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Abstract

The results of two 30-ps molecular dynamics simulations of the #rp repressor and #rp aporepressor proteins are
presented in this paper. The simulations were obtained using the AMBER molecular mechanical force field and
in both simulations a 6-A shell of TIP3P waters surrounded the proteins. The trp repressor protein is a DNA-
binding regulatory protein and it utilizes a helix-turn-helix (D helix-turn-E helix) motif to interact with DNA. The
trp aporepressor, lacking two molecules of the L-tryptophan corepressor, cannot bind specifically to DNA. Our
simulations show that the N- and C-termini and the residues in and near the helix-turn-helix motifs are the most
mobile regions of the proteins, in agreement with the X-ray crystallographic studies. Our simulations also find
increased mobility of the residues in the turn-D helix-turn regions of the proteins. We find the average distance
separating the DNA-binding motifs to be larger in the repressor as compared to the aporepressor. In addition to
examining the protein residue fluctuations and deviations with respect to X-ray structures, we have also focused
on backbone dihedral angles and corepressor hydrogen-bonding patterns in this paper.
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The biosynthesis of the dimeric protein ¢rp aporepressor
is regulated within Escherichia coli by the trp repressor
protein (Rose et al., 1973; Gunsalus & Yanofsky, 1980;
Zurawski et al., 1981; Klig et al., 1988). When trp repres-
sor binds to the trpR DNA operator, it represses the syn-
thesis of the apoprotein by preventing the binding of
RNA polymerase. This action inhibits transcription and
the initiation of RNA synthesis. The regulation of two
other E. coli operons—aroH and trpEDCBA —is also
governed by the binding of #7p repressor to these opera-
tor DNA sequences. Repression of the latter two operons
inhibits the synthesis of aromatic amino acids and L-tryp-
tophan.

The trp aporepressor and repressor protein compo-
sitions differ in that the repressor has one molecule of
L-tryptophan bound within each of its two symmetry-

Reprint requests to: Peter A. Kollman, Department of Pharmaceu-
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related monomeric units. The L-tryptophans are consid-
ered corepressors in that they activate the repressor so the
protein can bind specifically to one of the three opera-
tors. Feedback inhibition is involved in the operation of
the trp repressor: high levels of L-tryptophan cause re-
pression of the operons until there is depletion of the
amount of available corepressor and aporepressor.
Recently, Sigler and coworkers have published sev-
eral papers describing the structures of trp aporepressor
(Zhang et al., 1987), frp repressor (Joachimiak et al.,
1983; Schevitz et al., 1985; Lawson et al., 1988), a trp re-
pressor/operator complex (Joachimiak et al., 1987; Ot-
winowski et al., 1988), and a trp pseudorepressor protein
(Lawson & Sigler, 1988; Marmorstein & Sigler, 1989) in
which indole 3-propionate replaces the L-tryptophan li-
gands in the protein. Although indole 3-propionate binds
more strongly to the apoprotein than does L-tryptophan,
the protein/ligand complex is unable to bind to DNA.
The group has also deposited the X-ray structure coordi-
nates of the trigonal (1WRP) and orthorhombic QWRP)
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crystal forms of the trp repressor and the aporepressor
(3WRP) coordinates in the Brookhaven Protein Data
Bank (PDB) (Bernstein et al., 1977; Abola et al., 1987).

Our group has undertaken several computational stud-
ies (Guenot & Kollman, 1992) of the trp (apo)repressor
system. In this exploratory paper, we examine the molec-
ular dynamics (MD) of the trp repressor and frp apore-
pressor proteins in aqueous medium. We report and
discuss the MD results, emphasizing the dynamic behav-
ior of the protein backbone, DNA-binding sites, and co-
repressor binding sites.

We had two objectives in undertaking this study. The
first was to examine our molecular mechanical force
field, AMBER, and our simulation methodology and
software in light of the X-ray results. In this regard, we
have found that despite the use of a limited amount of
solvent (a 6-A shell of water) and short simulation times
(35-ps MD trajectories) we were able to adequately sim-
ulate the charged proteins. Our second objective was to
compare and contrast the dynamic behavior of the re-
pressor and aporepressor. Several interesting results have
emerged. In particular, we have investigated the motion
of the helix-turn-helix DNA-binding motifs and found
that the presence of the corepressor influences both the
intermonomeric helix-turn-helix distance and the flexi-
bility of this structural unit. Such differences in protein
dynamics could help to explain the enhanced repressor
specificity for the DNA operator sites.

Results

Overall protein structure

Seventy-two percent of the ¢rp repressor residues are in
an «-helical secondary structure, and the remaining res-
idues form turns or undefined secondary structure (Sche-
vitz et al., 1985). Each monomer contains six helices, and
these are labeled A-F (the residues designating helices
A-F in the trp (apo)repressor are A, 12-31; B, 35-42; C,
46-63; D, 68-74; E, 79-91; F, 94-105) starting with the
NH,*-terminus. The DNA-binding motif is formed by
the D helix-turn-E helix regions. The two monomers are
intertwined and interact extensively through all helices ex-
cept D. Several scientists (see, for example, Lawson et al.,
1988; Perutz, 1989) have defined a region, known as the
central core, in which the allosteric conformational
changes associated with the binding of the corepressor are
absent. This central core contains helices A-C and F. The
L-tryptophan-binding sites lie between the central core
and helix-turn-helix regions. Approximately 27% of the
protein residues are charged; there are 13 basic and 16
acidic residues in each monomer. The modeled proteins
each contain six counterions, and the ensembles of atoms
have a net charge of zero.

The first 5 ps of MD for the 1WRP and 3WRP mod-
els showed considerable variation in the potential energies
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(Fig. 1). Hence, the MD analysis was based upon the sub-
sequent 30 ps. The average MD structures were generated
for both models. During the calculations of the average
structures, the MD trajectory coordinate sets were trans-
lated and rotated in order to obtain the best least-squares
fit to the backbone atoms (N, C«, C, O) of the initial co-
ordinate set. These average structures are referred to as
IWRP:MD and 3WRP:MD in this paper. (Descriptions
of the trp repressor and aporepressor computational mod-
els, as well as their reference names, are given in the Ma-
terials and methods section of this paper.)

Table 1 lists the calculated radii of gyration and sol-
vent-accessible surface areas for several models of the trp
repressor and trp aporepressor. The radius of gyration
can provide information regarding the overall shape of a
molecule, and Table 1 shows the similarity between the
crystal, minimized, and average MD structures. In both
the frp repressor and aporepressor, the minimized struc-
tures appear to have compacted slightly. This is consis-
tent with previous investigations (Weiner et al., 1984) of
protein minimization using the Weiner et al. force field.
The calculated accessible surface areas also suggest com-
paction of the minimized structures. Both of the average
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Fig. 1. Plot of potential energy versus simulation time for the molec-
ular dynamics of the trp repressor and aporepressor. During the 5-35-ps
interval, the mean potential energy of IWRP:MD was —26,888.3 +
129.0 kcal-mol~! and the corresponding energy for 3IWRP:MD was
—25,686.5 + 146.4 kcal-mol .
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Table 1. Radii of gyration and accessible surface areas®

Rg (A) As (A?)
{rp repressor
1WRP:XRAY 18.68 12,760
1WRP:MIN 18.44 12,300
IWRP:MD 18.69 13,650
Irp aporepressor
3JWRP:XRAY 18.33 12,320
3WRP:MIN 18.25 12,290
3WRP:MD 18.33 13,630

a Calculated radii of gyration (Rg) and accessible surface areas (Ag)
for models of the trp repressor and trp aporepressor. Counterions and
water molecules were excluded during the calculations. During the cal-
culations of accessible surface areas, the radius of the solvent probe was
1.4 A. The molecular dynamics results were generated using the aver-
age dynamical structures. The naming convention for the models is ex-
plained in the text.

MD structures show an increased surface area when com-
pared to the crystal structures. Although one might ex-
pect the thermal motion during MD to increase the
protein surface area, computer graphics inspection of the
MD structures suggests that the increased surface area
might also be due to burying of water molecules within
the protein. The simulations were begun with a solvent
shell surrounding the proteins. During the simulations,
many water molecules migrated into voids of the pro-
tein and some surface residues established new solvent/
protein interactions.

In Figure 2, a least-squares superposition of IWRP:
XRAY and IWRP:MD is shown. Perhaps the most striking
difference between the two structures is the compaction
of the MD structure. Interestingly, the smallest devia-
tions between the two structures occur in the central core
region. We have illustrated the MD root mean square
(RMS) fluctuations for the C, atoms of IWRP and
3WRP, and the RMS deviations between the C, atoms
of IWRP:MD and 3WRP:MD and the X-ray structures,
in Figure 3A,B. Figure 4 illustrates the RMS deviations
between the C, atoms of the various X-ray structures.
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The fluctuations and deviations were calculated for the
entire protein, and the averages for the two individual
monomers are reported in the figures.

Three regions of enhanced RMS fluctuation can be
seen for the two protein models: the NH;*-termini re-
gions, the COO ~-termini regions, and especially the helix-
turn-helix motifs. The fact that the NH;*- and COO~-
termini regions show considerable flexibility is not sur-
prising. As mentioned earlier, the electron density of these
regions shows substantial disorder in the crystals
(Schevitz et al., 1985; Zhang et al., 1987). Furthermore,
the NH;"-terminus does not appear to participate, to
any great extent, in intramolecular interactions with the
rest of the protein, and these NH; " -termini residues do
not bind with unique DNA sites (Carey, 1989). There is
some evidence (Arrowsmith et al., 1989) that the NH;"-
termini regions stabilize the A helix.

An examination of the RMS deviations for the C,
atoms of IWRP:MD and 3WRP:MD and their corre-
sponding X-ray structures (Fig. 3A,B) again demonstrates
the enhanced mobility of not only the D helix-turn-E he-
lix motif, but also the turn-D helix-turn region. If one
further examines the RMS deviations between the X-ray
structures (Fig. 4), it can be seen that the origin of the
conformational differences between the three crystal
structures includes both the DNA-binding motif and the
turn-D helix-turn region.

The sequence-specific binding of trp repressor with
DNA occurs when the helix-turn-helix regions interact
with successive DNA major grooves —a distance of ap-
proximately 35 A in canonical B-DNA. The major RMS
differences between the IWRP, 2WRP, and 3WRP crys-
tal structures are also found in the helix-turn-helix re-
gions (Lawson et al., 1988). In the IWRP and 3WRP
MD structures, the fluctuations in the helix-turn-helix re-
gions start to become prominent in the turn between the
C and D helices. The fluctuations are minimal in the E
helix region of the ¢rp repressor but are still substantial
in the aporepressor. The magnitude of the fluctuations in
the helix-turn-helix regions is also consistently larger in
3WRP.

The crystal structures, minimized coordinates, and MD

Fig. 2. Stereo view of the RMS least-squares fit be-
tween IWRP:XRAY (red) and IWRP:MD (black).
All atoms of the L-tryptophan corepressors are
shown but only the C,, atoms are depicted for the
trp repressor protein.
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Fig. 3. For trp repressor (A) and aporepressor (B), the root mean square (RMS) fluctuations of the C, atoms during molecu-
lar dynamics (MD) have been plotted as a function of residue number. The RMS deviations between the average MD and X-ray
structures (A: IWRP:MD and 1WRP:XRAY; B: 3WRP:MD and 3WRP:XRAY) are also shown. A representation of the pro-
tein helical secondary structural units has been included in the figures.

coordinates have been compared using an RMS analysis
and the results are given in Table 2. The upper right ele-
ments of the matrix were calculated by comparing main
chain backbone atoms (N, C«, C, O) in the central core
region (residues 12-67, 92-105 of both monomers). The
lower left triangle was formed by comparing backbone
atoms (N, Ca, C, O) for all residues. In both 1IWRP and
3WRP, the RMS differences between the minimized and
crystal structures are small. When IWRP:MD was com-
pared to the IWRP:XRAY crystal structure, a moderate
difference of about 1.5 A was seen for the central core
and a larger difference of approximately 2.0 A was found
when all backbone atoms were compared. Still larger dif-
ferences were found for the comparison of 3WRP:MD
and its X-ray structure. Although the central core com-
parison gave an RMS difference of about 2.2 A, the dif-
ference increased to almost 3.0 A when all backbone
atoms were compared.

The (¢, ) backbone dihedral angles (IUPAC-IUB,
1970) were calculated for residues 2-105 (2-104 in the
case of IWRP ¢) from the Cartesian coordinates saved

Table 2. Root mean square (RMS) structural comparisons?®

IWRP:XRAY 1WRP:MIN IWRP:MD
trp repressor
IWRP:XRAY - 0.39 1.47
1WRP:MIN 0.49 - 1.47
IWRP:MD 1.95 1.95 —
3WRP:XRAY IWRP:MIN 3WRP:MD
trp aporepressor
3WRP:XRAY - 0.35 2.20
3JWRP:MIN 0.41 — 2.20
3WRP:MD 2.91 2.90 —

2 Comparison of the RMS structural differences (A) between mod-
els of trp repressor and frp aporepressor. In each of the matrices, the
elements in the upper right triangle were calculated by comparing main
chain backbone atoms (N, Cea, C, O) in the CORE region (residues 12-67,
92-105 of both monomers). The lower left triangle was formed by com-
paring backbone atoms (N, Ca, C, O) for all residues. The molecular
dynamics results were calculated using the average dynamical structures.
The naming convention for the models is explained in the text.
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Fig. 4. Root mean square (RMS) deviations, as a function of residue
number, between the C, atoms in several X-ray structures of trp
(apo)repressor. The figure shows the RMS deviations between 1WRP:
XRAY-2WRP:XRAY, 2WRP:XRAY-3WRP:XRAY, and 1WRP:
XRAY-3WRP:XRAY. A representation of the protein helical second-
ary structural units has been included in the figure.

during the course of the IWRP and 3WRP MD trajecto-
ries. The mean dihedral angles and the mean dihedral an-
gular deviations were then calculated (Batschelet, 1981;
Spellmeyer & Howard, unpubl.). The mean angle defines
an average dihedral angle and the mean dihedral angular
deviation is a measure of the width of a sample distribu-
tion (see Materials and methods).

The (¢, ¥) mean dihedral angles during MD for IWRP
and 3WRP helical secondary structural units are listed in
Table 3, along with the corresponding values for the
X-ray structures. The agreement between the MD and
X-ray values is reasonable. With respect to the mean
(¢, ¥) dihedral angular deviations, Figure 5A,B displays
plots of the angular deviation as a function of residue
number. The trend for these data is similar for what was
seen in the RMS fluctuations: that is, there is large vari-
ability for the NH;*- and COO ~-termini and the helix-
turn-helix motifs. One additionally finds moderately
large angular deviations associated with residues having
undefined secondary structure. However, unlike the RMS
fluctuations of the C, atoms, the mean dihedral angular
deviations in and near the helix-turn-helix motifs are not
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consistently large. Rather, specific residues appear to act
as pivots (Brooks et al., 1988; Lolis et al., 1990; Lolis &
Petsko, 1990) for the structural motion. In particular,
one sees very large angular deviations for some of the
(¢, ¥) dihedral angles of the turn residues between heli-
ces C and D (Gly®-Ser®’). Significantly large angular
deviations are also found for some residues in and near
the D-E (Leu”-Gly™®) and E-F turns (Ala®>-Pro®?).

Helix-turn-helix motif

We were interested in monitoring the movements of the
helix-turn-helix regions during the course of the IWRP
and 3WRP MD trajectories. In order to do this, we cal-
culated the center of mass for each monomer’s DNA-
binding motif and the distance between these two regions
for the coordinates of 1WRP and 3WRP during the MD
simulation. We applied a similar calculational strategy to
the structural elements of the motifs: helix D-helix D,
turn-turn, and helix E-helix E. The results of these cal-
culations are reported in Table 4.

For almost all of the measurements, the distance be-
tween the two monomeric structural units in the crystal
structures was greater than the average found during the
course of the MD trajectories. If one plots these distances
as a function of trajectory length, it is seen that the pe-
riod of D helix-turn-E helix motion is on the order of
20-30 ps and it appears to be greater in the aporepressor
simulation. Therefore, we certainly have not sampled this
motion sufficiently, and it may be that a trajectory length
of one to two orders of magnitude greater than these sim-
ulations would give results closer to the crystal structures.

A proposed function of the L-tryptophan corepressor
is to increase the distance between the helix-turn-helix re-
gions so that the distance becomes appropriate for bind-
ing in successive major grooves of DNA. In both the
crystal structures and MD simulations, this distance is
larger for the repressor than the aporepressor. If one
compares the mean distances and standard deviations for
the individual structural elements during MD, a differ-
ence in the flexibility of the IWRP and 3WRP structures
can be found. For both the D and E helices, the motion
between the helix centers of mass is greater in the apore-
pressor. The range for the helix D-helix D centers of
mass motion was 3.6 A in the repressor simulation and
7.7 A in the simulation of the aporepressor. The range of
motion was 1.7 and 4.8 A for the helix E-helix E in re-
pressor and aporepressor simulations, respectively.

Tryptophan-binding site

The L-tryptophan-binding site is formed by the B and E
helices of one monomer and the B-C turn of the second
monomer (Schevitz et al., 1985). We have analyzed the
hydrogen-bonding pattern of this site during the course
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Table 3. Mean (¢,y) dihedral angles®

A.E. Howard and P.A. Kollman

Mean (¢, ) dihedral angles (degrees)

Helix E

Model Helix A Helix B Helix C Helix D Helix F
IWRP:MD —58.78 + 2.98 —60.40 + 6.74 —59.14 + 5.88 —-63.32 + 9.88 -58.11 + 6.50 —64.02 + 11.50
¢ dihedrals
(—59.86 + 6.54) (—62.40 + 5.83) (—63.44 + 6.90) (—67.32 + 16.09) (—63.72 + 11.73) (—65.28 + 9.05)
IWRP:MD —45.66 + 4.49 —49.60 + 6.23 —45.50 + 7.70 —-50.26 + 6.99 —46.22 + 15.14 —53.73 + 26.34
¥ dihedrals
(—43.96 + 8.20) (—43.87 + 11.67) (—42.20 + 7.08) (—43.27 + 9.35) (—~40.39 + 12.38) (—44.94 + 8.54)%
3WRP:MD —60.47 + 6.02 —60.65 + 6.21 -60.30 + 8.24 —62.81 + 6.44 ~58.69 + 6.55 —66.49 + 13.06
¢ dihedrals
(—65.02 + 8.47) (—68.45 + 5.21) (—63.53 + 6.67) (—66.72 + 9.92) (—66.73 + 6.42) (—67.89 + 23.51)
3JWRP:MD —45.47 + 5.47 —5190 + 7.34 —44.12 + 9.40 —48.81 + 9.29 —45.42 + 15.45 —42.13 + 11.81
Y dihedrals
(—38.88 + 10.36) (—39.84 =+ 7.16) (—40.52 + 7.15) (—38.47 + 8.68) (—36.66 + 9.66) (—38.21 + 27.25)

2The mean (¢, ¢) dihedral angles (see Materials and methods) for the helical secondary structural units of #rp repressor and aporepressor are

given in this table. The data were generated by calculating the mean (¢, ¥) dihedral angles for each residue from Cartesian coordinate sets saved
during the course of the trajectory. These angles were then used to calculate the mean (¢, ) dihedral angle for each structural unit. The error lim-
its associated with each dihedral angle correspond to the mean angular deviation for the mean dihedral angle of each helix. The values in paren-
theses are those corresponding to the X-ray structure. The symbol I has been used to indicate that the mean dihedral angle for this helix was determined
from residues 94-104. This was due to the fact that the Cartesian coordinates were not determined for residue 106 in the X-ray structure and thus
the ¥ angle could not be calculated for residue 105. The naming convention for the models is explained in the text. The structural features are de-
fined as in the Protein Data Bank files —helix A: monomer residues 12-31; helix B: 35-42; helix C: 46-63; helix D: 68-74; helix E: 79-91; helix

F: 94-105.
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Fig. 5. Mean ¢ (A) and ¥ (B) angular deviations as a function of residue number for {rp repressor and aporepressor during mo-
lecular dynamics. A representation of the protein helical secondary structural units has been included in the figures.
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Table 4. Center of mass distances?
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Center of mass distances (A) for structural units

Models HTH-HTH Helix D-helix D Turn-turn Helix E-helix E
IWRP:XRAY 35.42 45.38 32.96 33.16
2WRP:XRAY 35.32 45.11 33.47 32.46
3JWRP:XRAY 33.29 42.89 30.80 31.11
IWRP:MD 33.44 + 0.63 42.36 + 0.86 28.96 + 0.75 33.14 £ 0.40
3WRP:MD 31.91 £ 0.71 38.17 £ 2.58 25.89 + 0.78 33.88 + 1.32

a Distances (A) between monomers for several trp repressor and trp aporepressor models. Each distance refers to the cen-
ter of mass distance between symmetrically related units in the dimers. The resuits for the molecular dynamics models are the
statistical means —shown with standard deviations— for distances calculated using the individual configurations of the trajec-
tories. The naming convention for the models is explained in the text. The structural features are defined as in the Protein Data
Bank files— HTH: monomer residues 68-91; helix D: monomer residues 68-74; turn: monomer residues 75-78; helix E: mono-

mer residues 79-91.

of the IWRP and 3WRP MD trajectories. In the analy-
sis, we define a hydrogen bond if two criteria are met:
(1) the donor-acceptor interatomic distance is less than
3.5 A, and (2) the donor-hydrogen-acceptor angle is
greater than or equal to 120°.

Table 5 lists the identity of hydrogen bonds found in
the L-tryptophan-binding sites during the MD simulation
of the trp repressor. We have not included the hydrogen
bonds associated with the a-helical secondary structure.
Six major hydrogen bonds are found between the core-
pressor, L-tryptophan, and the protein residues. The car-
boxyl terminal of L-tryptophan interacts with the NE and
NH nitrogens on Arg® of the second monomer, whereas
the ammonium group acts as a hydrogen bond donor to
residues Leu*! and Leu®? of the same subunit and Ser®®
of the second monomer. Schevitz et al. (1985) have re-
ported a hydrogen bond, which we do not observe in the
MD simulation, between Thr** and the L-tryptophan
carboxyl group. However, in subsequent refinements of
the X-ray structure the hydrogen bond is not found (Si-
gler, pers. comm.). We do observe, however, a hydrogen
bond between Thr®! and NE!1 of L-tryptophan. In both
monomers, we find the Arg** (NH1(2)) of one monomer
forming a salt bridge to the Glu*’ (OE1) of the second
monomer.

We did not include X-ray waters in our initial models
of IWRP and 3WRP. Consequently, no water molecules
were present in the L-tryptophan-binding site prior to MD.
In analyzing the MD trajectory of IWRP, the L-trypto-
phan carboxyl and ammonium groups were both found
to hydrogen bond with two water molecules. A number
of other residues in the binding site also hydrogen bond
with water molecules, including Arg® and Ser®® in both
the ¢rp repressor and aporepressor.

Figure 6A and B both show a “snapshot” of the L-tryp-
tophan-binding site. Figure 6B shows the binding site
with respect to other structural elements of the repressor.
Figure 6A is a close-up of the binding site, and it depicts

all residues and waters within 6 A of the L-tryptophan co-
repressor.

Discussion

We have compared two 30-ps MD trajectories of the frp
repressor DNA-binding protein and the aporepressor di-
mer surrounded by shells of water. The relatively large
size of the protein has caused us to limit both the trajec-
tory lengths and the number of waters of solvation. In
particular, it is clear that the equilibration time is inade-
quate for complete relaxation of the protein (Levitt &
Sharon, 1988). Future calculations are planned in which
the equilibration and sampling times will be increased,
and the proteins will be surrounded by boxes of waters
in periodic boundary conditions. Another limitation of
the calculations is the fact that the average temperature
of the protein is significantly cooler than that of the wa-
ter (see Materials and methods). Subsequent MD trajec-
tories by Daggett and Kollman (unpubl.), using the same
protocol on an «-helix in water, have found similar re-
sults. Further simulations by Daggett and Kollman on the
«-helix in which water and helix were independently cou-
pled to the temperature bath led to both being at =300 K
and a similar trajectory to that with independent cou-
pling. Thus, we expect that independently coupling both
protein and water to a 300 K temperature bath would not
change the qualitative features of our trajectory.
Despite the limitations of the simulations, the analysis
of the trajectories has provided insight into the structure
and dynamics of the two proteins. The most exciting re-
sult from this study is the excellent correspondence be-
tween the mobile parts of the structure found both by
independent crystal structures and in our MD trajecto-
ries. In particular, a significantly greater than average
movement of the helix D-turn-helix E DNA-binding mo-
tif is found in both the trp repressor and aporepressor
trajectories and this is the part of the crystal structure
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Table 5. Hydrogen-bonding pattern
of the L-tryptophan-binding site®

Monomer A(B)

Monomer A(B) %0
donor acceptor Occupancy
40A  Asn ND2 .- 40A  Asn O 18,0
44 Thr N i 47 Glu OE2 100, 100
44 Thr oGt - 47 Glu OE2 100, 98
47A  Glu N cee 44A  Thr 0G1 90, 0
48 Arg NH1 .- 43 Leu (0] 40, 33 (11)
S3A  Thr oGt .- 49A Glu O 23,0
63 Arg NE cee 60 Glu OE2 10, 70 (35)
83 Thr oGt .- 79 Ile (0] 85, 60
86 Ser oG cee 82 Ile O 83, 85
88 Ser oG s 84 Arg O 100, 94
48B  Arg NH?I .- 39B Leu O 0, 14
48B  Arg NHI .- 40B  Asn (0] 0, 10
63B Arg NH1 ... 60B  Glu OEl 85 (53)
88B  Ser oG s 85 Gly O 0, 20
Monomer A(B) Monomer B(A) %
donor acceptor Occupancy
54A  Arg NH1 .- 47B  Glu OEl 91,0
54B Arg NH1 47A  Glu OEl 0, 83
S4B Arg NH2 47A  Glu OEl 0, 14
Monomer A(B) Corepressor (L-Trp) %
donor acceptor Occupancy
84 Arg NE <. 109 Trp OB 93, 94
84 Arg NH2 .- 109 Trp OB 37, 90
84B Arg NH2 ... 109B Trp OA 0, 54
109A Trp N cee 41B  Leu O 73 (17), 86
109A Trp N 43B  Leu O 63 (11), 48
109A Trp N s 88A  Ser oG 17 (12), 0
109 Trp NE1 cee 81 Thr [0} 75, 80
Corepressor (WAT) WAT (corepressor) %o
donor acceptor Occupancy
109 Trp N el — WAT O —
— WAT H -« 109 Trp OA —
— WAT H --+ 109 Trp OB -

3 Above is a list of the nonhelical hydrogen bonds found during mo-
lecular dynamics simulation of the #rp repressor between donor-accep-
tor: A: within a protein monomer (monomer A(B)-monomer A(B)); B:
between different monomers (monomer A(B)-monomer B(A)); C: be-
tween a monomer and corepressor (monomer A(B)-corepressor (L-Trp));
and D: between a corepressor and water molecule. The occupancies for
each monomer are separated by a comma and multiple hydrogen bonds
to an atom are indicated with parentheses.

most different between different crystal forms. Because
the helix-turn-helix motifs are the structural units that in-
teract with DNA, their flexibility would be expected to
enhance the binding of monomers in successive DNA ma-
jor grooves. The RMS fluctuations are larger in the apo-
repressor than repressor in the E helix region, and this is
most probably a consequence of L-tryptophan interac-
tions decreasing the trp repressor mobility. The helix-
turn-helix COM distances are somewhat greater in the
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repressor as compared to the aporepressor. This observa-
tion is in agreement with the proposal that the function
of the ligand is to increase the distance between helix-
turn-helix regions in order to interact with the major
grooves in DNA.

The helix-turn-helix residues show a fairly uniform
RMS fluctuation. However, it appears that the origins of
the motion may be traced to large angular deviations of
specific dihedral angles flanking those secondary struc-
tural units. This suggestion has been proposed previously
(Brooks et al., 1988; Lawson et al., 1988; Lolis et al.,
1990; Lolis & Petsko, 1990) after the analysis of trp re-
pressor and aporepressor X-ray structures.

A major difference between the MD simulation results
and X-ray crystal structures can be found in and near
the helix-turn-helix regions of ¢rp repressor and apore-
pressor. Both techniques find enhanced mobility in the
D helix-turn-E helix motifs, as compared to the nonter-
minal regions of the proteins. However, the MD simula-
tions also find large mobility in the turn-D helix-turn
protein regions. This type of behavior has also recently
been reported during the analysis of the trp repressor
"H-NMR solution spectra (Arrowsmith et al., 1990). Ar-
rowsmith et al. found increased disorder in the D helix as
compared to the X-ray results. They also found the N-ter-
minal A helix to be more disordered in solution.

Materials and methods

The starting structure for the minimization and MD cal-
culations of trp repressor was the 1IWRP PDB struc-
ture —referred to in this text as IWRP:XRAY. This
model included the dimeric protein with two L-trypto-
phan ligands (218 residues, 3,564 atoms) and six modeled
cations, surrounded by a 6-A shell of TIP3P (Jorgensen
et al., 1983) waters (1,713 residues, 5,139 atoms). The
aporepressor model was based upon the 3WRP PDB
structure (3WRP:XRAY) and contained a 6-A shell of
TIP3P (Jorgensen et al., 1983) waters (1,584 residues,
4,752 atoms) surrounding six modeled cations and the
dimeric frp aporepressor protein (216 residues, 3,510 at-
oms). The X-ray crystallographic waters were removed
from both IWRP:XRAY and 3WRP:XRAY prior to
adding the counterions and water shells. The 1WRP:
XRAY and 3WRP:XRAY proteins were modeled as zwit-
terions, as were the L-tryptophan ligands. All atoms were
explicitly represented in both the 1WRP:XRAY and
3WRP:XRAY models.

The nucleotide sequence of trp aporepressor (Gunsa-
lus & Yanofsky, 1980) shows each monomer to contain
108 amino acids. However the first residue, methionine,
is found to be cleaved in approximately 90% of the ex-
perimental preparations. We modeled IWRP:XRAY and
3WRP:XRAY with the NH;*-terminal amino acids as
methionine and not alanine, the second residue of the nu-
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cleotide sequence. A high degree of disorder prevented
the determination of the Cartesian coordinates for resi-
dues 2-3, 106-108 and 2-7 in the X-ray crystallographic
structures of IWRP (Joachimiak et al., 1983; Schevitz
etal., 1985; Lawson et al., 1988) and 3WRP (Zhanget al.,
1987), respectively. These residues were modeled in ex-
tended chain conformations.

Molecular mechanical calculations were conducted
using the AMBER force field (Weiner et al., 1984, 1986)
as implemented in the AMBER 3.0 software (Singh et al.,
1986). The form of the AMBER force field potential was
as follows:

thaI: Z Kr(r_req)2+ Z KO(G_geq)z

bonds angles

= Z% [1 + cos(np — )]

dihedrals 7

I 1 al%ns alins 8{{(@)12 . (R_;’;)G]
VDWicaie i=1 i) Y Tij rij
Hbonds Hbonds CI.A Dij

+ XX (—u ~ 10

J=1 i>j rij ru

1 atoms atoms qlqj

e :
EELscote j=i i>j €l

where g}; = Veje} and R}; = R} + Rj. In this equation, the
bond and angle force constants are represented by K, and
K, respectively. The equilibrium bond length parameters
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Fig. 6. A: Stereo view of one of the two core-
pressor (L-tryptophan)-binding sites. The figure
is a snapshot from the MD trajectory of IWRP
after 5 ps of equilibration and an additional 30
ps of MD. The figure shows all residues within
6.0 A of any corepressor atom. The color scheme
shows water residues in blue. The protein resi-
dues of one monomer, including L-tryptophan,
are shown in red, and those associated with the
second monomer are colored green. B: Stereo
view of frp repressor. This figure was drawn
from the same coordinate set, and using the
same coloring scheme and orientation as part A
and it depicts the L-tryptophan-binding site of
part A in relation to the rest of the trp re-
pressor molecule. Water molecules have not
been represented in this figure. Only the C,
atoms are depicted for the #rp repressor protein
mOonomers.

are described by r,, in the above equation and the equi-
librium angles by 6,,. The dihedral angles, ¢, are repre-
sented by a truncated Fourier series potential in which V'
is the barrier height, n are the Fourier terms (i.e., the pe-
riodicities of the torsion), and v is the dihedral phase shift
angle. For the nonbonded terms, the distance between
two atoms, 7 and j, is given by r;;. The van der Waals ra-
dius and well depth are described by the terms R}; and
e;; , respectively. Hydrogen-bonding nonbonded interac-
tions are evaluated with a 10-12 potential, in which the
C;; and D;; parameters are coefficients specific for that
atom pair. It should be noted that either the 6-12 or the
10-12 potential component was used for any atom pair —
for atom pairs designated as hydrogen-bonding acceptor/
donor pairs, the 10-12 potential was used and otherwise
the 6-12 term was substituted. The electrostatic term is
proportional to the product of the ab initio electrostatic
potential derived point charges (Singh & Kollman, 1984),
g, on atoms / and j and it is inversely proportional to the
dielectric constant, €.

The dihedral term was used for both proper and im-
proper dihedrals, where an improper dihedral is defined
as one in which the designated atoms are not sequentially
bonded to each other. Only pairwise nonbonded interac-
tions were calculated during the simulations, and these
were calculated for atom pairs separated by at least three
bonds. For 1,4 nonbonded interactions, both VDW,.,.
and EEL,.,, were set equal to 2 and for all other non-
bonded interactions, the values of these scale factors were
unity. A nonbonded cutoff of 8 A was used for all cal-
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culations. As indicated in the force field equation, a con-
stant dielectric was used and € = 1.

There is some ambiguity in the AMBER force field
with respect to how hydrogen bonding should be handled
between TIP3P water (Jorgensen et al., 1983) and pro-
tein hydrogen-bonding atoms. We chose to use 10-12 pa-
rameters, consistent with the Weiner et al. (1984) protein-
protein hydrogen-bonding parameters, for the Hyjpsp - - -
Donorprotein and O ipsp * * - AcceptorproTein atoms.
The Hyipsp and Oryps3p parameters were taken from pro-
tein backbone amide-hydrogen and carbonyl-oxygen at-
oms, respectively. Also, the C and D values of the 10-12
potential were set equal to zero (C = 0.0 kcal/mol-A'2,
D = 0.0 kcal/mol - A'°) for the Oyypsp - - - Hyypsp param-
eter in order to ensure that water hydrogen bonding was
handled as in Jorgensen et al. (1983). Some other nonstan-
dard force field parameters were used in this study and they
are listed in Table 6.

The following strategy was used to prepare each model
(IWRP:XRAY and 3WRP:XRAY) for the MD simula-
tion: the waters and ions were first minimized and sub-
jected to 10 ps of MD in the presence of rigid protein.
This procedure allows for the reorientation of the electric
vectors in the solvent/ion system. The protein/water/ion
Cartesian coordinates were then minimized for several
more sequences. In each sequence, harmonic positional
constraints were applied to the backbone atoms (N, Ca,
C, O) of the protein and the RMS gradient was reduced
t0 0.1 kcal/A with conjugate gradient minimization. Po-
sitional constraints of 100, 50, 15, and 2 kcal/A? were
used during the minimizations. Finally, all constraints

Table 6. AMBER force field parameters?

Atom Mass (g/mol) Description

CT 12.01 All-atom aliphatic carbon

LP 3.00 Sulfur lone pair

(12.00)

S 32.02 Sulfur in MET

SO 22.99 Sodium cation

Angle Ky (kcal/radian) 8,4 (degrees)

CT-S-LP 150.00 96.70
(600.00)

LP-S-LP 0.00 160.00
(600.00)

vDW R* (A) e* (kcal/mol)

SO 1.60 0.10

2This table contains a description of the nonstandard AMBER
force field parameters used during this study. The sulfur parameters were
revised (G. Seibel, unpubl.) in order to eliminate the erratic behavior
of the S-LP atoms during molecular mechanical minimizations and mo-
lecular dynamics calculations. The original sulfur parameters, enclosed
in parentheses, are included in the table.
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were removed from the system, and the RMS gradient
was reduced to 0.05 kcal/A using conjugate gradient
minimization. In this paper, the minimized structures
are referred to as IWRP:MIN and 3WRP:MIN. The
1WRP:MIN structure was calculated to have an energy of
—37,017.2 kcal-mol !, whereas the molecular mechanics
energy of 3WRP:MIN was found to be —34,682.9 kcal -
mol~'. These energies cannot be compared with each
other due to the different number of waters in each com-
plex. The MD simulation was then started.

For both models, IWRP:MIN and 3WRP:MIN, a
35-ps MD trajectory was calculated (1 ps MD = 1 Cray
X-MP/48 h) at constant temperature (Berendsen et al.,
1984) using the “leapfrog” algorithm (Hockney, 1970) to
integrate the equations of motion. The average temper-
ature during the simulations was 300 K for the configu-
ration of atoms. However, local heating effects were
evident, and the average temperature of the protein at-
oms was 235 K, whereas the water atoms had a temper-
ature of approximately 345 K. A time step of 0.0015 ps
was used during the MD simulations. A nonbonded cut-
off of 8 A was applied, and the nonbonded list was up-
dated every 10 steps. The SHAKE algorithm (Ryckaert
et al., 1977; van Gunsteren & Berendsen, 1977) was used
to constrain all bonds. During the course of the trajecto-
ries, the Cartesian coordinates were saved to disk every
200 steps.

In our MD analysis, we have calculated the RMS de-
viations between various structures using the equation:

n o n ref __ 4. 327172
RMS deviation = | >} ;] {dy — dy)” ,

i=1 j=1 n?
where
diy =[x = )2 + (¥ =y’ + (2, — 2)*)2

Although we report the overall RMS deviations between
structures, it is often illustrative to compare the devia-
tions between smaller structural units. Thus, most of
our analyses report the deviations between C, atoms for
each protein residue. The MD analysis in this paper also
reports the RMS atomic fluctuations during the simula-
tions, where the average MD structure is represented by
the subscript j.

RMS fluctuation = (d}>"?,
where
dy =[x — X))+ (yi —y)* + (2 — 2)?) 2,
Circular statistics (Batschelet, 1981) have been used in
this paper to analyze protein dihedral angles from the

MD trajectories. Using this methodology, a mean angle,
¢, is defined by
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-

arctan( y/x) ifx>0
180° + arctan(jy/x) if ¥ <0
¢ =1 90° if¥x=0and y >0
270° ifx=0and y <0
Lundetermined ifx=0and y =0,
where

1
X¥=—(cosd; +cosp, + ... +COsP,),
n
and

1. . .
y= ;(smd)l +sin¢g; + ... +5sing¢,)

for n dihedral angles. The mean angular deviation, s, is
a measure of dispersion and this quantity is analogous to
the standard deviation in linear statistics. It is defined
with respect to r, the mean vector length, and r is a mea-
sure of concentration.

o

s(degrees) = 201 — N3,

T
where

r=1[(0%+ (5"

Note added in proof

After this paper was submitted for publication, the results
of an MD simulation of the ¢rp aporepressor appeared in
the literature (Komeiji et al., 1991). These researchers
similarly find the protein to have a relatively rigid core
and flexible DNA-binding motif. One interesting differ-
ence should be noted between the calculations: the fluc-
tuations of the helix-turn-helix motif were found to be
larger during our calculations. The origin of this differ-
ence is not clear but it may arise from the larger solvent
environment of the Komeiji et al. (1991) calculation.
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