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ABSTRACT: Although the trp-repressor-operator complex is one of the best studied transcriptional
controlling systems, some questions regarding the specific recognition of the operator by the repressor
remain. We performed a 2.35 ns long molecular dynamics simulation to clarify the influence of the two
B-DNA backbone conformational substates BI and BII on complexation. Thetrp-repressor-operator is
an ideal biological system for this study because experimental results have already figured out that the
interaction between the internucleotide phosphates and the protein is essential for the formation of the
high affinity complex. Our simulation supports these results, but more important it shows a strong correlation
between the BI/BII phosphate substate and the number of interactions with this phosphate. In particular
the BI h BII transitions occur synchronous to hydrogen bond breaking or formation. To the best of our
knowledge, this was observed for the first time. Thus, we conclude that the sequence specific BI/BII

behavior contributes via indirect readout to sequence specific recognition. These results have implication
for the design of transcription-controlling drugs in view of the recently published influence of minor
groove binders on the BI/BII pattern. The simulation also agrees with crystallographically observed hydration
sites. This is consistent with experimental results and indicates the correctness of the model used.

The trp-repressor ofEschericia coliis a control element
in the biosynthesis of tryptophan. The binding of the
repressor to thetrp-operon, encoding the five enzymes
(trpEDCBA, trpR, aloL, aroH, and mtr) that convert
chorismate into tryptophan, is mediated by binding of
corepressor. The corepressorL-tryptophan (1, 2) itself binds
at high concentrations (∼µM) to the aporepressor increasing
the binding affinity (3, 4) of the so built repressor to the
operator site, and thus prevents the transcription of these
genes (negative transcriptional regulation). The first X-ray
structure (Figure 1) of thetrp-repressor-operator complex
was determined by Otwinowski et al. (5) and shows that the
trp-repressor binds as a dimer, and that each monomer
consists of sixR-helices called A, B, C, D, E, and F. The
helices D and E of each monomer form a helix-turn-helix
(HTH) recognition motif interacting with the major groove
of the operator DNA. In the aporepressor dimer, the two
HTH motifs are too close to fit into two successive binding
sites in the major groove. Binding ofL-tryptophan induces
conformational changes that increase the distance between
these HTH subunits by about 8 Å sothat they fit exactly in
the adjacent major grooves. The X-ray structure also suggests
that the repressor dimer binds to the 18-base pair consensus
operator sequence with a 1:1 stoichiometry.

Beside this so-called “traditional” or “classical” binding
mode, a second different binding model (2:1 stoichiometry)
was investigated (6) claiming that the operator sequence
chosen for the crystallographic experiments of Otwinowski

et al. (5) was not correct. Subsequent experimental studies
could figure out that the operator sequence used in the
original crystal studies is the preferred target for thetrp-
repressor (4). Additionally, the tandemtrp-repressor-opera-
tor structure reported by Lawson and Carey (7) preserves
on one hand the protein DNA interface of Otwinowski’s
X-ray structure and on the other hand both structures have
nearly identical backbone conformations. For these reasons,
we believe that the “traditional” binding mode of Otwinowski
et al. (5) shown in Figure 1 is a valid model for describing
the complexation.

The analysis of this protein-DNA complex (Figure 1)
gives a surprising picture of the nature of the interactions.
Only one direct contact (in each half site) of the amino acids
with the DNA bases (G-9-Arg69) is observed in the X-ray
structure, and NMR data (8) detect only few other direct
hydrogen bonds to base pair functional groups. Additionally,
five water mediated base amino acid side chain contacts (9-
11) of each half site can be observed with both NMR and
crystallographic methods. All these contacts together would
not be able to explain sufficiently the high affinity and
sequence specificity of the interaction. Thus, an indirect
readout of the DNA was proposed to explain the sequence
specificity. Indirect readout is mediated by sequence de-
pendent conformational deformability of the DNA. The role
of bending, unwinding, and other recognition tools in the
indirect readout have been investigated extensively (12-26).

Smith et al. (27) probed the importance of the interactions
of the protein with the unesterified oxygens (28, 29). By
using diastereomeric methylphosphonate analogues, they
could show that the two unesterified oxygens of the DNA
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phosphates are able to contribute to binding in a different
way. For example, the substitution of the phosphate linkage
between A+1-P-A+2 by the SP methylphosphonate (Figure
2 left) exhibits a slight decrease in the affinity (about 3-fold),
while the RP diastereomer exhibits a 25-fold decrease of the
KD (Figure 2, right).

Smith et al. (27) could attribute these different influences
on complexation to specific contacts of the protein to only
one of the phosphate oxygens according to the X-ray
structure. The contribution of one single phosphate contact
has been previously estimated and is about 1.3 kcal/mol (30,
31). In addition in thetrp-repressor-operator complex, there
are 24 such contacts to unesterified phosphate oxygens,
which is by far more than contacts to the bases. In view of
the importance of these interactions with the phosphates, the
exact DNA backbone conformational behavior is of great
interest.

Different experimental (32-35) and theoretical (36-38)
methods showed the existence of two B-DNA backbone
conformational substates called BI and BII depicted in Figure
3. The BI/BII substates are defined by theε andú angles of
the DNA backbone or by the angle difference (ε - ú). In
the BI-state, the correspondingε andú angles are between

120°-210° (trans) and 235°-295°(gauche-), respectively;
for BII theε angle lies between 210° and 300° (gauche-), ú
between 150°-210° (trans) (39-41). The angle difference
(ε - ú) is close to-90° for BI and+90° for BII phosphates
(42).

Successful comparison of theoretical and experimental
methods indicates that nowadays force fields are able to
describe the BI/BII conformations in DNA properly (33, 36,
38). Investigations made by means of molecular dynamics
(MD) simulation show that the BI/BII conformational substate
behavior of DNA must be considered as a dynamical
equilibrium (36, 37, 43) with sequence dependent properties
(36). Detailed investigations showed that an explanation of
the sequence dependence only on the dinucleotide level is
insufficient.

We made a 2.35-ns MD simulation of thetrp-repressor-
operator complex to determine the possible influence of the
BI/BII conformational substates on the repressor binding
process. Thetrp-repressor-operator complex seems to be
the ideal target for doing this because sequence specific
complexation is arranged mainly by indirect readout of the
DNA. The large amount of hydrogen bond contacts from
the protein to the phosphate backbone provides indirect
readout through these contacts. The analysis of essential
protein-DNA-phosphate contacts clearly shows a correla-
tion between the BI/BII substate and the number of hydrogen
bonds to a specific phosphate. In view of the results of Smith
et al. (27), which indicate that the removal of one hydrogen
bond capability is able to decreaseKD substantially (up to
50-fold), the importance of BI/BII on the recognition process
of thetrp-repressor becomes obvious. These results together
with the above-mentioned sequence dependence of BI/BII

indicate that the BI/BII conformational substates could be a
contributor in the indirect readout process like bending and
unwinding. So, although the phosphates are chemically
degenerate, they are able to transmit sequence information
via the BI/BII substate conformation. Recently made MD
simulation indicated that minor groove binders are able to
influence the BI/BII conformational substate behavior of DNA
(37, 43). This elucidates the importance of the above-
mentioned results for the design of transcription controlling
drugs.

FIGURE 1: The first X-ray structure (top) of thetrp-repressor-
operator complex determined by Otwinowski et al. (5) shows that
the repressor binds to the operator DNA as a dimer (gray and dark
gray) with a 1:1 stoichiometry. The corepressorL-tryptophan
(spacefill) itself acts as a wedge in each monomer. The bottom
plot gives a schematic picture of the complex and indicates the
two operator half tetrads (5′-CTAG-3′) necessary for repression.
The numbering scheme used in the graph belongs to the 5′ f 3′
direction.

FIGURE 2: The chemical structure of the RP (left) and SP (right)
methylphosphonates. By substituting the normal phosphates with
these methylphosphonates, thetrp-repressor is only able to make
hydrogen bonds to the remaining oxygens being valuable in
determining the individual influence of each unesterified DNA
phosphate oxygen.
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METHODS

MD simulations of biomacromolecules such as DNA (44,
45) and DNA complexes (37, 43, 46) have proven to be a
valuable tool for understanding the structural and dynamical
behavior of these molecules. The inclusion of the electro-
statical long range interaction via the particle mesh Ewald
methods allows the accurate calculation of highly charged
molecules such as DNA. Thus, stable B-form DNA trajec-
tories could be calculated in the nanosecond time range (47,
48). To take advantage of findings of previous extensive
simulations (49, 50), protocols employed therein were
directly adapted to our needs.

The simulation of thetrp-repressor-operator was started
from the X-ray structure determined by Otwinowsky et al.
(5) (PDB code) 1TRO). The operator octadecamer DNA
has the sequence d(GTACTAGTTAACTAGTAC)2, and each
strand has 17 PO4

- anions. One monomer of thetrp-
repressor dimer was simulated from residues 12 to 108 and
the second monomer from 5 to 105. According to the X-ray
structure, this results in a total charge of the dimer of-8.
To achieve electroneutrality of the whole system, 48 positive
sodium ions and 6 negative chloride ions were added using
the program CION of the AMBER (51, 52) package.
Subsequently solvation of the whole complex with TIP3P
Monte Carlo water boxes requiring a 12 Å solvent shell in
all directions resulted in a system with the dimension 85.1005
× 76.4059× 75.5096 Å3 containing 13210 water molecules.
The system has a total size of 44 153 atoms, which is a
challenge due to the large computational cost. The simulation
was carried out using the AMBER6 (52) package with the
all atom force field of Cornell et al. (53) with the modifica-
tions by Cheatham et al. (38) and Wang et al. (54).

Minimization/Equilibration.First, 500 steps of minimiza-
tion were carried out with harmonic restraints of 25 kcal
mol-1 Å-2 on DNA, protein, and counterion positions.
During the following five 100-step minimizations, the
restraints on the counterions were relaxed faster than on DNA
and the protein. Finally, 500 steps of unrestrained minimiza-

tion were carried out. For equilibration, the system was
heated from 50 to 300 K during 20 ps with harmonic
restraints of 25 kcal mol-1 Å-2 on protein, DNA, and
counterions. The harmonic restraints were reduced through-
out the following 50 ps, on the counterions faster than on
the oligonucleotide and ligand, by using constant-pressure
and constant-temperature conditions. Finally, 10 ps unre-
strained equilibration was carried out before the trajectory
was generated for further 2270 ps (simulation).

General simulation parameters were kept constant during
the whole simulation: 2 fs time step, SHAKE constraints
of 0.00005 Å on all bonds involving hydrogen atoms, 9 Å
nonbonded cutoff, and 0.00001 convergence criterion for the
Ewald part of the nonbonded interactions. The temperature
bath coupling was achieved by the Berendsen algorithm (55).

RESULTS AND DISCUSSION

The energy and the rms-deviation were used as criteria
for reaching the thermodynamic equilibrium of the simula-
tion. Figure 4 (top) shows that the energy is constant after
500 ps, indicating a stable simulation, but the rms-deviations
(bottom) with respect to the starting structure increases
further during the first 1.35 ns. To be sure that we obtain a
reliable thermodynamical ensemble, the starting point for
analysis should be at about 1.35 ns.

Nevertheless, all the following analysis plots are drawn
from 80 (time after the equilibration procedure described in
the methods) to 2350 ps, and the time after 1.35 ns is
indicated by a box. This is done because all the features of
interest to us did not show an obvious change in their
behavior during the structural relaxations of the first 1.35
ns. The absolute value of the rms-deviation of 3.2 Å is very
small with respect to the X-ray starting structure, taking into
account the large size of the simulated system. The rms-
value of the DNA alone with respect to the starting DNA is
constant during the whole simulation and has a mean value
of 1.47 Å.

The BI/BII conformational substate pattern as a function
of time is shown in Figure 5. The line at about 1.35 ns

FIGURE 3: The panel on the left shows a DNA, and the phosphate indicated by the box is in the BI conformational substate and the right
panel shows the same DNA phosphate in BII. In BI, the two unesterified oxygens are looking approximately perpendicular to the helix axis,
while in BII these oxygens are rather parallel to the helix axis.
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indicates the time the system needs for reaching the structural
and energetical equilibration discussed above and, as already
mentioned, there is no obvious change of the substate
behavior before and after reaching the equilibrium.

Figure 5 shows that the BI h BII substate transitions occur
in the subnanosecond time scale. In the course of the
simulation, the number of phosphate groups in the BII state
ranges at a given time from 1 to 12. The time averaged
number of base steps in BII is 7.2, which is about 21%. These
results are in agreement with experimental (33) and theoreti-
cal investigation (38), and they give a dynamical picture of
the DNA backbone. The mechanism of these substate
interconversions is described in detail elsewhere (36). In the
crystal structure of the complex, only three phosphates are
in the BII state.

Due to the extraordinary importance of the protein-DNA
backbone contacts in thetrp-repressor-operator complex we
analyzed the influence of the BI h BII substate on the
contacts. The phosphates have already shown to contribute
extensively to binding (27). For example, the substitution
of the A+1-P-A+2 linkage by the RP methylphosphonate
(see Figure 2) results in a 25-fold decrease in binding of the

trp-repressor, while the SP diastereomer leads only to an
about 3-fold decrease. This effect was attributed to a different
interaction of Thr44 and Arg84 to the O1P and O2P unest-
erified phosphate oxygens. In our calculation, there is a very
strong correlation (correlation coefficient greater than 0.8)
between the total number of hydrogen bonds formed from
Thr44 and Arg84 to the two unesterified phosphate oxygens
of A+1-P-A+2 (Figure 6 top-right) and theε angle as
indicator for the backbone conformational substate (Figure
6 top - left). Although these results are valid for both
monomers of thetrp-repressor dimer, we discuss only the
results of one dimer (indicated by arrow A in Figure 5).

First, the phosphate converts to BII again at about 1.8 ns,
and then the contacts are rebuilt (Figure 6). In the crystal
structure, both A+1-P-A+2 phosphates are also in the BII

conformation, thus optimizing the hydrogen bonds (Figure
5, bottom).

Minor groove binding ligands are also able to change the
BI/BII pattern of DNA (37), and thus we surmise that such
ligands could alter binding of thetrp-repressor even without
a direct protein-ligand interaction. The AT-rich core of the

FIGURE 4: The top plot shows the total energy of the simulation
against the time in (ps), and the bottom graph gives the rms-
deviation (root-mean-square-deviation in Å) as function of time.
While the energy is stable after about 500 ps, the rms-value changes
up to about 1.35 ns. Thus, the simulation seems to be in energetic
and structural equilibrium at least for the last 1 ns as indicated by
the dotted box of the bottom graph.

FIGURE 5: The conformational substates (BII) as a function of time.
The time the respectiveε-angle is in the substate BII is marked by
a black line/dot. The horizontal line indicates the time at which
the system reaches the structural and energetical equilibrium. The
numbering scheme is according to Figure 1. A and B indicate the
two phosphates that are discussed in detail in this paper. These
two phosphates are chosen because they show a correlation between
the BI/BII substate conformation and hydrogen bonding pattern. The
bottom graph summarizes the orientation of the phosphates in the
crystal structure (+90° ) BII, -90° ) BI).

Indirect Readout of thetrp-Repressor-Operator Complex Biochemistry, Vol. 41, No. 12, 20024091



operator should be able to bind specifically well-known
ligands such as Netropsin or Hoechst33258. Recently
synthesized polyamide ligands (57) are known to recognize
specifically sequences containing thetrp-recognition se-
quence 5′-GTACT-3′. This analysis also supports the ex-
planation of Smith at al. (27), which makes specific contacts
responsible for the different influence of the two phosphate
oxygens. The oxygen O1 builds about two hydrogen bonds
to the protein, while the oxygen O2 hardly forms contacts.
Thus, it is easy to understand that the substitution of the RP

(dO1P) leads to a 25-fold decrease ofKD while changing
SP (dO2P) results only in a 3-fold decrease.

We further analyzed in detail the G-9-P-T-8 base step.
The substitution of the unesterified phosphate oxygens of
the G-9-P-T-8 step leads to a 50-fold decrease in the
binding constant regardless of which methylphosphonate
isomer is introduced. This experiment shows that both
phosphates are contributing to the same extent to binding.
In the X-ray structure (5), one oxygen (dO1P) interacts with
Gln68 and Ser86, while the other oxygen (dO2P) has a contact
to Lys90. This is consistent with the results of our simulation.
Again we are discussing the results of only one of both
dimers (arrow B in Figure 5) although the results are also
valid for the other dimer. The number of hydrogen bonds

from the amino acids to the phosphate is about the same to
both phosphate oxygens O1P and O2P, and so they are
degenerate in terms of contacts to the protein. At about 1.7
ns, the phosphate changes from BI to BII; this is accompanied
by a total mean loss of one interacting contact (not shown).
This loss is divided equally to a loss of contacts in O1P and
O2P. Thus, during the simulation both phosphates are
contributing to thetrp-repressor binding to about the same
extent, which is consistent with experimental studies (27).

In contrast to the above-mentioned interaction at the A+1-
P-A+2 step, here a better contact is built with the phosphate
in the more stable BI conformation. A change of this
conformation to BII should reduce the binding constant.
Extensive studies of the sequence dependence of BII/BI show
that it is yet not able to reliably predict this conformational
pattern starting from the sequence. It is not possible to rely
on a prediction based on the dinucleotide steps. Even in the
case of the binary BII/BI backbone arrangment, the sequence
to structure correlation is extremely complicated. Thus, it is
yet not possible to correlate the base substitutions with the
changes in the repressor affinity (1) for our suggested indirect
readout mechanism.

We chose the two positions A+1-P-A+2 and G-9-P-
T-8 (and their counterparts of the symmetrical sequences)

FIGURE 6: The left graph on the top shows theε-torsional angle as a function of time, indicating the two backbone conformational substates
BI and BII. The right graph of the top shows the number of hydrogen bonds from Thr44 and Arg84 to the phosphate oxygens of A+1-P-A+2
(the results of only one of the two steps is shown- indicated by the arrow A of Figure 5) during the simulation calculated as a running
average over 10 successive snapshots (10 snapshots) 1 ps). Remember that it is not possible to have less than zero hydrogen bonds. The
plots on the bottom split this information into the hydrogen bond interactions to O1 (left) and O2 (right), supporting the results of Smith
et al. (27) that only O1 contributes extensively to binding. A contact distance shorter than 3.5 Å between a possible donor atom of the
amino acids and the phosphate oxygens was interpreted as hydrogen bond.
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for the detailed discussions because all other phosphates
either do not change their conformation during the simulation
or do not show a correlation between the backbone substate
conformation and hydrogen bonding pattern.

The interface between thetrp-repressor and the operator
is occupied by a large number of water molecules mediating
the protein-DNA interactions. These water molecules
provide a significant contribution to the free energy of
binding, and their correct treatment is necessary for getting
an accurate description of the complex. In our simulation,
we eliminated all waters of the X-ray structure and inserted
the complex in a solvation box. The analysis of the resulting
simulation trajectory showed that the correct water contacts
are formed independently. For example, a snapshot of the
simulation (Figure 8) shows correctly the water mediated
contact of Thr53 and Thr81 to the phosphate of A+2-P-C+3.
This interaction is observed in the crystal structure analysis,
and it implicates bridging water molecules.

An analysis of the residence time indicates that the water
molecules of Figure 8 (top) stay for more than 1 ns at their
hydration sites, which supports the above-mentioned experi-
mental results. The bottom graph of Figure 7 indicates that
the trp-repressor operator complexation is mediated by a
variety of water molecules, again supporting well-known
experimental results (58). In the mean of the simulation,
about 50 water molecules form the interface between protein
and DNA, while the respective value of the X-ray structure
is about 35. A more detailed analysis of the hydration will
be presented elsewhere. All together, MD simulations of
protein-DNA complexes are valuable in recognizing hydra-
tion sites.

FIGURE 7: The top panel shows the A+1-P-A+2 phosphate in BII
and thus building hydrogen bonds with the protein. In the bottom
panel, the phosphate is in the BI conformation and has no contact
to the protein. As mentioned above, only the O1 interacts with the
protein, while the O2 oxygen does not contribute to complexation.

FIGURE 8: The simulation snapshot (at 1450 ps) of the top panel
shows the water mediated contacts of the phosphates of A+2-P-
C+3 to Thr53 and Thr81. The waters are drawn in spacefill and the
amino acid and the interacting base is indicated by balls and sticks.
These water molecules remains for more than 1 ns on this position
supporting this crystallographically estimated hydration site. The
bottom panel shows that a variety of water molecules mediate the
interaction between thetrp-repressor and the operator.

Indirect Readout of thetrp-Repressor-Operator Complex Biochemistry, Vol. 41, No. 12, 20024093



SUMMARY AND CONCLUSIONS

We performed a molecular dynamics simulation of thetrp-
repressor-operator complex to investigate the effect of the
B-DNA backbone conformational substates BI and BII on
complexation. Phosphate-DNA contacts contribute to a large
extent to the complexation of thetrp-repressor. The simula-
tion shows that the number of hydrogen bond interactions
directly correlates with the backbone conformational substate.
The BI h BII transitions occur synchronous to hydrogen bond
breaking or formation. To the best of our knowledge, this
was observed for the first time. Thus, we conclude that these
BI/BII substates are able to play a decisive role in the
sequence specific readout of the DNA. The recently pub-
lished influence of minor groove binding ligands on the BI/
BII pattern gives a possible scenario how such ligands could
alter the binding behavior of a transcription controlling
element even without a direct interaction with a protein.
Additionally, our simulation is able to reproduce the experi-
mentally observed hydration sites, which shows that MD
simulations are an excellent tool for investigating these sites.
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