Lac Repressor

The Lac repressor from E.coJi is a tetrameric protein with identical domains ,
which binds very tightly the operator, and blocks with that the expression of
structural genes of the lactose operon.16 The lac repressor belongs to the
class of DNA recognizing proteins which have a helix-turn-helix structural
motif as suggested on the basis of sequence homology.2 The determinants
for DNA binding are mainly localized in four small N-terminal domains or
"headpieces" which can be cleaved by proteolytic enzymes from the tetrameric
core.17 These headpieces retain their original three-dimensional structure and
their ability to recognize DNA specifically: a half lac operator on each site of
the center of symmetry is recognized by one headpiece.1

Lac Repressor Headpiece Conformation

In the case of lac repressor no suitable crystals exist for X-ray analysis
and the three-dimensional structure of headpiece comes from two-dimensional
*H NMR studies.19 On the basis of a set of 169 NOE distance constraints 2 O

a 3D structure of headpiece has been derived by an iterative procedure involving
model building and restrained molecular dynamics (MD) techniques in vacuo.21"23

The final structure 2 3 obtained in this way corresponds closely to the best
refined headpiece structures generated by distance geometry calculations.24

Recently this structure has been studied using a restrained molecular dynamics
simulation in aqueous solution.25 The overall structure shows a helix-turn-helix
motif which, together with a third helix, forms a hydrophobic core.

2D NMR of Lac Headpiece and Its Operator

The lac headpiece structure formed the basis for further 2D NMR studies
aimed at determining the way in which lac repressor recognizes its operator.
From the 2D NOE spectra of the complex of lac headpiece with a 14-basepair
operator fragment corresponding with the left half of the lac operator, 24
NOE's between protein and headpiece were detected.26-27

On the basis of these intermolecular NOE's a low-resolution structural
model for the complex could be derived using docking studies based on
minimizing NOE distance constraints. 2 8 > 2 9 This model showed that the recog-
nition helix of lac repressor headpiece makes contact in the major groove of
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the operator. Interestingly, the helix orientation is opposite to that observed
in all other repressor studies.

The NMR experiments do not allow to draw conclusions about specific
hydrogen- bond contacts or specific conformational changes upon complexation.
The docking studies based on minimizing the protein-DNA NOE distance con-
straints did therefore not predict unambiguous hydrogen- bonding patterns. In
addition, these calculations were done with rigid conformations for headpiece
and operator. In order to predict intermolecular contacts we performed a
detailed molecular dynamics simulation of the complex in aqueous solution.

Prediction of Interactions For Low Resolution Repressor-Operator Structure

As became clear from recent complex crystal structures,11"1* the specificity
of the recognition between protein and DNA cannot be explained by simple
complementarity models by which an amino acid side chain recognizes a base
pair primarily through hydrogen bonds. Static docking techniques based on
considerations like, for example, maximizing the number of hydrogen bonds,
optimizing electrostatic interactions, or satisfying postulated hydrogen bonds,
are therefore insufficient and presumably only confirm a priori assumptions.
Moreover, using these techniques, it is very hard to simultaneously take into
account other important factors such as shape complementarity, hydrophobic
and dipolar interactions and the role of solvent. Especially the absence of
solvent will introduce serious errors. The binding constant of the complex is
directly related to the free energy of interaction and the surrounding solvent
will have a considerable influence on its magnitude through entropic contributions.
Moreover, water-mediated hydrogen bonds appear to contribute part of the
specificity between repressor and operator.14

Prediction of Molecular Dynamics (MD) Simulation in Aqueous Solution

A molecular dynamics computer simulation,30"34 using a sufficiently accurate
atomic force field which describes the total system of complex and solvent,
will in principle objectively express all factors that influence the binding.
During an MD simulation the presence of motional freedom corresponding to
room temperature allows the system to scan that part of configurational
space that is accessible to the protein/DNA molecules and surrounding solvent
within the time period of simulation. The enormous size of the configurational
space can never be searched completely, but fortunately it can be reduced to
relevant parts by using an additional energy term in the force field representing
the experimental NOE's 3 S and choosing a plausible initial structure.

At the present state of the art MD simulations are not reliable enough to
serve as an unequivocal source of structural predictions. Therefore experimental
tests are still mandatory. We have performed an extensive simulation of the
lac repressor headpiece-operator complex in aqueous solution, using NOE
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data in the initial procedure, but finally performing an unconstrained run to
test the method per se. The first test concerns the question whether the
NOE constraints remain satisfied. The second test concerns a comparison of
the results with other experimental data as NMR, CIDNP, genetic and biochemical
observations. The third test concerns the future experimental verification of
the effects of new mutants predicted by this simulation. The fourth and final
test will concern a comparison with structural X-ray data which are not yet
available. In the meanwhile an analysis of the results gives insight into possible
mechanisms of specific cepressor-operator interactions.

MODEL AND COMPUTATIONAL PROCEDURE

The Headpiece and Operator Structures used In our Models

Since neither headpiece nor operator undergoes large conformational changes
upon binding, we took the 14—basepair operator fragment in standard B-DNA
conformation as given by Arnott & Hutkins 3 6 and the free headpiece structure
as determined from 2D-NMR as initial building blocks of the complex structures.
The headpiece structure is based on a set of 169 NOE's 2 O and was obtained
by a combination of model building techniques and restrained molecular
dynamics calculations. The structure has a low potential energy and satisfies
all distance constraints within the accuracy of the experimental data set.2 3

Experimental Distance Constraints

During generation of the initial models of the complex and during part of
the MD simulation of the complex in solvent the following distance constraint
data sets were used:
Headpiece : The 169 NOE's as determined by Zuiderweg and coworkers 2O in
free headpiece were converted to upper bound distance constraints of 0.35 nm
corresponding to the distances between Ca protons of residue i and amide
protons of both residue i+1 and i+3 in regular a-helices that give just visible
NOE peaks in 2D NOE spectra with a mixing time of 50 ms. Although not
essential, but to be compatible with earlier studies, 2 I~2S 17 attractive constraints
(ro = 0.25 nm) between the amide proton of residue i and the carbonyl oxygen
of residue i-4, with i=10-13.21-25,38-45, were added to the 169 attractive NOE
constraints.
Operator -. Although it is quite clear from NMR experiments that the structure
of the lac operator in the complex is close to the B-DNA conformation was
not possible to translate the NOE intensity to proton-proton distances due
to spin diffusion combined with the use of long mixing times.2 6"2 8 The
stabilities of the hydrogen bonds between basepairs appear to be sensitive to
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details in the interaction function as noticed before in earlier studies of
B-DNA in aqueous solution.37 Therefore we restrained the 36 hydrogen bonds
between the base pairs. In order to avoid the distortion of the DNA structure
during the generating of initial structures using MD in vacuo, we also restrained
the positions of the backbone atoms P, O5", C5\ C4', C3' and O3' of the DNA
molecule.
Headpiece-Operator complex • A number of 24 NOE's between protons of the
lac operator and protons of headpiece has been identified .26~"28 A distinction
is made between unambiguous and probable NOE's. Eleven NOE's between
headpiece and its operator occur at unique and unambiguous resonance positions
of headpiece and operator, respectively. The other NOE's occur in crowded
regions of the 2D NOE spectra, where a potential overlap exists with resonances
from other residues. However, many of these NOE's occur between residues
for which unambiguous NOE's are found as well. A considerable amount of
spin diffusion must be present due to long mixing times in the 2D NOE
spectra. Therefore it will be clear that the obtained NOE's are not very precise
and it is not possible to solve the complete three-dimensional structure of
the protein-DNA complex from these experimental data alone. However by
formulating weak distance constraints between atoms on the protein and DNA
from the observed NOE's it is still possible to propose initial models for the
lac headpiece-operator complex, which can be used as initial structures for a
detailed MD simulation including solvent. A full discussion of these protein-DNA
NOE's are given in References 26-28.

For most of the 24 NOE's an upper distance bound of 0.6 nm was taken,
while for some stronger NOE's a proton-proton distance of 0.4 nm was
chosen. Corrections had to be applied to these upper distance constraints in
those cases where protons could not be distinguished in the NMR spectra,
either because of the lack of stereospecific assignments or because of rapid
dynamic processes. In these cases the constraints refer to an average position
(pseudo atom) and the upper limit bound was corrected for the difference
between the proton position and the actually used pseudo position. For the
hydrogen atoms that are attached to carbon atoms the concept of virtual
atoms was used, because these hydrogens are incorporated into the carbon
atoms in our protein and DNA model. A full description of the concept of
the use of pseudo and virtual atoms is given in Reference 35,38. The set of
distance constraints derived from the protein-DNA NOE's is listed in Table 1.

Docking of Headpiece on the Operator

To investigate whether the NMR distance constraints would produce similar
complex structures from different starting structures, four complex models
were generated using different techniques. The first model (model I) was
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Table 1. Intermolecular Distance Constraint List Derived From
NOE's Between Lac Repressor Headpiece and 14 Base pair Lac
Operator Fragment *

Protein

Unambiguous

7 Tyr HE1,2

7 Tyr HE1,2
7 Tyr HE1,2
7 Tyr HE1,2
7 Tyr Hsl,2
6 Leu H351,2
17 Tyr HE1,2
17 Tyr H51.2
17 Tyr Hsl,2
17 Tyr H51.2
17 Tyr HE1,2
17 Tyr H51.2
29 His HEI

Probable
5 Thr H 3 T 2
5 Thr H 3 Y 2
6 Leu H3S1,2
6 Leu H3S1,2
6 Leu H381,2
6 Leu H3S1,2

17 Tyr Hsl,2
17 Tyr H51.2
21 Ser Ha
21 Ser H23
29 His HEI
29 His Hsl
29 His HEI

10
10
10
9
9
9
9
9
9
9
8
8
2

* • •

10
10
9
9
9
8
8
8
8
2
2
2
2

DNA

**

Gua H8
Gua HI1

Gua H3'
Cyt H5
Cyt H6
Cyt HS
Cyt H5
Cyt H5
Cyt H6
Cyt H6
Thy H6
Thy H6
Ade H8

Gua H8
Gua H3f

Cyt HS
Cyt H6
Cyt H3'
Thy H6
Thy H37
Thy H37
Thy H37
Ade H37
Ade H3'
Ade H41

Ade H251

Upper limit
distance

0.61
0.81
0.61
0.61
0.61
0.82
0.81
0.81
0.81
0.81
0.81
0.81
0.60

0.70
0.50
0.82
0.82
0.82
0.82
0.71
0.71
0.70
0.79
0.40
0.60
0.69

•The NOE's were detected by Boelens and colleagues and
taken from Reference 26-28. --The unambiguous distance
constraints are derived from unambiguous NOE's which were
assigned at unique resonance frequencies, while the probable
distance constraints are derived from NOE's which could
overlap with resonances of other protons.

made on a graphical display system and refined using restrained molecular
dynamics. Model I was subsequently used by Rullmann et al. 2 9 as an initial
starting structure for a more objective docking approach by means of the
ellipsoid algorithm developed by Billeter et al.. 39-*° For this purpose the
MD- refined complex structure was disrupted by an arbitrary displacement
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and reorientation of the protein. Hereafter the headpiece and operator were
docked again by means of the ellipsoid algorithm, while keeping the internal
geometries of both molecules unchanged. These calculations were repeated
three times after which the generated structures were refined by using restrained
MD in vacuo (Models II-IV). The MD-refined complex structure with both a
low distance restraint energy and a low headpiece-operator interface energy
was chosen as the initial structure for the molecular dynamics simulation in
solvent.

Molecular Model and Force Field

The protein lac repressor headpiece consists of 399 heavy atoms and the
DNA fragment of 568 heavy atoms. The DNA fragment has the following
sequence and numbering scheme:

5' - G-G-A-A-T-T-G-T-G-A-G-C-G-G
31 - C-C-T-T-A-A-C-A-C-T-C-G-C-C

-2 -1 1 2 3 4 S 6 7 8 9 1O 11 12

No phosphate groups are placed at the ends of the DNA strands, which have
OS' and O31 as terminal atoms. Hydrogen atoms attached to carbon atoms are
incorporated into the latter, forming united atoms, whereas the other hydrogen
atoms, which may form hydrogen bonds, are explicitly treated (for headpiece
98 and for DNA 62 polar hydrogens). The potential-energy function describing
the interaction between the headpiece and operator, water and ions is described
in Reference 41 and is composed of terms representing bond angle bending,
harmonic (out-of-plane, out-of-tetrahedral configuration) dihedral bending,
sinusoidal dihedral torsion, van der Waals and electrostatic coulomb interactions.
During distance- restrained MD an additional energy term is added to the
potential energy function that represents the set of distance constraints, and
which forces the molecule to satisfy the observed atom-atom distances from
2D NMR experiments:

= 0

= 1/2

'- Kdc(rnm - r^)2

! Kd c(2rn m - rO - r'jHr1 - rOj)

if

if

if

(0 s r
( r O ^

( r n m

n m

• r n m

s r» )

, r V

where r°1 is the value for the basic upper limit constraint 1 plus the correction
term for pseudo atoms35, and r n m is the actual distance between atoms n
and m involved in the specific constraint indicated by 1. The potential energy
term Vd c (r.r^r1) is taken linear beyond r1

 l in order to avoid the occurrence
of very large restraining forces when r becomes large. In this work we used
a value of r^ = r°1 + 0.1 nm. The force constant Kdc can be gradually changed
during the refinement. During the MD refinements of the complex structures
in vacuo Kdc values up to 4000 kj.mol"1.nm"2 were used. For the distance-
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restrained part of the simulation of the complex in aqueous solution (0-70
psec) different K.dc values were used for the inter- and intramolecular NOE
and hydrogen bond distance restraints (see above) : for 186 headpiece distance
restraints Kdc = 4000 kJ.moF'.nm"2, for 36 operator restraints Kdc = S00
kj. mor^nm"2 and for 26 headpiece-operator restraints Kdc = 2500 kj.mol"1.
nm"2. During the second part of the MD run (70-125 psec) the distance
restraints were gradually switched off at a rate of 750 kj-mol"1 . nrrT*-.
psec"1 except for the 36 "hydrogen bond" distance restraints used in the
operator which were kept at Kdc = 500 kj.mor'.nm"2.

Atomic partial charges42 were used without modification and a dielectric:
constant of 1 was applied. However, during the simulations in vacuo we have
neutralized the charged atom groups in order to compensate for the missing
shielding effect of the solvent.3S

In order to evaluate electrostatic interactions with sufficient accuracy, we
used a long cut- off radius of Rf = 1.2 nm. A twin-range method was used:
the total nonbonded interactions within a short cut-off range Rt = 0.8 nm
are evaluated every MD time-step of At = 0.002 psec, while the longer ranged
(Coulomb) interaction within Rf = 1.2 nm were evaluated less frequently (only
every 10 time steps) and were kept fixed between updates. We note that the
cut-off radii R^ and R? are both applied to the centers of geometry of neutral
atom groups (charge groups) in the protein or DNA and to the oxygen atoms
of the water molecules; this avoids the breaking of charge neutrality of a
group that occurs in the case that an atom-atom cut-off is applied. The
covalent bond lengths were kept rigid during the simulation by application of
the SHAKE method 4 3 - 4 4 and the water molecules were modelled by a simple
rigid three-point charge (SPC) model.*5 The C6 and C12 van der Waals' parameters
of Na+ and Cl were taken from References 37 and 46.

Simulation in Aqueous Solution

The best MD refined ( in vacuo) complex structure obtained as described
above, was taken as the initial conformation for the simulation in aqueous
solution. This structure was placed in the center of a box of which the
dimensions (a = 4.002 nm, b = 4.999 nm, c = 6 758 nm) were chosen such
that the minimum distance of any protein or DNA atom to the wall of the
box was 0.67 nm . Water molecules were inserted in the box by immersing it
in an equilibrium configuration of bulk SPC water42 and subsequently removing
all water molecules that are outside the box or of which the oxygen lies
within R1 = 0.23 nm of a non-hydrogen protein or DNA atom. In this way
3950 water molecules were inserted into the box, yielding a density of p =
1.05 g.cm" . The high nonbonded interaction energy between protein or DNA
and H2O, and between H2O-H2O mutually, which is due to the small value
of R' or to the periodic boundary condition, was relaxed by performing steepest-
descents energy minimization (EM) while the protein and DNA atoms were
positionally restrained.
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The total charge of the complex adds up to -24 (headpiece +2, operator
-26). In order to obtain a neutral system but also to bring the salt concentration
to approximately the same value (0.2-0.3 M) as used during the NMR measure-
ments of the complex,26 we added 34 Na and 10 Cl~ ions to the system.
The Na and Cl ions were inserted as follows: For the configuration of
headpiece-operator complex and 3950 water molecules, the electrical potential
was calculated at all water oxygen positions and the water molecule at the
lowest or highest potential was replaced by a Na or Cl~ ion respectively.
This procedure was repeated 44 times and then followed by EM of the whole
system while keeping the protein and DNA atoms positionally restrained in
order to relax the ion-solute and ion-water interactions. We note that the
simulation time is too short to allow these ions to realize all possible configu-
rations and thus to represent the average screening resulting from an ionic
strength. The chosen configuration represents a statistical sample only. The
influence of these ions on the stability of the complex will be limited since
no ions are placed in the contact region between DNA and headpiece.

Thus, the system of the headpiece-operator complex in aqueous solution
contains 12,889 atoms.

Other parameters that could influence the results of the simulation in
aqueous solution were chosen equal to the values used in the simulation of
free headpiece .2S In this way we ensure that structural differences found in
the headpiece are due to binding to the DNA molecule.

Initial velocities for the atoms were taken from a maxwellian distribution
at 300 K. The system was weakly coupled to a thermal bath of To = 300 K,
and to a pressure bath of Po = 0.06102 kj.mol~1.nm~3 (= 1 atm), when integrating
the equations of motion with time step At = 0.002 psec. This was done by
applying the algorithm given by Berendsen et al.47 with temperature relaxation
time T-r = 0.1 psec (0.01 psec during the first 5 psec of the run) and pressure
relaxation time t p = 0.5 psec (0.05 psec during the first 5 psec). These values
make the coupling to the temperature and pressure baths weak enough to
avoid any significant effect on the atomic properties of the system.47 The
value for the compressibility of the system was chosen as (3 = 7.48 10~4 kj
.morVnm""3 . The pressure scaling of the periodic box was done independently
along the three edges of the box.

The MD run covered a time span of 125 psec consisting of a distance
restrained part (0-70 psec) and an unrestrained part (7O-125psec), which took
a total of about 1750 central processing unit (CPU) hours on a CONVEX
Cl- XP computer. Another 250 CPU hours were needed for analysing the 967
Mbyte of data. The time spans from 45 to 70 and 100 to 125 psec, at a time
resolution of 0.04 psec, were used for calculating time averages of various
quantities for respectively the restrained and unrestrained MD simulation.
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RESULTS

Comparislon of the Initial Complex Models

The total violation distance and the largest violation for the headpiece-operator
distance constraints and the interaction energy between both molecules of
the four generated models (I-IV) before and after restrained molecular dynamics
(MD) refinement are shown in Table 2. The total violation distance and the
largest violation of the model-built (I) and the complex structures generated
by the ellipsoid algorithm (II-IV) are brought down considerably during the
restrained MD procedure. All the MD refined structures, although to a lesser
extent in the case of the model-built structure, fit the intermolecular distance
constraints within the accuracy of the NMR experiments.

The interface energies of the three models docked by using the ellipsoid
algorithm (III-IV) are brought down by the MD refinement to approximately
the same value of -700 kj.mol"1 . Also the high value of the interface energy
of the model-built structure, which is due to this way of structure generation,
is lowered to approximately that value. The small variations in the interface
energies suggest a similar position of the protein with respect to the DNA.

In order to test whether the use of the NMR distance constraints would
lead to similar complex structures we compared the positions of the recognition
helix (residues 17-25) with respect to the operator before and after MD refinement.
From Table 3 it becomes clear that the position of the recognition helix
relative to the operator is converging during the MD refinement. The root
mean square (RMS) difference between the position of this helix averaged
over all four structures is 0.1S nm before and 0.09 nm after the restrained
MD refinement. Model II was chosen as an initial structure for a detailed MD
simulation including solvent.

Molecular Dynamics Simulation of the Complex In Aqueous Solution

The simulation of the complex covered a total of 125 psec. However, in
order to test the stability of the simulated complex in solvent we switched
off the NOE distance constraints in the second part of the simulation (70
-125 psec) . The total potential energy of the system and the RMS deviations
of the actual atomic positions for the Ca and Cl" atoms of headpiece and
DNA respectively are depicted in Figure 1. The high initial potential energy,
which is due to the randomly placed solvent molecules, drops rapidly during
the first picoseconds and stabilizes after 20 psec. However, the RMS deviations
take 40 psec to stabilise. It is striking that during the unrestrained part of
the MD run the deviations from the initial structures become smaller again.
We decided to use the time spans from 45 to 70 and 100 to 125 psec for
calculating time averages of various quantities for the restrained and unrestrained
MD simulation respectively.
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Table 2. Results of Restrained MD Refinement In Vacuo of the Initial Complex
Structures of Headpiece and Operator*

structure

1
II
III
IV

*~ viol

1.68
0.71
0.56
1.03

Initial

.max
dviol

0.29
0.25
0.26
0.32

HP-OPR

>1012

-227
-287
-246

after

Sdviol

0.32
0.06
0.06
0.15

restrained MD

, max
dviol

0.10
0.03
0.04
0.07

HP-OPR

-712
-672
-643
-662

•The sum of the violations of the 26 intermolecular NOE distance constraints
between headpiece and operator is denoted by the symbol 2dv. j and given in
nm. The largest single violation is denoted by d ™o* • The sum of the electrostatic
and the van der Waals interface energy between headpiece and operator is denoted
by the symbol HP-OPR and given in kj.mol . Due to differences in the force
field used during MD simulations in vacuum and in solvent these values can not
be compared to the energy values found in table 4.

Table 3 . RMS Differences Between the Relative Position of the
Recognition Helix of the Initial Headpiece-Operator Complex
Structures Before and After MD Refinement in Vacuo.

I II III IV

I 0.22 0.27 0.21

II 0.14 0.06 0.03

III 0.16 0.05 0.10

IV 0.09 0.06 0.07

•RMS differences in nm between the positions of the Ca

atoms of the recognition helix (residues 17-25) and the operator
between the various complex structures. Upper righthand
triangle: before MD refinement. Lower left triangle: after MD
refinement. To measure only differences in relative positions
of the helix and the operator and not mutual differences of
DNA and helix structures an average helix and an average
DNA structure were fitted to the complex structures under
comparison. Hereafter the atoms of the average DNA structure
were used for fitting the complex structures and the positions
of the Ca atoms In the average helices were compared.
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From Table 4, which shows the various energy terms of the system and
the volume of the computational box, it can be observed that the interaction
energies of headpiece and operator with the surrounding solvent are in magnitude
much more important than the internal nonbonded energies and the binding
energies between the two molecules. This means that it is essential to consider
the solvent in order to perform a detailed simulation of the binding of the
two molecules. If we compare the time-averaged energy values over the
unrestrained period <100 -125 psec> with the values found for the restrained
period <45-7O psec>, we observe a decrease of the interaction energy of DNA
and headpiece, and a decrease of the interaction energy of headpiece with
solvent. This is concomitant with an increase of the internal nonbonded
energies of both headpiece and operator and the interaction energy of operator
with solvent.

The value of the distance-restraint energy term oscillates about a low
average value of 60 kj.mol during the restrained part, which is very small
in proportion to the other potential energy values and indicates the satisfaction
of essentially all distance restraints during this part of the simulation.

The average volume of the box differs by less than 1% from the initial
value, which means that the minimum solute-water distance of R' = 0.23 nm
for eliminating water molecules was appropriately chosen.

Reduction of the Mobility of the Headpiece Side Chains In the Complex

In Figure 2 the RMS fluctuation of the backbone atoms and side chain
atoms of uncomplexed restrained headpiece (a) and restrained and unrestrained
complexed headpiece (b, c) are compared. The RMS fluctuations of the free
headpiece have been obtained from a distance - restrained MD simulation of
headpiece in aqueous solution under similar conditions as used in this work23

From Figure 2 it is observed that the RMS fluctuations of most of the backbone
and side chain atoms in the complexed headpiece <b) are reduced compared to
free headpiece (a) which means that the headpiece surface becomes more rigid
in the complexed state.

The reduction of the mobility is also observed when comparing uncomplexed
headpiece (a) with unrestrained complexed headpiece (c). This means that the
reduction does not arise from the use of the intermolecular NOE's during the
restrained MD run, but is caused by the complexation with DNA. The reduction
is most clear for the side chain atoms of residues 6, 7 and 11 of helix I,
residues 16, 18, 22 and 25 of the recognition helix II and residue 29 of the
loop region. The loss of mobility of the surface residues 7 Tyr and 29 His is
in good agreement with the fact that the NOE intensity of the aromatic
protons of these residues increased within bound headpiece compared to free
headpiece. 2 8 A similar reduction of the flexibility of the backbone and side
chain atoms of the complexed trp repressor compared to uncomplexed repressor
was observed by Otwinowski et al. ** in their recent X-ray crystallography
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Table 4. Potential Energy of Lac IRepressor Headpiece and its Operator at
Constant Temperature and Pressure*

Initial Complex
Initial * 3950 HjO
EM (95 steps)
Initial + 3906 H.O -
34 Na* +10C1"
EM (88 steps)
MD (restrained)

10 psec
20 psec
30 psec
40 psec
50 psec
60 psec
70 psec

<43-7O psec >

MD (nnrestnlned)
80 psec
90 psec

100 psec
110 psec
120 psec
125 psec

000-125 psec >

Total

>H)*
-IS80

-174272
-177190

-206231
-206804
-20813S
-207583
-207674
-206783
-207402
-207560

(676)

-206335
-206881
-205867
-207626
-205262
-2065B5
-206825

(714)

Bonded

4382
4382
3123

3107
3028

426S
4212
4280
4144
4224
4098
4170
4170
(74)

4184
4265
4199
4170
4062
4079
4172
(79)

Potential Energy (kj/mol)

Hp

-3132
-3132
-3399

-3395
-3028

-2926
-3189
-3266
-301S
-2864
-3032
-327S
-2980
(140)

-27S7
-2798
-2556
-2723
-2595
-2737
-2751
(154)

Opr 1

-3883
-3883
-4224

-4218
-4212

-4322
-4822
-5144
-5615
-5007
-5002
-5043
-5165
(247)

-4856
-47OS
-4417
-4890
-4511
-5138
-4817
(227)

Hp-Opr

-568
-568

-3357

-3355
-3354

-3372
-2911
-3545
-2694
-3490
-3162
-2892
-3041

(188)

-3121
-3194
-3584
-3757
-3420
-3537
-3583
(194)

Nonbonded

Hp-Slv

2454
-1259

-1886
-2353

-7641
-8116
-7353
-8175
-8431
-7895
-8168
-8431
(348)

-80S7
-88SZ
-9181
-8861
-8652
-8307
-8636
(358)

Opr-Slv

2904
-3646

-24461
-24327

-28400
-28521
-28758
-28300
-28153
-27292
-27871
-27771

(368)

-27576
-28148
-27S24
-26612
-26098
-26131
-26886

(399)

Slv

>106

145450

-140308
-147151

-16390S
-163555
-164406
-163986
-164009
-164559
-164376
-164394

(523)

-164157
-163455
-162808
-164949
-164051
-164814
-164328

(555)

Dstrcs

47
47
51

52
63

70
98
57
58
56
61
44
54

(10)

4.6
6.4
4.1
4.4
29
51
3.4
(1.5)

Volume

to3)

135.2

134.8
134.3
134.1
134.1
134.2
134.1
134.5
133.9
(0.4)

134.0
133.6
134.2
133.9
134.1
134.0
134.0
(0.3)

"The symbol Total denotes the s u m over all potent ia l energy terms o f
the s y s t e m . The symbol bonded s tands for the s u m o f the bond-angle
bending, harmonic dihedral bending and sinusoidal dihedral torsion terms
of both the headpiece and operator molecule . The energy term for bond-
length has no meaning because the bond- l engths are kept rigid by applying
the SHAKE m e t h o d . * 3 . * * The nonbonded energy is the s u m of the e l e c t r o -
static and van der Waals interactions.The nonbonded potential energy
contributions o f lac repressor headpiece , operator and the interface energy
between t h e m are denoted by the symbols Hp, Opr and Hp-Opr. The
interaction energy o f headpiece and operator with the surrounding so lvent
and so lvent mutual ly are denoted by Hp-Slv, Opr-Slv and Slv respectively.
The so lvent c o n s i s t s of HgO m o l e c u l e s and Na* and Cl~ ions . The symbol
Dstres d e n o t e s the distance restraint energy. During the restrained MD
run (O- 7O p s e c . ) total ly 24-8 intra- and intermolecular NOE and hydrogen
bond d is tance restraints are used (see text ) . During the second part o f
the MD (7O-125 psec.) run t h e s e distance restraint energy terms are
switched o f f wi th the exception of the 36 basepair hydrogen bond distance
restraints. The volume of the computat ional box is d e n o t e d by Volume.
The t ime-average is denoted by < > using a t i m e - r e s o l u t i o n of O.O4 psec .
The standard deviations are given in parentheses.
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study of the trp repressor operator complex at atomic resolution.

RMS Difference Between the Complexed and Uncomplexed Lac Repressor
Headpiece Structure

Figure 3a shows the RMS differences per residue between the average
atomic positions of backbone and side chain atoms of free and complexed
headpiece structure (both restrained) . From Figure 3a it becomes clear that a
number of side chains of lac repressor headpiece undergo a large conformational
change as a result of the complex formation. Interestingly, in most cases
these large conformational changes are not accompanied by large changes in
the corresponding backbone atoms. The residues belonging to the hydrophobic
core (residues 4,6,10,20,23,24,38,41,42,47), which strongly determine the overall
conformation and relative orientations of the three helices of lac repressor
headpiece, hardly rearrange upon binding. Comparison of complexed and free
DNA binding domain of phage 434 repressor shows a similar result: significant
local adjustments of side chain configurations but no large-scale conformational
changes .12 We note that in spite of the important reorientations of some side
chains the complexed and uncomplexed lac repressor headpiece structures
both satisfy the distance constraints within the accuracy of the experimental
data set. Significant reorientations (omitting the N- and C- terminal residues)
are observed for the side chains of residues : 7 Tyr, 11 Glu, 12 Tyr, 18 Gin.
25 Asn, 29 His, 33 Lys, 36 Glu, 44 Glu and 46 Asn. The side chains of
residues 11, 12, 33, 36 and 44 are not at the DNA side of the molecule and
therefore not directly involved in protein-DNA contacts. This means that
their reorientations must be induced as a side-effect of other structural
changes. Figure 4 displays the significant changes between the superimposed
average structures of free headpiece and headpiece as seen in the interface of
the repressor-operator complex. Interestingly, the phenyl rings of 7 Tyr and
17 Tyr which are both involved in protein-DNA interaction are observed to be
in a stacked configuration in the complexed headpiece while they are not
stacked in the free headpiece.

The results of photo-CIDNP experiments which show that residues 7 Tyr,
17 Tyr, 29 His and 47 Tyr are covered by DNA, but that residue 12 Tyr remains
accessible upon complex formation, 4 8 are confirmed in our simulation. The
very small changes for backbone as well as side chain atom positions for
residues 6 Leu, 9 Val and 47 Tyr in free and complexed headpiece (Fig. 3a)
are in agreement with the hardly changing chemical shifts upon complex
formation for these residues .26

An interesting conformational change is observed for the side chain of
residue 18 Gin, which forms an extremely stable intra-residual hydrogen bond
between its main chain HN and Osl in the complexed headpiece (exists for
86% and 96% during the restrained and unrestrained part of the simulation
respectively) . Such an interaction, occasionally observed with glutamine at
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the complex.
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Fig. 4. Stereo view in which the a-carbon trace of helix I, helix
II (recognition helix) and a part of the loop region between
helix II and III of complexed (gold) and free headpiece (green)
are compared. A part of the operator (major groove) is shown in
white. Only significantly rearranging residues in the center of
the repressor-operator interface are displayed (7 Tyr, 17 Tyr, 18
Gin, 25 Asn). As a result of reorientations of the side chains of
7 and 17 Tyr their phenyl rings are forming a stacked configuration
in the complexed headpiece. The side chain of 18 Gin adopts a
folded configuration in the complex, which is identical to the
one observed in the second GI n residue of the recognition helix
in the 434 complex . 1 1 ) 1 2 In this way its C£, Cy and CS atoms
are brought in front of the S-Methyl group of 6 Thy (see also
Fig. 7b).
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amino termini of a-helices, 4 9 was however never observed during the simulation
of free headpiece and is therefore a result of DNA binding. The intra-residual
hydrogen bond fixes the orientation of this second N-terminal residue of the
recognition helix and its C(3, Of and CS atoms are placed in front of the
S-methyl group (C7) of 6 Thy (see section "Non-Polar Contacts and Specificity" )
while its NE donor group makes a direct hydrogen bond with 5 Gua O5' and a
water-mediated hydrogen bond with 6 Thy O2P (see sections "Direct Hydrogen
Bonds" and "Hydrogen Bonds Via Water Molecules" ). An astonishing resemblance
is observed with 28 Gin in the specific repressor-operator complex of bacterio-
phage 4-34, the structure of which has been refined to 2.5 to 3.0 k resolution.11-12

Also this second N-terminal residue of the recognition helix of phage 434
repressor makes an intra-residual Oe-HN hydrogen bond and its C(3 and Cy
atoms are in van der Waals contact with a thymine S-methyl group of base
pair 3 of 434 operator. However, its Ns donor group can hydrogen bond to
guanine instead of to the sugar-phosphate backbone.

We note that the orientation of the recognition helix of the lac repressor
headpiece in the major groove of DNA with respect to the twofold axis of
symmetry at GC 11 is opposite 2 6~2 8 to what is found for other repressors.
This means that in the lac repressor operator complex the N-terminus of
helix I is near the twofold axis, while the N-terminus of the first helix for
other repressors is distant from this axis. The same reversed orientation has
been observed for the simultaneous binding of two headpieces to the full
operator.50

In Figure 3b the RMS differences for the average atomic positions of
backbone and side chain atoms per residue are shown for restrained and
unrestrained headpiece both complexed to the operator. Although a high force
constant of K.d<_ = 4000 kJ.mol'Vnm"2 was used during the restrained part of
the simulation of the complex (0-70 psec) the headpiece conformation is not
strongly changed by switching off these constraints (70-125 psec). For a
considerable number of residues the changes for the side chain atoms are
even smaller than for the backbone atoms. This observation is also true for
residues not involved in DNA binding.

Although the RMS difference between restrained and unrestrained headpiece
in the complex is small, distance constraint violations are observed for a few
residues during the unrestrained part of the simulation (table 5). However,
only 9 out of the 212 switched-off distance constraints are violated more
than 0.1 nm and the largest occurring violation is 0.24 nm. The pattern of
the repressor-operator interactions does not essentially change upon release
of the NOE restraints and it significantly affects only one nonpolar interaction
between 25 Asn and the operator which is lost during the unrestrained part
(see section "Non-polar contacts and specificity"). Interestingly, the stabilization
of a water-mediated hydrogen bond between 29 His and 1 Ade during the
unrestrained run ( it exists for 24% and 81% during the restrained and unrestrained
part of the MD simulation, respectively ) results in two operator-headpiece
NOE distance constraint violations between 29 His HEI and the H8 and H3'



- 57 -

protons of 2 Ade (Table 5 ) .

Structure of the Operator

In Figure 5 the operator as seen in the complex is compared to the initial
uniform B- DNA conformation. Although the operator deviates clearly from
uniform B-DNA. it is still in essentially B—DNA form. In the view looking
parallel to the axis of the recognition helix there is a slight narrowing of
the major groove introducing a small bend of the DNA helix by which the
recognition helix becomes more enclosed by the DNA. The bend is sharpest
between base pairs 7 and 8. The minor groove at the position where it interacts
with the C-terminal part of headpiece is slightly wider. The total deviation
between uniform B-DNA and the average structure is due to the cumulation
of small local distortions which are distributed over the total operator.
These distortions are induced by the complexation to the repressor and by
normal fluctuations; however, because we do not have information on the
behaviour of free (simulated) operator it is difficult to distinguish changes
caused by binding from changes caused by normal fluctuations.

A significant deviation from uniform B-DNA is also observed for the trp
operator 14 and synthetic 434 operator DNA 11-12 complexed to their repressors,
while in the >. repressor DNA corresponds more closely to regular B-DK'A.13

From Table 6 it is shown that the average values and the variations of the
helix parameters of the simulated lac operator structures are comparable to
the values found for the trp operator fragment in the complex and another
crystalline uncomplexed 12-base-pair B-DNA fragment.51 The average helix
repeat values for both lac operator and trp operator are smaller than for
uncomplexed B-DNA. The very similar helix parameter values found for restrained
and unrestrained lac operator indicates that the conformation is hardly influenced
by the intermolecular distance constraints. We note that the hydrogen bonds
of the base pairs are restrained in both cases.

Protein-DNA Contacts

The repressor-operator contacts are classified into direct hydrogen bonds,
water-mediated hydrogen bonds and nonpolar contacts, as described in detail
below. A stereo view of the contacts between protein and DNA is displayed
in Figure 6. The polypeptide chain of the lac repressor headpiece (residues
1-51) is folded such that the a-helical axis of helix I (residues 6-13) is at an
angle of approximately 35 degrees to the global DNA axis bringing its N-terminus
at hydrogen-bond distance of the phosphate group of 9 Cyt. Helix II (residues
17-25) is located in the major groove with its a-helical axis almost perpendicular
to the global DNA axis which implies that the recognition helix is not parallel
to the major groove. The N-terminal end of helix II points somewhat into the
groove towards position 4 but there are no direct interactions from the
N-terminus to the operator. Both sides of the major groove are contacted by
the backbone and side chain atoms of helix II. The loop region (residues
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Table 5. Violations of NOE Distance Constraints during the Unrestrained
Part of the Simulation of Complex In Aqueous Solution*

NOE distance constraint

Headpiece
12 Tyr HS1.2
22 Arg Ha
22 Arg Ha
23 Val H2Y1
34 ThrHa
35 Arg H
35 Arg H

45 Leu H3S2
25 Asn Hjp
25 Asn H2P
38 Val Hp
37 Lys H
30 Val H3Y1
30 Val H3y2

Headpiece-Operator
29 His Hel
29 His Hsl

2 Ade H8
2 Ade H31

Upper Limit
Distance

0.66
0.35
0.35
0.45
0.40
0.50
0.50

0.60
0.40

Actual Average
Distance

0.79
0.57
0.59
0.56
0.53
0.62
0.72

0.83
0.64

Violation
Distance

0.13
0.22
0.24
0.11
0.13
0.12
0.22

0.23
0.24

- The violations are obtained by time averaging over the period 1OO-12S
psec. Distances are given in nm and only violations larger than O.1O nm
are listed .

Table 6.Absolute Value of Helix Parameters for Various Operator Structures
Complexed to Headpiece and Averaged over the Base Pairs*

Initial structure (B-DNA)
After MD refinement in
vacuo (structure II)
Average structure in
solution:

24-45 psec
45-70 psec

100-125 psec

trp operator fragment in
complex **

crystalline B-DNA***

Angle between
Bases of a Pair

1.2

21.2(8.0)

18.3(7.6)
18.5(6.7)
18.1(6.7)

14.2(4.8)

Base-Pair
Roll

0.2

10.1(6.6)

9.1(5.9)
7.4(5.2)
6.6(4.2)

4.3(3.5)

4.9(3.1)

Base-Paii-
Tilt

4.6

7.8(8.8)

10.5(7.8)
8.4(5.2)
7.2(3.7)

2.2(1.1)

4.7(4.0)

Helix
Repeat

36.0

34.9(8.8)

33.2(5.4)
32.7(5.1)
32.7(5.8

33.8(5.3)

36.1(3.9)

•The values are given in degrees. The standard deviations are given in parentheses.
• • Taken from Ref. 14 and - - • Ref. 51



- 59 -

Fig. S. The DNA structure: Uniform B-DNA structure
(red) is supei—imposed to the average operator structure
(<4S-7O psec>) as seen in the complex (green). An
oc—backbone trace of the recognition helix is shown in
violet.
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Table 7. Hydrogen Bonds Between the Lac Repressor Headpiece and the
Operator as a Function of Simulation Time *

Backbone

6 Leu H
31 Ser H
31 Ser H
SI Arg 01
SI Arg O2

Operator

Backbone

9 Cyt O2P
3 Thy O1P
3 Thy O2P

12 Gna H3'
12 GuaH3-

Side-Chain Backbone

16 Ser H T
18 Gin HE22
19 Thr Hrl
25 AsnHS22
25 AsnHS22
26 Gin He21
26 Gin He22
34 Thr Hri
47 Tyr Hn

Sloe-Chain

21 Ser Or
SI Arg HT|21

Time (psec)

restrained unrestrained

SO 60 70 100 110 120

+4+444+44+4 4 ••«•++

5 Gna O2P
S Cna OS'
4 Thy O2P
7 Cyt O2P
8 Thy O3-
7 Cyt O2P
7 Cyt O2P
3 Thy O2P
9 Cyt OIP

Base

7 Cyt H41
11 Gna N3

+++++++++++++++++++4++++++

4+ 444 4 4+444

+++++++++++++ +++4+++++++

SO 60 70 too no 120

* Hydrogen bond criteria: hydrogen-acceptor distance ^ O.2S nm: donoi—
hydrogen-acceptor angle a 135°. A ( * ) sign indicates that at the
time point (full psec) between the 45th and 7Oth psec (restrained MD,
see text) and the lOOth and 125th psec (unrestrained MD, see text) a
H-bond exists. Only hydrogen bonds are listed that totally four or
more times exist.
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26-33) joining helix II and III runs along the sugar-phosphate backbone. The
a-helical axis of helix III (residues 34-45) and the global DNA axis lie in one
plane and make an angle of approximately 20 degrees. The N-terminus of
helix III is directed towards the operator, but similar to helix II, is too far
away to make direct interactions. For all three helices the location of the
N-terminus is closer to the negatively charged phosphate groups than the
C-terminus. The C-terminus of lac repressor headpiece ends into the minor
groove.

Direct Hydrogen Bonds

The direct hydrogen bonds between lac repressor headpiece and its operator
are listed as a function of simulation time in Table 7. The nine most important
hydrogen bonds (protein-DNA) can be divided into : three backbone - backbone
and six side chain - backbone bonds which are stable in the restrained and
unrestrained part of the simulation. We did not find stable direct hydrogen
bonds to the hydrogen bond donor and acceptor groups of the bases.

The stability of the hydrogen bond between the N-terminus of a-helix I (6
Leu H) and the phosphate oxygen 9 Cyt O2P which exists almost 100% of the
simulation time is expected to be a result of oriented peptide dipoles in the
a-helix.52 Analogous interactions between the N termini of the first helix of
the helix-turn- helix motif and the backbone phosphate group occur also in
the 434, X and trp repressor-operator complexes . 11~14 This sort of interaction
can probably be seen as an common feature to anchor the repressers tightly
to the DNA at a fixed position .

The very stable hydrogen bonds between the amide nitrogens on the peptide
backbone of 6 Leu and 31 Ser and the phosphate groups on DNA strongly
constrain the fit and orientation of DNA on protein and reduce at the same
time the flexibility of the backbone of headpiece. The positively charged
sidechain of 22 Arg is anchored only by watermediated hydrogen bonds, but
will also contribute to the interaction by longer ranged Coulombic interactions.

Unexpected is the very stable hydrogen bond between Ht| of 47 Tyr and
9 Cyt O1P. 47 Tyr is an important residue of a hydrophobic core involving
residues of all three helices. This hydrophobic core constraints strongly the
relative orientation of these helices and by that the relative position of the
polar 47 OH group. Therefore it will be likely that the strong hydrogen bond
between 47 Tyr and 9 Cyt in its turn stabilizes the orientation of the three
helices. The role of the 47 Tyr OH group is probably twofold: (a) it can be
seen as a fixed polar recognition point in repressor-operator binding and (b)
its strong hydrogen bond with the operator will indirectly constrain the
specific helix-turn-helix motif in the complex. We note that these observations
are in agreement with photo-CIDNP experiments which showed that 47 Tyr is
inaccessible to a dye in headpiece-operator complex but partly accessible in
free headpiece. 4 8 The fact that lac repressor binding is sensitive to substitu-
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Table 8. Hydrogen Bonds Between the Lac Repressor Headpiece and the
Operator that are Bridged by a Water Molecule as a Function of Simula-
tion Time*

Headpiece

Backbone
4Val 0

16 Ser H
16 Ser H
26 Gin H
34 Thr H
48 He O
SO Asn H
SI Arg O2

Backbone
IB Gin O
IB Gin O

Side-Chain
S Thr HTI
7 Tyr HTI
7 Tyr HTI

16 Ser OT
17 Tyr On
17 TJTHTI
17 Tyr HTI
18 Gin HE21
21 Ser HT
21 Ser HT
22 Arg Hit21
22 Arg Hull
25 Asn Oil
25 Asn H82I
26 Gin HE22
29 His He2
29 His HE2

31 Ser HT
31 Ser H T
34 Thr HYI
47 Tyr OT|
47 Tyr OTI
47 Tyr Oi)
SI Arg Hnl2

Side-Chain

17 Tyr OTI
21 Ser OT
22 Arg Hn2l
22 Arg HT)22
22 Arg Hn22
22ArgHT|22
22 ArgHT|22
51 Arg HT|22
SI Arg HTW

Operator

Backbone
9 Cyt O2P
4 Thy O2P
S Gua O2P
7 Cyt O2P
3 Thy O2P
9 Cyt OIP
9 Cyt OIP

12 Gna OIP

Base
7 Cyt H41
6 Ade H62

Backbone
H> Gna OIP
10 Gna O2P
10 Gna OS'
4 Thy O2P

10 Gna O2P
9 Cyt O2P

6 Thy O2P
8 Thy OS'
9 Cyt O3'
6 Ade O2P
6 Ade O2P
9 Cyt O3'
6 Ade O2P
7 Cyt O2P
1 Ade OS'
1 Ade OIP

2 Ade O2P
-2 Cyt OIP
3 Thy O2P
8 Thy OIP
8 Thy O2P
9 Cyt O3'
8 Thy OIP

Base

8 Thy O4
7 Cyt H41
5 Cyt H41
SGna O6
4 Thy 0 4
6 Ade H62
6AdeN7
11 Gna H22
10 Gna H22

Time

restrained

SO 60 70

+++ ++ +
44444444 ++ 44444 ++++

+++ +++ +
+ 444444 444444

+ + + + ++
+ + ++ +

+++ + 444444444444

+ ++ + ++

SO 6 0 70
l l l l l l l l l l l l l l l l l M l l l M l l . .

4 4 4 ++ + + +++ +
4 444 + +

4444 4 4~t+ +

4 4 44 44 4 44 ++++4++++

44 + + 4

+ ++ 44 4

50 60 70
I I I I I I I I I I I I I I I I I I I I I I I M I .

• 4444 + 4

444 444444 ++ + ++ ++

+ + + 4

+++ 44 4 4 44
+ 444

+ + + 44

4 44 4 4

l i i n l f i f f l m i l i i i i l i i i i l
SO 60 70

(psec)

unrestrained

100 110 120

+ ++ + ++++ 444444
+ ++++++ + ++++++ + ++++++
+ ++ ++

+ + +
+ +++ ++ + + +

++ ++++++++++++ +++

+++ +

100 110 120
I m i l i i i i l m i l i i n l i i i i l
+++++++++ ++ ++++ +++++++

+++++ +++ ++ + +
+ + + +

+ + + + + + + +++
+ ++++ ++++ + ++ +++ ++

+ + +++ + ++++ ++++++++ +

+ ^ + + + + + + I + +++++++
++ + +++ +

++ + +++++++ ++ +
+++ +++ ++ 4

+ + + +
+ + +++++ ++ 4

+ + ++ + ++ +
44 4 444

4 44 44444 4444444

too no 120
l i i i i l i i i i l i i i i l i i n l m i l

44444

TTTT + +
4 4 444

4 4 4 4 4 4 4
4 4 44 4 4

44 44 4444444 44444
4 444
+

+ +

44 * 4
4 4 4 444

444 4 444 4

l i i i i l m i l i i i i l i i i i l i m l
100 110 120
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tions of 47 Tyr 5 3 (among which a Tyr -* Leu replacement) is obviously not
only caused by a distortion of the tertiary structure as suggested before 26~28

but also by the loss of an important direct interaction.
It is observed that amino acid side chains of residues for which replacements

do not result in inactive repressors S 3 (residues 2-4, 11, 12, 36, 39, 44) appear
not to be involved in interactions with the operator. An exception is found
for residue 26 Gin, which can be substituted without significant alteration of
the repressor operator recognition?3 but nevertheless forms a moderately
stable hydrogen bond between its side chain and the backbone of DNA.

Hydrogen Bonds Via Water Molecules

The water-mediated hydrogen bonds between lac repressor headpiece and
its operator are listed in Table 8. On the average 11-13 water molecules are
involved in bridging protein-DNA contacts. The backbone atoms of 4 Val, 16
Ser and 51 Arg and the sidechain atoms of residues 5 Thr, 7 Tyr, 16 Ser, 17
Tyr, 18 Gin, 21 Ser, 29 His and 47 Tyr are involved in stable water-mediated
hydrogen bonds to the O3', O 5' and phosphate oxygens of the repressor.
Residues 16 Ser and 47 Tyr are also involved in stable direct hydrogen bonds.
As a consequence these two residues are probably tightly bound to the operator
and must be important for DNA recognition or DNA-protein fit. We note that
the r^nressor is sensitive to substitutions of both residues.53

The increase in the pKa of 29 His by 0.5 unit when bound to the operator
is probably caused by a water-mediated ionic interaction between 29 His HE2
and 1 Ade O5VO1P, rather than a direct ionic interaction as was suggested
before . 5 4

The seven observed water-mediated hydrogen bonds between the side chain of
residues 17 Tyr, 21 Ser and 22 Arg and base pairs within the major groove
are not very stable over the total simulation time and one may argue whether
these contacts can explain the specificity of the repressor. The direct contact
between 21 Ser and 7 Cyt during the restrained part (Table 7) is replaced by
a stable water-mediated contact during the unrestrained part (Table 8). Residue
22 Arg makes alternating water-mediated hydrogen bonds to atoms of base
pairs at positions 5, 6 and 4 in order of importance.

The contacts between 51 Arg and 11 Gua within the minor groove is consistent
with the proposal that the minor groove at base pairs 9-11 is covered by
residues 51-59 of the full repressor.ss Interestingly, a corresponding case in
which an arginine is bridged by water molecules to the minor groove is observed
in the 434 complex.12

From the total of 43 more or less stable water-mediated hydrogen bonds
between the repressor and its operator approximately 40% are observed during
both the restrained and unrestrained part of the MD simulation. For the more
stable ones this percentage is almost 80%.



Fig. 6. <•) Stereo view of the contacts between protein and DNA as seen in a
snap-shot structure at t = 57 psec. The N, Cot, CB, C, O atoms trace of the
repressor is in red . For clarity only side chains of residues involved in contacts
(direct- and water-mediated hydrogen bonds or nonpolar) with the DNA are
displayed in white: 5 Thr, 6 Leu. 7 Tyr, 16 Ser, 17 Tyr, 18 Gin, 19 Thr, 21 Ser.
22 Arg, 25 Asn, 26 Gin, 31 Ser, 34 Thr, 47 Tyr. Water molecules simultaneous
hydrogen bonded to both protein and DNA are shown in blue. In this snap-shot
structure these water molecules are bridging the following protein-DNA
contacts: S Thr Hyl...lO Gua O1P, 7 Tyr HT)...1O Gua O2P, 16 Ser H...4 Thy
O2P, 17 Tyr HTI...9 Cyt O2P. 17 Tyr OTJ...8 Thy O4, 18 Gin HE21...6 Thy O2P, 21

Ser HY-..9 Cyt O3', 22 Arg HT)22...5 Gua O6, 29 His He2...l Ade O51, 34 Thr

H...3 Thy O2P, 47 Tyr O71...8 Thy O1P, 51 Arg O2...12 Gua OlP (see table 8).

(b) A sketch of the protein-DNA
contacts during the unconstrained
part of the simulation (1OO-125 psec).
The view is approximately corresponding
to the view in (a). The topology of
the contacts (not their exact positions)
is Indicated by circles: D = direct
hydrogen bond, W = water-mediated
hydrogen bond, N = nonpolar contact.
The hydrogen bonds (D,W) are indicated
when observed for more than 5O% of
the unconstrained simulation period
(1OO-125 psec). The hydrogen bond
criteria is given in the footnote to
Table 7. The numbers In the protein
indicate Cat positions.
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Nonpolar Contacts and Specificity

In Table 9 the nonpolar contacts between repressor and its operator which
are close enough to exclude the surrounding solvent in the interface between
both molecules are listed. The many van der Waals contacts are uniformly
distributed over the surfaces of repressor and operator and are obviously
important for the fit and the recognition between repressor and headpiece.

The contacts involving the thymine S-methyl groups (C7> are potential
recognition sites where pyrimidines can strongly be distinguished from purines
in the major groove since the purine N7 can accept a hydrogen bond at this
site while pyrimidlne C7 group is unable to form this bond and also protrudes
about 0.1 nm further into the wide groove.15 It is interesting that the tight
protein backbone-base contacts between 18 Gin C and 19 Thr Ca with 4 Thy
C7 accompanied by side chain contacts of these residues with sugar backbone
atoms of 4 Thy and 3 Thy forming a small hydrophobic pocket. This protein-
backbone to thymine C7 contact is likely to be quite exact due to the restricted
flexibility of the main chain atoms of a folded protein. Other small hydrophobic
pockets are formed by the side chains of 17 Tyr and 21 Ser receiving the
methyl group of 8 Thy (Fig. 7a) and carbon atoms of 18 Gin receiving the
methyl group of 6 Thy (Fig. 7b). Such nonpolar contacts between a methyl
group of thymine and -in the first two cases- two side chains forming a
small hydrophobic pocket are also observed in thf? 434 and X complex.11"13

Although these contacts essentially discriminate between purines and pyrimidines,
they possibly distinguish between the nonpolar C5 hydrogen of cytosine and
the C5 methyl group of thymine at positions characterized by exact fit between
repressor and operator. The latter can for example be caused by stable backbone-
backbone or backbone base interactions as observed for the main chain atoms
of 6 Leu, 31 Ser, 18 Gin and 19 Thr. Thus, these nonpolar contacts with
methyl group of thymine are probably very important for the specific recognition
between headpiece and operator.

The importance of the C7 methyl group of 8 Thy - in the simulation
embedded between 17 Tyr Ce2-Ct, and 21 Ser C|3 (Fig. 7 a ) - was illustrated by
Caruthers36 using the following evidence. Removal of the methyl group by an
AT -» All replacement dramatically reduced the affinity of repressor for
operator. A similar loss was observed for the AT •* GC mutation. However,
insertion of 5-methylcytosine for cytosine stabilized the repressor-operator
interaction to the same extent as the naturally occurring adenine-thymine
basepair and the reduction of the stability of the complex by using 5-bromouracil
(U+) instead of uracil for a AT •* All* replacement is also much less dramatic.
The thymine 5-methyl group occupies sterically the same position as does
this methyl group in 5-methylcytosine or the bromine in 5-bromouracil. This
means that the 5-methyl group of 8 Thy is recognized by the lac repressor
and the remainder of either base pair is of no consequence. The latter is
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Table 9. Nonpolar Contacts between Headpiece and Operator
Observed in the Average Complex Structures*

Headpiece

Backbone

18 Gin C
19 Thr Ca

Side-Chain
5 Thr Cy2
S Thr C-y2
5 Thr CT2

6 Leu CS1
6 Leu C51

18 Gin CY

19 Thr Cy2
19 Thr CY2
25 Asn Cg
25 Asn CP
25 Asn CY
29 His C52
29 His Cel
29 His CEI
29 His Csl
29 His CEI

34 Thr CY2

51 Arg C3
51 Arg Cg
51 Arg CS
51 Arg CS

Side-Chain
17 Tyr Cs2
17 Tyr C£
18 Gin Cp
18 Gin CP
18 Gin CY
18 Gin CY
18 Gin C5
18 Gin C5
21 Ser C3
22 Arg C3
22 Arg CY

25 Asn Cp
25 Asn CP
25 Asn CY
25 Asn CY

Operator

Base

4 Thy C7
4 Thy C7

Backbone
10 Gua C51

10 Gua C41

10 Gua C3"
9 Cyt C31

9 Cyt C51

4 Thy C2'
3 Thy C31

3 Thy C2'
8 Thy C21

8 Thy C31

8 Thy C21

1 Ade C31

1 Ade C21

1 Ade C31

2 Ade C31

2 Ade C2'
3 Thy C51

12 Gua C41

12 Gua C5%

10 Gua CI'
10 Gua C31

Base

8 Thy C7
8 Thy C7
5 Gua C8
6 Thy C7
5 Gua C8
4 Thy C6
6 Thy C7
5 Gua C8
8 Thy C7
4 Thy C7
4 Thy C7
7 Cyt CS
7 Cyt C6
7 Cyt C6
7 Cyt CS

Restrained

0.40
0.40

0.38
0.43
—

0.38
0.43
0.37
0.43
0.43
0.40
0.42

—
0.39
0.39
0.40
0.40
0.38
0.40
0.41
0.41
0.42

0.43
0.39
0.35
0.42
0.37
0.43
0.41
0.43
0.40
0.42
0.43
0.42
0.43
0.36
0.39

Distance(nm)

Unrestrained

0.40
0.40

0.39
0.42
0.43
0.38
—

0.40
0.39
0.38

—
—

0.41
0.39

—
0.42
—
—

0.40
0.42
0.43
0.41
~

0.40
0.41
0.38
0.43
0.36
0.41
0.40
0.40
0.43
0.42
0.43

—

Only carbon-carbon pairs with a contact distance * 0.43 run
are listed. Restrained part: 45-70 psec, Unrestrained: 100-125 psec.



Rg- 7* (•) Stereo view of a small hydrophobic pocket formed by
17 Tyr CE2, Ct, and 21 Ser Cg receiving the 5-methyl group of 8
Thy in a dot surface representation. 17 Tyr OTJ, HT] and 21 Ser
Of. H*y are involved in direct or watei—mediated hydrogen bonds
(not indicated).

\

(b) Stereo view of the nonpolar interaction between the C[3, CS
atoms of 18 Gin and the 5-methyl group of 6 Thy. The adopted
side chain configuration of 18 Gin Is fixed by an intra-residual
HN-Oel hydrogen bond.

The used color code in (a) and (b) is as follows: backbone
protein: red, side chains of 17 Tyr and 21 Ser (a) and 18 Gin (b):
green, DNA: blue; 8 Thy (a), 6 Thy (b): white. The dot surfaces
of the 5-methyl groups of 8 Thy (a) and 6 Thy (b) are blue. For
clarity the van der Waals radii in the dot reprr santation of the
carbon atoms are chosen approximately 1O5C smaller than the
actual values used in the simulation.
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consistent with the absence of (stable) direct or water-mediated hydrogen
bonds to base pair atoms of AT 8 in our simulation. However, normally,
other atomic details of a base pair appear to be important as well, as illustrated
by numerous biochemical studies .1 8 '5 6 > s 7 It is questionable whether the specificity
of lac repressor headpiece/operator can be explained by the observed combina-
tions of hydrogen bonds and nonpolar contacts alone. Nowhere in the simulation
a base pair is simultaneously recognized by two or more hydrogen bonds as
needed for a unique identification.15 This does not exclude the possibility that
the specific hydrogen bonds are interchanging rapidly in a dynamic specific
hydrogen bond network between repressor and operator which can only be
recognized over a much longer simulation time.

The absence of direct hydrogen bonds to the bases that explain recognition,
is not completely unexpected. The crystal structure of trp repressor/ operator
complex at 2.4 A resolution14 shows no direct hydrogen bonds to the bases
that can explain the repressor's specificity for the operator sequence in spite
of an extensive contact surface, including 24 direct and 6 solvent-mediated
hydrogen bonds to the phosphate groups. Otwinowski and colleages14 argue
that trp repressor provides an example of indirect readout. In other words,
B̂ -DNA exhibits a large degree of sequence-dependent structural variation
which makes it the primary function of the DNA sequence to permit the
formation of a tight complex with the protein. A corresponding example is
the absence of direct hydrogen bonds between the central basepair 3 of 434
operator and its repressor, although the binding affinity is lowered considerably
by changes in this central base pair.11'12 The number of hydrogen bonds to
base pairs 4 and 5 of 434 operator is insufficient to uniquely identify a
particular base pair.15 This means that the recognition is not based on direct
hydrogen bonding alone.

We expect that the many van der Waals contacts are important for binding
and recognition and with exception of the 25 Asn Cp/Cy - 7 Cyt CS/C6 and
the 29 His Csl - 2 Ade C2VC3' contacts the van der Waals contacts are
essentially stable for both the restrained and unrestrained parts of the MD-run
(Table 9). The uniqueness of the van der Waals contacts is enhanced by the
fact that the surfaces of both protein and DNA at the interface are still
extensively covered by water in spite of the many close contacts between
repressor and operator (see below). This will restrict the exposed area of
methylene and methyl groups in the interface and as a result enlarge the
specificity of the van der Waals interactions. On the other hand, the importance
of interactions through hydrogen bonds will be lowered in an aqueous enviroment,
because when protein-DNA hydrogen bonds are lost, protein-water and DNA- water
bonds are gained.

Differences in Hydratlon of Complexed and Uncomplexed Headpiece

In table 10 the average total number of hydrogen bonds between headpiece-
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solvent, headpiece-DNA and headpiece internally are shown for uncomplexed
and complexed headpiece. Surprising, but non -nexpected, is the fact that
the average number of repressor-solvent hydrogen oonds is significantly increased
during complexation which will be an important compensation for the loss of
mobility (entropy) in the complexed headpiece structure. Including the headpiece-
DNA hydiOgen bonds the total number of hydrogen bonds is increased from
ill.O in free to 128.0 in complexed headpiece.

Table 10. Average Total Number of Hydrogen Bonds of
Lac Headpiece

Hydrogen Bonds
between

Headpiece
Headpiece-Solvent
Headpiece—Operator

Total number

Average Number

free

27.9
83.1

111.0

of Hydrogen Bonds

complex

25.9
92.5
9.6

128.0

•The average number of hydrogen bonds is calculated
using a time-resolution of O.O4- psec and the same hydrogen
bond criterion as in the footnote to table 7.

Figure 8 shows the average percentage of hydrogen bonded water to the
backbone and side chain atoms per residue of complexed (top) and uncomplexed
(bottom) headpiece. High solvation values are observed for most of the residues
directly involved in the interaction between headpiece and operator. This
means that large parts of the binding site surfaces of both headpiece and
DNA are still covered with water so that it is obviously not necessary to
remove large quantities of water upon specific binding.

The lac repressor is expected to slide along unspecific DNA to explain the
fact that lac repressor finds its operator target at a higher rate than expected
for a simple diffusion-controlled reaction.58~60 We note that if the sliding
mode is not accompanied by stripping of (many) water molecules when going
from one binding site to the next, the movement will certainly have a lower
activation energy and thereby a higher sliding rate. Obviously, the water can
act as a lubricant!

Although many residues are still hydrated in the complex, some residues
dehydrate to some extent. The percentage of hydrogen-bonded water to the
backbone (bb) and/or sidechain (sc) atoms of 6 Leu (bb). 19 Thr (sc), 25 Asn
(bb), 28 Ser (sc), 30 Val (bb) and 31 Ser (bb) are zero or very low in the
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Fig. 8. Percentage of hydrogen bonded water summed
over the HN and O backbone atoms (open bars) and
side chain atoms (filled bars) averaged over each residue.
top: headpiece in complex, bottom: free headpiece. The
percentage of hydrogen bonds is calculated using a
time-resolution of O.O4 psec and the same hydrogen
bond criterion as in the footnote to table 7.
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complex, but have medium-sized values in the free headpiece (figure 8). For
residues 6 Leu, 19 Thr and 31 Ser these decreases are due to direct hydrogen
bonds to the operator and for the other residues these decreases are due to
more hydrogen bonds with neighbour residues in the complexed headpiece.

The opposite effect is observed for residues 5 Thr, 15 Val, 34 Thr, 35
Arg, 37 Lys and 46 Asn for which the hydration is increased upon complexation
as a result of a decrease of the percentage of intramolecular hydrogen bonding.
For example the percentage of the intramolecular hydrogen bonding of 5 Thr
is decreased from 348% to 178% while the percentage of hydrogen bonded
water to this residue is increased from 33% to 179% in free and complexed
headpiece, respectively. We note that in the complex 5 Thr is involved in
a strong water-mediated hydrogen bond and in a side chain-backbone van der
Waals contact (Tables 8,9). Figure 9 shows that the nonpolar contact between
5 Thr CY2 and 10 Gua C3", C4", C51 will position the N-terminus of helix I at
the correct distance to make the extremely stable hydrogen bond between 6
Leu H and 9 Cyt 02P (see section "Direct Hydrogen Bonds"). The nonpolar
contact at this position will reduce the accessibility of water molecules that
would otherwise decrease the stability of this hydrogen bond by serving as
competitive hydrogen bond donors and acceptors. The strong water-mediated
hydrogen bond between S Thr Hfl and 10 Gua O1P will not only stabilize the
interaction between operator and headpiece but will also constrain the orientation
of the side chain of 5 Thr. This water-mediated hydrogen bond will therefore
be indirectly important for the stability of the interaction between helix I
and the phosphate group of 9 Cyt. Replacement of 5 Thr by Met, Lys, Gly,
Leu, Tyr or Gin results in defective repressers, whereas a Thr-Ser replacement
yields only a partially defective repressor.53 This can structurally be explained
by the abilities of both aliphatic hydroxyl side chains to make the water-mediated
hydrogen bond without making a bad contact with the sugar carbon atoms.
That the affinity of the repressor for the operator is only partially restored
by using serine instead of threonine can be explained by the loss of the
nonpolar contact between the Cy2 of threonine and the sugar carbon atoms;
thus as a second effect the replacement by serine will lower the stability of
the hydrogen bond between helix I and the phosphate backbone as explained
above. Thr 5 is one of the conserved residues between CAP, gal and lac
repressors.9

Since the protein-DNA interface is still covered by water the structural
complementarity is strongly influenced by the bound waters. The shape of the
water-surfaces covering the protein and DNA is determined by the characteristic
distributions of charges and hydrogen-bond donor and acceptor groups on
both molecules. This means that a specific amino acid and base pair sequence
will also influence the recognition on another level by inducing the structure
of the first hydration layer. Recognition models only based on simple rules in
which certain amino acids recognize certain base pairs are insufficient to
explain the recognition between repressor and operator.
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i

Fig. 9. The nonpolar contact between 5 Thr and 1O Gua
reduces the water accessibility at the neighbouring hydrogen
bond between the N- terminus of helix I and the phosphate
group at position 9. The CS\ C4" and C3" atoms of 1O
Gua (green) and Cy2 of 5 Thr (red) are represented in a
dot surface. The water molecule bridging 5 Thr Hyl and
1O Gua O1P is shown in white. This water-mediated
hydrogen bond exists ca. 92% of the simulation time
(45-125 psec). The DNA is green, a-helix I is violet,
while the rest of the represser is red. The side chain of
5 Thr Is white. The hydrogen bond between the N-terminus
of helix I (6 Leu N) and the phosphate oxygen 9 Cyt
O2P which exists almost 1OOX of the simulation time is
Indicted by a light green line.
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DISCUSSION

The interaction between lac repressor headpiece and its operator is based
on many direct- and water-mediated hydrogen bonds and nonpolar contacts
which allow the formation of a very tight complex. Many of the contacts
with the DNA are made with residues of the recognition helix, but also residues
around the N-terminal part of helix I, the loop region between helix II and
HI and the C-terminal part of headpiece make important contacts. The positions
of all three helices are restrained by stable direct or water-mediated hydrogen
bonds between backbone or polar atoms (of mostly short side chains) around
the beginning and end of these helices and the operator.

No stable hydrogen bonds between sidechains and bases are found, while
nonpolar contacts to the 5-methyl group of thymine and, to a lesser extent,
water-mediated hydrogen bonds appear to be essential for operator recognition.
On the average 11-13 water molecules are involved in bridging protein-DNA
contacts. The absence of (stable) direct hydrogen bonds to the bases to
contribute part of the specificity is not surprising because the interface is
highly covered with water and feasible base-protein hydrogen bonds can
easily be replaced by bonds to water. On the other hand, the aqueous environ-
ment of the interface will restrict the exposed area of methylene and methyl
groups and as a result enlarge the specificity of the nonpolar contacts. The
free energy of a van der Waals contact in these cases between methyl groups
will be similar or even higher than the free energy of a hydrogen bond. This
corresponds with previous estimates for the energy of each type of interaction
obtained from protein engineering studies 6 1 : 1.5-3.4 kcal.mol for van der
Waals contacts and 0.5-1.5 kcal.mol"' for leaving an unpaired, uncharged
hydrogen bond donor or acceptor.

Our results emphasize the structural complexity of protein-DNA interactions
and show clearly that there is no simple one-to-one recognition code between
amino acid and base pairs. One residue can contact in different ways several
backbone and basepair atoms of the DNA. For instance the side chain of 18
Gin makes nonpolar contacts with base pairs 4-6, a water-mediated hydrogen
bond to 6 Thy O2P, and a direct hydrogen bond to 5 Gua O5". Another example
is the S-methyl group of 8-thymine which is buried by using the side chains
of two residues ( 17 Tyr, 21 Ser ).

It also becomes clear that some protein-DNA interactions will influence
the stability or feasibility of other protein-DNA interactions. This is nicely
illustrated by the nonpolar contact between 5 Thr and 10 Gua, which appears
to strengthen the stability of the hydrogen bond between the N-terminus of
helix I and the phosphate group of 9 Cyt by excluding water.

Although our model can explain most of the available genetic and biochemical
data in terms of structural considerations, we also found an exception. A
genetic study performed by Ebright 6 2 showed that intact lac repressor in
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which 18 Gin is substituted by glycine, serine or leucine loses the ability to
distinguish between base pairs GC, TA and AT at position 7. In contrast the
three substituted variants retain the ability to discrimate at positions 5, 6
and 8-10, by factors 9 to 37. Therefore, Ebright suggested a direct contact
between 18 Gin and base pair 7. In our model we did not observe a direct
interaction between base pair 7 and 18 Gin that could explain these results.
The lack of such interactions could at first sight be taken as evidence of the
inadequacy of the force field used for the simulation. However, the interaction
between 18 Gin and base pair 7 can in principle be very long ranged, by
indirectly, but still specifically affecting the equilibrium configurations of the
surrounding solvent or making interactions at other repressor and operator
positions possible. The difficulty to make a direct link between a genetic
result and a structural observation (observed in a simulation that can ofcourse
be unreliable) once again underscores the insufficient understanding of the
principles of how an amino acid recognizes a particular base pair. A similar
difficulty is experienced in the case of the trp repressor. Genetic studies,
indicating specific interactions between 81 Thr of trp repressor and two
critical base pairs of its operator 6 3 are in contrast with observed interactions
between 81 Thr and a phosphate group in the high resolution x-ray crystallography
structure of the complex. 14 Another example is the tight-binding mutant of
X-repressor in which the glutamic acid is changed into lysine at position 83,
The terminal nitrogen of lysi;ie is more than 10 8 away from the DNA, and it
is not clear why this mutant binds more tightly. 13

To understand the principles of the specific interactions between protein
and DNA it will be necessary to investigate several individual protein-DNA
complexes. Molecular dynamics techniques can be an important tool to understand
complex interactions which depend on the simultaneous influence of several
forces and entropic effects. A free energy calculation in which a side chain
or base is mutated is not only a useful technique to visualise changes ex-plaining
long range influences at the atomic level, but also yields relative free energy
differences. In this way experimental information on binding affinity or specificity
of mutant studies can be coupled to theoretical calculations.64 Very interesting
free energy calculations would involve mutations of 18 Gin and base pair 7
and repeating the biochemical experiments of Caruthers s ° by mutating the
methyl group of 8 Thy into a hydrogen. Such calculations are a good test to
judge the adequacy of the simulation, but unfortunately, still require thousands
of hours of super computer time.

Although the repressor-operator system of the lac operon has been extensively
studied by genetic analysis of numerous mutants S 3 our work shows that
some interesting substitutions are still lacking. An interesting substitution
would be the replacement of 47 Tyr, an important residue of a hydrophobic
core involving residues of all three helices, by Phe, since the strong hydrogen
bond between 47 Tyr HT) and 9 Cyt O1P seems to stabilize the orientation of
the three a-helices of the lac headpiece. In the case of Phe a stable hydrophobic
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core is expected to form, but the important hydrogen bond will be lacking.
Another substitution would be the replacement of 5 Thr by Val, in which
case the hydrophobic contact will remain that strengthens the neighbouring
hydrogen bond between helix I and the phosphate group at position 9.

The results of the molecular dynamics simulation of the lac repressor-operator
complex in aqueous solution show the value of combining computer simulation
techniques and experimental NOE distance information. We note that it is
essential to perform the molecular dynamics simulations in solvent, because
the interface contains a number of significant water molecules and the many
different equilibrium configurations of the solvent around the complex will
influence the stability of interactions between the represser and operator.
Certainly, static molecular modelling procedures and docking studies performed
in vacuo are insufficient to study this kind of complex molecular interactions,
while the objectiveness of the simulation technique allows unprejudiced results.
Although, this sort of simulations need a substantial amount of computer
time, the rapid developments in hardware and software allow these techniques
to become routine jobs in a few years.

It is satisfying to observe that the simulated complex in water is intrinsically
stable without application of NOE distance constraints. The pattern of repressor-
operator contacts does not essentially change upon release of the NOE restraints
and only 9 out of 212 switched-off distance constraints are violated by more
than 0.1 nm. These results are very encouraging, but it is important to realize
that atomic interaction functions are only approximately known, while the
time span covered by the MD simulation is limited. This means that MD
simulations are not reliable enough to substitute experimental structure
determination methods and additional experimental tests are essential to
confirm the results of the simulations. However, the fact that the observed
results are compatible with most of the available experimental data and
consistent with the findings of X-ray studies of other repressor-operator
complexes, suggests that the overall character of the observed interactions
between lac repressor headpiece and its operator are essentially correct.

The simulation of the lac repressor headpiece-operator complex yields no
evidence that a so-called "direct readout" mechanism14 for recognition is
based on direct sidechain-base hydrogen bonds. Direct readout occurs rather
through nonpolar contacts and water-mediated hydrogen bonds, while the
many sidechain-backbone contacts support a role of an indirect readout mechanism
as well. This means that the mode of interaction between lac repressor headpiece
and its operator is somewhere in the middle between the mode used by the
434 and X complex which display boMi, direct hydrogen bonds and nonpolar
contacts to the bases, and the mode used by trp repressor lacking such
interactions.
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Samenvatting

Het iac-repressor-eiwit uit de bacterie E. coli bindt uit het miljoenen
basen omvattende DNA specifiek aan een stukje met een lengte van ongeveer
20 basen. Dit stukje wordt de lac operator genoemd en is een soort aan-uit-
schakelaar voor het aflezen van drie genen die informatie bevatten voor enzymen
betrokken bij de afbraak van lactose. Is er geen lactose dan is het repressor-eiwit
gebonden aan de operator en voorkomt daarmee de productie van overbodige
enzymen. Hoewel de globale werking van het lac operon al jaren bekend is, is
er vrijwel niets bekend over hoe de herkenning op atomaire schaal verloopt.
Daarvoor is kennis van de ruimtelijke structuur van repressor en operator
noodzakelijk.

De structuur van het DNA bindend gedeelte van de repressor (headpiece) is
bepaald door een combinatie van NMR (nuclear magnetic resonance) en moleculaire
dynamica (MD) technieken.

NMR is een experimentele techniek die informatie geeft over afstanden
tussen protonen binnen het molecuul (eiwit). Met deze afstanden kan in
principe een 3-dimensionale (3D) structuur van het molecuul worden gebouwd,
maar het aantal verkregen afstanden is te klein om de 3D structuur volledig
te beschrijven.

De verkregen globale structuur kan echter worden verfijnd tot een preciezere
structuur met behulp van een theoretische structuur- bepalingsmethode: MD.
Dit is een rekenmethode waarbij de interacties tussen de atomen beschreven
worden door een atomair krachtenveld. De uit dit veld afgeleide krachten
worden gebruikt om de dynamische eigenschappen van het systeem te simuleren
door voor elk atoom de bewegingsvergelijking van Newton op te lossen. De
experimentele gegevens worden weergegeven door een extra pseudo-term op
te nemen in het krachtenveld. Hiermee wordt theoretische kennis ( impliciet
aanwezig in het atomaire krachtenveld) gecombineerd met experimentele
kennis. De tijdens de simulatie aanwezige bewegingsvrijheid maakt het mogelijk
een groot deel van de conformatie ruimte af te zoeken naar structuren met
een lage vrije energie. Het gebruik van MD simulaties in combinatie met NMR
gegevens wordt MD verfijning genoemd.

De MD verfijning van de 3D structuur van het lac repressor headpiece (het
deel van de repressor dat verantwoordelijk is voor de specifieke herkenning
van de basesequentie in het DNA) staat beschreven in hoofdstuk II en III.

De MD simulaties werden tevens gebruikt om de interacties tussen lac
repressor headpiece en lac operator te voorspellen. De berekening werd gestart
vanuit een ruwe beginstructuur gebaseerd op 24 NOE's (afstanden) tussen het
DNA en het eiwit. De complexiteit van DNA-eiwit interacties maakt het nodig
om de simulatie in aanwezigheid van het omringende water uit te voeren. Dit
kost ongeveer 60 keer zoveel rekentijd als een simulatie in vacuum, maar de
simulatie bleek aannemelijke voorspellingen op te leveren. Het verkregen lac
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repressor operator model is in overeenstemming met biochemische en genetische
gegevens. De simulatie laat zien dat de specificiteit van de interactie niet
gebaseerd is op directe waterstof-bruggen, maar op niet-polaire contacten en
waterstof-bruggen die verlopen via een watermolecuul. Dit is in tegenspraak
met ingeburgerde hypothesen, maar is consistent met recente resultaten
verkregen uit röntgendiffractie studies aan andere repressor-operator complexen.
De simulatie van het complex staat beschreven in hoofdstuk IV.

Moleculaire dynamica simulaties, waarbij de werkelijkheid natuurgetrouw
wordt nagebootst, kosten een enorme hoeveelheid computertijd. Doordat
computers echter steeds sneller, maar ook goedkoper worden, zullen simulaties
binnen afzienbare tijd algemeen worden toegepast in de chemie: toepassingen
zijn o.a. het ontwerpen van moleculen met gewenste eigenschappen (medicijnen,
polymeren, eiwitten enz.).



Stellingen

1. Het gebruik van moleculaire dynamica technieken tijdens de kristallografische
struktuurverfijning van eiwitmoleculen levert een aanzienlijke tijdwinst op.

2. In modellen waarin op atomair niveau de werking van enzymactiviteit en/of
substraatbinding wordt verklaard, wordt in het algemeen de rol van water
onderschat en die van waterstofbruggen overschat.

3. De door computersimulaties geboden mogelijkheid om de gebruikelijke
denkrichting (van complexiteit naar eenvoud) om te keren, veroorzaakt een
revolutie in de wetenschap.

4. " Koude " kernfusie verhit vooralsnog alleen de gemoederen.

5. Het geven van de titel in referenties zou standaard moeten zijn.

6. De uitspraak "Geen macht ter wereld verdrijft ons meer uit de Duitse
arena" van Franz Schönberger, voorzitter van de populaire en nu nog
tamelijk onverdachte nationaal-conservatieve Republikeinen, maakt duidelijk
dat Geschiedenisonderwijs voor verbetering vatbaar is.

7. Het nalaten van eenvoudige medische hulp aan een in onze ogen onvolmaakt
pasgeboren kindje (mongooltje, op de te behandelen darmafsluiting na,
zonder andere vastgestelde aangeboren afwijkingen) totdat de dood erop
volgt, betekent dat de doodstraf in Nederland niet is afgeschaft.

Molenaar, J.C., Gill, K, Dupuis, H.M. Geneeskunde, dienares der barmhartig-
heid. Ned. Tijdschr. geneeskd. 42:19ï3-t917.t988.

8. Het jarenlang ontbreken van zogenaamde niet schaarse goederen als lucht,
water en grond in rendementsberekeningen van ondernemingen doet vermoe-
den dat menig berekend winstpercentage geen afspiegeling is van de werke-
lijkheid.

9. Het voortdurend voor ogen houden van mogelijke ernstige en lange termijn
gevolgen van neveneffecten van huidige technische en wetenschappelijke
oplossingen, kan rampen voorkomen.



10. Het feit dat, ondanks het in Nederland gevoerde minderhedenbeleid de
werkloosheid onder allochtonen ongeveer 3V2 maal zo hoog is als onder
de autochtonen, terwijl in België, waar een minderhedenbeleid ontbreekt,
de werkloosheid in beide gevallen vrijwel even hoog is, doet twijfelen aan
de motiefen van het gevoerde beleid.

Brunt. E.. Grijpma, P., van Harten, C. Doodgeknuffeld. Elsevier, pp. 12-17,
18 februari 1989.

11. Het protesteren van gedetineerden in Veenhuizen om te mogen blijven
zitten, wekt de indruk dat op bewaking bezuinigd kan worden.

12. Het Ministerie van Binnenlandse Zaken neemt wachtgeld te letterlijk.

Stellingen behorende bij het proefschrift van Jacob de Vlieg. April 1989.


