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ABSTRACT Recent advances in the experimentally determined structures and dynamics of the domains within Lacl provide
a rare context for evaluating dynamics calculations. A 1500-ps trajectory was simulated for a variant of the Lacl DNA-binding
domain, which consists of the first three helices in Lacl and the hinge helix of the homologous PurR. Order parameters derived
from dynamics simulations are compared to those obtained for the Lacl DNA-binding domain with '°N relaxation NMR
spectroscopy (Slijper et al., 1997. Biochemistry. 36:249-254). The MD simulations suggest that the unstructured loop
between helices Il and Il does not exist in a discrete state under the conditions of no salt and neutral pH, but occupies a
continuum of states between the DNA-bound and free structures. Simulations also indicate that the unstructured region
between helix Il and the hinge helix is very mobile, rendering motions of the hinge helix essentially independent of the rest
of the protein. Finally, the a-helical hydrogen bonds in the hinge helix are broken after 1250 ps, perhaps as a prelude to helix
unfolding.

INTRODUCTION

Protein structures are dynamic, with motions ranging fromKhoury et al., 1991). The N-terminus is comprised of three
large, concerted domain movements to small variations imelices (Slijper et al., 1996) which include the classical
side chain and backbone positions. The latter motions arkelix-turn-helix DNA binding motif (Brennan and Mat-
probably critical to binding interactions (e.g., Steinbach etthews, 1989). This domain is attached to the bulkier Lacl
al., 1991; Morton and Matthews, 1995) and can contributecore through a hinge region (Geisler and Weber, 1977). The
to protein stability (e.g., Brooks et al., 1988; Honig and small size of the N-terminal fragment (51 amino acids in the
Yang, 1995). As a consequence, successful protein designNA binding domain plus 9 residues in the hinge) make it
hinges on our understanding of structural plasticity. How-amenable to nuclear magnetic resonance (NMR) studies.
ever, these high frequency (ps to ns), atomic-level motionSeveral NMR experiments have determined various dy-
can be difficult to monitor experimentally and increasingly namic characteristics of this molecule (Slijper et al., 1996,
are modeled with molecular dynamics (MD) simulations.1997; Spronk et al., 1996).
Reciprocally, the long simulation times needed to overlap Most recently, the backbone and side chain dynamics of
most experimentally measured dynamigss(to ms) are resjdues 1-56 have been measured Withrelaxation. The
currently infeasible, making verification of the various force motions in this region are restricted upon DNA binding,
field models used for MD calculations difficult. Recent st significantly in the unstructured loop between helices
advances in the experimentally determined structures angl ang |11 (Slijper et al., 1997). This finding correlates with
dynamics of the domains within thac repressor protein ihe previous observation that loop II-1ll adopts different
(Lacl; Lewis et al., 1996; Slijper et al., 1996, 1997; Spronk conformations in DNA-bound and free protein (Slijper et
et al., 1996) provide an opportunity for interpreting and 5| 1996). More surprising is the experimental verification
evaluating the accuracy of dynamics calculations. that the hinge region, which is a helix when the protein is
Lacl binding to théac operon is the prototypical system 1), ,nq to operator (Lewis et al., 1996; Spronk et al., 1996),
for negative t_ranscriptional control iEsch_erichia coli(for is unstructured in the free protein (Spronk et al., 1996:
a recent review, see Matthews and Nichols, 1997). The- 0y et al., 1997). Similar conformational changes in the
homotetrameric protein has two DNA binding sites, eachy;,qq region (Schumacher et al., 1994: Nagadoi et al., 1995)

igrgnéaris:d_of Itr}[edtwo N-terminis::l: gl_irr:je_r (Ldewis et "TI" have been observed for the highly homologous purine re-
). An isolated, monomeric -binding domain aiso pressor protein (PurR; Weickert and Adhya, 1992).

(/?/?t;r;? Tge;_b g';%iaoe?pjc'f'l(gi?ly gngtfglﬁ‘ d (giTtl)selir fggg- The kinetics measured viaN relaxation yield rate con-
: : N » 29 : stants on the order of @0 10" per second (e.g., Kay et al.,

1989). These motions, and possibly loop IlI-1ll movement,

Received for publication 1 July 1997 and in final form 29 September 1997are near the tlme,scale,Of MD simulations (pS to ns)..We
\ . . have performed simulations of the monomeric N-terminus
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Results are compared to those frdAN-NMR relaxation  structure was constrained. The chimeric dimer was placed in a box of water
experiments, as well as to the structures of bound and fre@rocedure described below) and prepared for dynamics simulations with
20 steps of steepest descent. MonomeriacNP was extracted from this
monomer. . ) -
structure and prepared for MD simulations in its own box of water.
For efficient calculations with the Ewald sum (De Leeuw et al., 1980;
Smith and Pettitt, 1995), which is used to model long-range electrostatic
METHODS ; . .
interactions, a balance between box volume and shape must be determined.

The molecular dynamics simulations of the monomeric DNA bmdmg For example, simulations of a cubic box of water will be faster than those
domain of Lacl are part of a long-term project to study the effects of for arectangular box with equal volume. However, for an elongated protein
oligomerization and DNA binding upon protein structure. The hinge helix Structure, the volume reduction and subsequent decrease in the number of
was included in the simulations, since several protein-protein and proteinsolvent molecules provided by a rectangular box may outweigh the time
DNA contacts have been postulated to exist in the dimer between the hingadvantage of the cubic shape. MonomeriadP has dimensions that are
helices of Lacl monomers (Lewis et al., 1996; Spronk et al., 1996), and thigar from cubic: 4.2 nmx 3.6 nmXx 2.0 nm. Fortunately, the size of the
region apparently undergoes a conformational change upon DNA bindingvater box needed to accommodate this protein could be recunHaetter
(Nagadoi et al., 1995; Schumacher et al., 1994; Spronk et al., 1996). Sincgpproximate a cube by rotating the protein and placing it along the diagonal
structural coordinates for the side chains of the Lacl hinge helices aref the box. Rotation of 37° around both theandz axes was found to be
unavailable, coordinates from the hinge helix of the highly homologousan optimal angle in the case of dimer. This angle was also chosen for
purine repressor protein (Weickert and Adhya, 1992; Schumacher et almonomer, yielding a final box size of 3.7 nm 3.7 nmx 3.0 nm with an
1994) were substituted to create the chimeric structure used in simulationgffective protein concentration of 40 mM.

The chimeric structure is referred to aslég-P” and has the sequence TIP3P water (Jorgensen et al., 1983) was used to solvate the protein
shown in Fig. 1. Hinge residues Val-52, Ala-53, and Leu-56 are conservedtructure. Water molecules with oxygen atoms within 2.3 A of a heavy
between Lacl and PurR (Weickert and Adhya, 1992). Coordinates for bottatom in the protein were deleted. During the following minimizations and
Lacl (Chuprina et al., 1993) and PurR (Schumacher et al., 1994) were taketiial MD simulations, a few additional water molecules were randomly
from structures in which the protein was bound to DNA. By performing the added to the box so that the pressure of the system was broughtatm.
simulations on the chimeric protein in tabsencef DNA, we allowed for ~ The final number of waters was 1098; at least three water molecules were
the possibility of simulating any protein structural changes that might occumetween the replicated images déit-P in all directions. The total number
upon dissociation from the DNA. of atoms used in the simulation was 4251.

The monomer of Mc-P used in the present simulation is one-half of a  Molecular dynamics simulations were performed in the presence of a
dimer designed for other studies (Swint-Kruse, Matthews, and Pettittneutralizing background with equal and opposite sign to the total charge on
unpublished results). As a consequence, specific details of the dimer desighe monomer (Tosi, 1964). We chose this simple model of an ionic
are included. A Gly-Cys-Gly sequence was appended to a PurR structurgimosphere over explicit ions because the slow diffusion of the latter
(Schumacher et al., 1994) truncated after the histidine residue at the end @ésults in unreasonably long equilibration timessQ0 ps; Weerasinghe et
the hinge helix, to allow possible dimer formation through disulfide oxi- g|, 1995). The system was subjected~+&0 steps of steepest descent
dation. The GCG segments were then minimized with00 steps of  minimization and then “annealed” by first fixing the protein and perform-
steepest descent while the rest of the construct was restrained. In order f8y 60 ps of dynamics simulations at 300 K. Next, the solvent was fixed
ensure that disulfide bond formation did not disrupt the DNA-bound yhile 5 ps of Nac-P dynamics were simulated at 100 K. These two steps
conformation of the dimer, a grid search of the phi and psi angles of theyere repeated twice more (with only 5 ps simulations in which the protein
glycines at position 59 and the*@?” of the cysteines was performed with 55 fixed) while stepping the temperature dadP dynamics 100 K per

Charmm version 22 (Brooks (_et_al., 1983). This exerc‘ise demonstrateq th%‘ycle; a velocity scaling factor “H” was employed at the beginning of each
the sulfhydryls could be sufficiently close for disulfide bond formation g ps, where:

with no distortion of the remaining protein structure. Finally, the GCG tails
were rotated to the optimal conformation found by the exhaustive search,
the disulfide bond was model-built, and the tails were again minimized . Thew
with 100 steps of steepest descent. H= Tou (1)

The next step in the design ol&¢-P was to align the monomeric DNA
binding domain of Lacl (DNA-bound form; Chuprina et al., 1993) onto ) ) )
each domain of the PurR-GCG dimer. The point of closest approach of théteractions were described by the all-atom force field of Charmm23
two proteins was determined by inspection to be tHeofLeu-48 in Lacl (MacKerell et al., 1992), and the simulation was performed in a microca-
and the C= O of Ser-46 in PurR. A bond was formed between these twononical NVE ensemble. Equations of motion were integrateti &i@ fs
atoms in each DNA-binding domain, and extraneous residues were deleteilMe step. The Ewald electrostatic convergence parametewas 1.9
The regions of bond formation—Lacl 47,48 and PurR 46 @©,47,48 — nm~* using all lattice vectors withh= 64, and the Lennard-Jones and

were minimized with 1500 steps of steepest descent while the rest of thEeal-space electrostatic cutoff distance was 1.5 nm. Bonds were constrained
by the SHAKE algorithm (Ryckaert et al., 1977) with a tolerance of 1

10 © nm. After an additional 60 ps equilibration, a 1500 ps simulation was
performed at 300 K. Configurations were saved every 50 steps (0.1 ps).
MKPVTLYDVATEYAG v,ssm All simulation data were used in the analyses except for those between
720 and 740 ps, which were lost between data backups. Extensive com-
VN;Q A S HVy,S A KTR;E KV EAAMAELN puter upgrades occurred before data analysis and precluded an exact
duplication of this segment of the trajectory. When calculating order
Y ' PS,AVARS,LKVN H,gcg parameters, distances moved by various atoms, and root mean square
deviations (rmsd) from the simulations, global translational and rotational
FIGURE 1 Sequence of Ibc-P. The sequence of chimeric protein motions were first removed with a least squares fit of tiei€either the
Nlac-P is listed using one-letter abbreviations for the amino acids. Sefirst three helices or to the hinge helix (Smith et al., 1995). The first
quence numbers are indicated as subscripts. The four helices are overlineglignment afforded the best comparison with the NMR data for residues
residues from Lacl are in regular type, hinge residues from PurR are in bold—51 of the Lacl DNA-binding domain, while the second allowed detailed
type, and hinge residues that are conserved between the two parent proteimsamination of the hinge helix structure as a function of simulation time.
are underlined. The terminal GCG, designed to allow dimerization through Order parametersf) were determined from the dynamics data as in
disulfide bond formation, is in lower case. Smith et al. (1995), with the following equation (Henry and Szabo, 1985;
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Chandrasekhar et al., 1992):

1 3 3
g=53 > 2pap)? — 1 (2

a=1p=1

wherep, (« = 1, 2, 3) are the, y,andz components of the appropriate
interatomic unit vector in the macromolecular frame, and the angular
brackets denote an ensemble (time) average. Values for internal correlation
times were estimated from the first 1420 ps of the correlation func@gn (
Clore et al., 1990; Smith et al., 1995):

C=S+ (1—-exp—tln) + (F — Dexp—t/lr)  (3)

where § is a generalized order parameter for a fast motignis the
correlation time of this motion, and, is a slow correlation time. The
generalized order parameter for the latter moti&f) {s implicit in Eq. 3,
sinceS® = $*< (Clore et al., 1990). Order parameters and correlation
times (r.) were estimated from th¥N relaxation data in Fig. 3 of Slijper

et al. (1997) using the program Modelfree version 3.1 described by Mandel
et al. (1995).

RESULTS AND DISCUSSION

The present dynamics study is part of a long-term project to
examine structural changes that occur in the DNA-binding
domain and hinge region of Lacl upon DNA binding. We
have designed a chimeric proteinlas-P, from Lacl and
PurR that has high-resolution structural coordinates neces-
sary for MD simulations, is small enough for both MD
simulations and detailed biophysical studies, and has poten-
tial for forming a complete DNA-binding site through di-
sulfide bond formation. The current simulations of mono-
meric Nac-P were accomplished in order to compare the
simulated fluctuations to those experimentally determined
for the DNA-binding domain of Lacl and to ascertain what
types of motions are responsible for these kinetics.

Initial analysis of the MD trajectory was achieved by
examining overlaid traces of thda¢-P C* backbone at 100
ps intervals throughout the trajectory. Results are presented
in Fig. 2, a—c Fig. 2 a shows that the structures of three
helices of the DNA binding domain are well-conserved
throughout the simulation. The loop between helices | and Il
shows only slight changes (Fig. &, while loop -1
exhibits much greater mobility. This flexibility is more
easily seen in Fig. 2o, where the structures adopted
throughout the trajectory by the latter looghif black
ribbong are compared to the DNA-bountbp, wide rib-
bon, Chuprina et al., 1993) and free structuresttom, wide
ribbon; Slijper et al., 1996). The considerable flexibility of
this loop predicted by the MD simulations, as compared to

FIGURE 2 Structures generated by the dynamics trajectory. Startingoop between helices Il and Il to the experimentally determined structures
with the structure 40 ps into the trajectory, th&t€ce of Nac-P is plotted (wide, gray ribbony The ribbon for the bound structure (Chuprina et al.,
every 100 ps as thin black ribbons. The ribbons were generated with th@993) is the topmost loop; the ribbon for free Lacl is bottommost (Slijper
program Quanta, version 4.1 (Molecular Simulations, Inc., San Diegogt al., 1996). The ribbons for 340 and 740 ps are not shown in this view.
CA). (a) Alignment along the three helices of the DNA-binding domain. The hinge helix has been cut away in order to better view loop 1l-¢)l. (
(b) The structures ind) are viewed down helix Il in order to compare the Alignment of structures in viewa) along the hinge helix.
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hundred ps. This observation is further explored later in this
section. Although Fig. 2 shows the DNA-binding domain
“fanning” out from the hinge region, this motion does not
progress from one side of the fan to the other, but moves
back and forth within the entire allowed space.

A more detailed picture of structural mobility may be
obtained through calculation of generalized order parame-
ters & Lipari and Szabo, 1982), which reflect the mobility
of individual interatomic vectors. These values also allow
direct comparison of MD simulations and experimentally
determined kinetics. Values & were calculated for the
! A L L backbone NH bonds of Ic-P from the 1500-ps trajectory.

Residue Number Results are presented in Table 1 and Figligh{ gray and

FIGURE 3 Order parameters for backbone NH determined from MDStrlped bars). As eXpe‘?tEd’ sites W_Ithm regular .se(.:ondary
simulations plotted as a function of residue number. Calculations of ordestructures (the four hehces) have h|gh Value§%)ﬂnd|ca'
parameters are described in the text (Eq. 2). Residues 3 and 49 are prolingye of low mobility. Several sites within unstructured loops
and thusS? cannot be determined. Black horizontal lines indicate the petween the helices (residues 14-16, 24-31, and 46-50)
Iocatiohs pf the four helices. I__ight gray bars reprgsent values determine‘i'ave decreased values S?, and thus greater mobility.
af_ter al|gn|ng the structures with the f_lrst three helices. Value_s repres'enteg/alueS for most residues are essentially constant with time
with striped bars result whenl&t-P is aligned along the hinge helix.
Circles @) symbolize values of? estimated from'N-NMR relaxation ~ (at 500, 1000, and 1500 ps; data not shown), which is
data (Slijper et al., 1997; Fig. 3). These data are not included after residuexpected for a simulation with no gross conformational
48, where the sequence ofad-P diverggs from the 'DNA-binding domain changes. Residues in loop II-11l do show a gradual increase
of Lacl. Error bars represent 95% confidence fimits. in § (with a total change 0£0.1), reflecting the relaxation
of the “DNA-bound” starting structure to the free structure.

the experimentally determined dynamics and structures, is Order parameters determined for the DNA-binding do-
seen in all subsequent data analysis. main may be directly compared & estimated from the

A final observation from the structures in Fig. 2 is that the "°N-NMR relaxation studies of Slijper et al. (1997; Fig. 3).
region connecting helix Ill and the hinge helix is highly Simulated and experimental values (Table 1; Figb&s
mobile, allowing the hinge helix to move essentially inde-andcircles, respectively) are in excellent agreement for the
pendently of the DNA-binding domain. When the structuresthree helices of the DNA-binding domain but diverge for
are aligned on the hinge helix, (Fig.c2, one observes that the unstructured loops. The MD simulations predict that
the helical structure of this region persists throughout thehese loops are more mobile (with lower order parameters)
trajectory, with minor changes occurring only in the last fewthan observed with thé°N relaxation, especially for resi-
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TABLE 1 General order parameters and relaxation times for N/ac-P and the DNA-binding domain of Lacl
Molecular Dynamics* 15N-NMR relaxatiorf
Residue S8 s 7o (ps)! S ¢ (ps)! i Te (PS)**
2 0.62 periodic
4 0.70 periodic
5 0.86 0.85 120 (116, 124)  0.90 0.168 (0.104, 0.254) 0.81 (0.03¥° 62.6 (29.55°
6 0.89 at least three exponential functions required
7 0.88 at least three exponential functions required 0.89 (0.03)
8 0.89 0.88 662 (623, 702) 0.90 0.079 (0.067, 0.093)  0.88 (0.03)  91.2 (49.1)
9 0.90 at least three exponential functions required 0.81 (0.01) 43.2 (20.1)
10 0.89 periodic 0.89 (0.02) 71.5 (43.3)
11 091 091 19.9 (18.2, 21.5) 0.92 0.077 (0.064, 0.091) 0.88 (0.01)
12 0.82 periodic 0.89 (0.04)
13 0.77  periodic 0.90 (0.01)
14 0.64 periodic 0.84 (0.02)
15 0.80 0.80 4.40 (3.91, 4.91) 0%850.154 (0.132, 0.176) 0.91 (0.03)
16 0.86 0.86 29.5 (26.5, 32.5) 0.88 0.116 (0.097, 0.137) 0.84 (0.02)
17 0.86 periodic 0.88 (0.02)  64.6 (64.3)
18 0.89 periodic 0.89 (0.02) 86.1 (45.5)
19 0.87 periodic 0.84 (0.03) 36.5 (9.7)
20 0.89 periodic
21 0.90 periodic 0.92 (0.01) 130 (79)
22 0.90 0.90 32.6 (30.5, 34.3) 0.91 0.065 (0.048, 0.081) 0.85 (0.01) 92.4 (20.1)
23 0.83 periodic 0.90 (0.02)
24 0.89 periodic 0.82 (0.01) 481t (16.6)
25 0.88 0.88 38.5 (37.1, 39.7) 0.91 0.105 (0.078, 0.125) 0.91 (0.03)
26 0.47  complex function
27 0.49 complex function
28 0.45 periodic 0.75 (0.03) 194 (58)
29 0.38  periodic 0.78 (0.05) 117 (45)
30 0.51 complex function 0.69 (0.03) 124 (29)
31 0.68 complex function 0.83 (0.05) 500 (624)
32 0.84  periodic 0.88 (0.04) 164 (107)
33 0.85 periodic 0.86 (0.03) 158 (69)
34 0.84 periodic 0.90 (0.02)
35 0.89 periodic 0.88 (0.02)  71.3 (25.3)
36 091 0091 99.9 (934, 105.0) 0.92 0.097 (0.078, 0.113) 0.91 (0.03)
37 0.89 0.89 86.4 (83.9, 89.2) 0.91 0.088 (0.071, 0.107) 0.91 (0.05) 500 (865)
38 0.86 0.86 43.7 (41.6, 45.7) 0.89 0.087 (0.064, 0.119) 0.89 (0.03)
39 0.92 0.92 75.6 (72.6, 78.8) 0.93 0.072 (0.055, 0.088) 0.93 (0.04)
40 091 091 21.3 (19.4, 23.2) 0.92 0.074 (0.061, 0.086)
41 0.88 0.88 219 (203, 236) 0.89 0.095 (0.078, 0.114) 0.90 (0.02)
42 091 0091 319 (306, 331) 0.92 0.085 (0.076, 0.094) 0.91 (0.01)
43 0.85 complex function 0.93 (0.03) 417 (1693)
44 0.86 0.86 4.34 (2.99, 5.59) 07870.090 (0.070, 0.112)
45 0.87 complex function 0.92 (0.04)
46 0.75 complex function 0.88 (0.02)
47 0.78 complex function 0.90 (0.05) 225*** (289)
48 0.59 complex function 0.74 (0.04) 89.7%(40.2)
50 0.53 complex function 0.51 (0.01) 113 (15)
51 0.44 0.41(0.01)  94.1 (10.8)
52 0.61 0.23 (0.02) 500 (77)
53 0.67 0.41 (0.01) 127 (10)

*Determined from the 1500 ps trajectory ofad-P.
#Estimated from Fig. 3 of Slijper et al., 1997.

SDetermined using Eq. 2.

Determined using Eq. 3.

IFitting errors are only in the third or fourth decimal place.
**Determined with Modelfree version 3.1 (Mandel et al., 1995).
#Confidence limits are at one standard deviation.

SSError at a 95% confidence limit.

TThe error of the fit is+0.01.

IR, = 0.99 (0.17) s*.

R ., = 0.00 (0.51) s*.

R, = 2.61 (0.71) s,
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protein: NMR experiments were performed at 400 mM KCI
with 60 mM potassium phosphate at pH 4.5 (Slijper et al.,
1996, 1997), while resource-constraints dictated that MD
calculations be carried out at zero ionic strength and neutral
pH. The midpoint of thermal denaturation for the DNA-
binding domain of Lacl decreases nearly 20°C as the salt
concentration is lowered from 500 to 0 mM, with a con-
comitant increase in susceptibility to tryptic digestion
(Schnarr and Maurizot, 1982). Decreased protein stability
for staphylococcal nuclease, thioredoxin, and their mutants
has been correlated with an increase in the number of
: residues with low order parameters (Alexandrescu et al.,
1 9 17 25 33 41 49 57 1996; De Lorimier et al., 1996).
Residue Number An opposite trend with changing stability has been ob-
served for correlation timeg), which report the time con-
FIGURE 5 Root mean square deviations of during MD simulations  stants of the motions with amplitudes describedSﬁ;(De
plotted as a function of residue number. Light gray bars represent vaIueEorlmler et al., 1996) However, a direct Comparison of
determined after aligning the structures with the first three helices. Values
represented with striped bars result whdad\P is aligned along the hinge Correlatlon times from the current simulation afiti-NMR
helix. experiments could not be accomplished. Results from the
simulation are presented in Table 1 and Fig. 4. Most of the
data are too complex to be fit with Eq. 3. Fig. 4 shows
dues in loop lI-lll. This difference may be due to either representative plots for several of these behaviors: residues
artifacts of the simulation or limitations in analysis of the 2 and 20 appear to have a periodic recurrence superimposed
NMR data. However, several lines of reasoning suggest than the double exponential decay, while residue 7 requires at
the discrepancy reflects a real deviation, probably arisindeast a triple exponential decay function. Other behaviors
from the significant differences in the solution conditions of are even more varied. The fit of data for residue 40 is typical
the two techniques. First, the short times of dynamics simof those sites which can be reasonably described by Eq. 3.
ulations usuallyunderpredict mobility, the opposite of the However, correlation times for these residues still cannot be
present results. Second, the range of motion observed in tmpared directly to experimentally determined values,
simulation stays near the boundaries set by the two expesince the number of parameters that may be estimated from
imental structures. Finally, changes in salt concentration arthe NMR data are severely restricted by having only three
known to have significant effects on the stability of this data points (Alexandrescu et al., 1996). Even for the four-
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residue subset of sites for which both simulated and expetoop II-11l C* from the starting, DNA-bound structure (Chu-
imental correlation times can be determined (Table 1), theorina et al., 1993) during the course of the simulation
NMR data are limited to a single value af, while the trajectory (Fig. 6). Under the solution conditions of the
simulated data require both; and 7, for a complete simulation, none of the residues in loop II-lll occupy a
description. discrete, DNA-free state. Several of the residues, most no-
The motional independence of the DNA-binding domaintably His-29, do appear to spend time in a state very similar
and the hinge helix seen in Fig.is again evident when to the DNA-bound structure; an example of this behavior is
values of & for the hinge are calculated from the MD seen for His-29 between 750 and 1000 ps.
simulation with different initial alignments: along the DNA-  We concluded our analysis of the MD simulation by
binding domain (Fig. 3light gray barg and with the hinge looking for changes in the hinge helix (with PurR sequence)
helix (Fig. 3, striped bar3. Values increase in the latter upon DNA dissociation. Experimental evidence (Nagadoi et
alignment, showing that the structure is conserved thoughl., 1995; Spronk et al., 1996; Frank et al., 1997) supports
not quite as rigidly as helices I-Ill. This behavior is echoedthe hypothesis that this helix unwinds in the absence of
in Fig. 5, where the € rmsd is plotted for each residue DNA for Lacl, PurR, and other homologous proteins (Ha et
using the two possible alignments for the hinge helix cal-al., 1989; Frank et al., 1997). Visual inspection of structures
culations. The rigid body motion of the DNA-binding do- throughout the trajectory shows only subtle changes in this
main relative to the hinge may contribute to the factors thategion of Nac-P (Fig. 2c). This finding is not surprising,
render this region of Lacl undetectable with x-ray diffrac- given that Williams et al. (1996) have measured a time
tion techniques in the absence of DNA (Lewis et al., 1996).constant for helix unfolding of 160 ns, two orders of mag-
The overall pattern of the ©msd in Fig. 5 is strikingly  nitude longer than the simulation time of this trajectory.
similar to that generated by the 32 structures of the fredHowever, plots of interatomic distance versus simulation
DNA-binding domain reported by Slijper et al. (1996; Fig. time for atoms involved in hydrogen bonds are more reveal-
2 b). Although the magnitudes reported on the two plots aréng (Fig. 7). Around 1250 ps of simulation, the i te-3
different for loop II-1ll (see above), both data sets show thathydrogen bonds between 51 and 54 and between 54 and 57
residues 28 and 29 have the highest mobilities apart fronare lost, as are the i ta-4 bonds between 52 and 56, 53 and
the N and C termini. The preliminary analysis presented irb7, 54 and 58, and 55 and 59 (Fig. 7). Conversely, none of
Fig. 2b shows a broad continuum of structures for this loopthe a-helical bonds are lost in helices I-IIl (data not shown).
rather than two discrete states as reported by Slijper et aHydrogen bonds toward the C terminus of the hinge helix
(1996) based on the NMR data. Therefore, a more detailedre lost earlier than those near the N terminus. At this same
examination was performed by monitoring the distance otime, a none-helical, i to i+5 bond is gained between
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residues 54 and 59 (Fig. 7). These new patterns are main-of the interactions ofac repressor with variants of the symmettac
tained throughout the remainder of the simulation trajectory operator: effects of converting a consensus site to a nonspecific site.

d b lud indi n DNA di .. J. Mol. Biol. 267:1186-1206.
and may be a prelude to unwinding after ISSOCIEmon'Geisler, N., and K. Weber. 1977. Isolation of the amino-terminal fragment

In conclusion, the comparison between simulated and of lactose repressor necessary for DNA bindijochemistry 16:
experimentally determined dynamics shows good agree- 938-943.

ment, especially for the generalized order parameters iff& J.-H. R. S. Spolar, and M. T. Record, Jr. 1989. Role of the hydro-
ll-ordered regions of brotein structure. The discr nei phobic effect in stability of site-specific protein-DNA complexes.
well-ordered regions of protein structure. The discrepancies 5 yio| piol 209:801816.

observed in the UnSFr.UCturEd .|00pS C0U|'d be due .tO derenry, E. R., and A. Szabo. 1985. Influence of vibrational motion on solid

creased protein stability resulting from differences in the state line shapes and NMR relaxatidn.Chem. Phys82:4753-4761.

solution conditions of the two techniques. Taken togethertonig, B., and A. S. Yang. 1995. Free energy balance in protein folding.
T : Adv. Protein Chen46:27-58.

these results indicate that the time needed for an even more

: : : . . Jorgensen, W. L., J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.
rigorous test of the simulation algorithm using a full-scale Klein. 1983. Comparison of simple potential functions for simulating

model (with ions) would be well-spent. Further experimen- Jiquid water.J. Chem. Phys79:926-935.
tal examination of the relationship between dynamics andovin, T. M., N. Geisler, and K. Weber. 1977. Amino-terminal fragments
global protein stability also promises to be very iIIuminating. of Escherichia coli lacrepressor bind to DNANature 269:668—672.
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proteins as studied by°N inverse detected heteronuclear NMR
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