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ABSTRACT: Backbone dynamics of trp repressor, a 25 kDa DNA binding protein, have been studied using 
15N relaxation data measured by proton-detected two-dimensional IH- 15N NMR spectroscopy. 15N spin- 
lattice relaxation time ( T I ) ,  spin-spin relaxation time (T2), and heteronuclear NOES were determined for 
all visible backbone amide I5N nuclei. Monte Carlo simulations of the amplitudes of backbone motions 
led to the conclusion that a wobbling in a cone model with consideration of the anisotropic reorientation 
of the molecule was appropriate to describe the underlying motions, allowing us to derive the semiangle 
of the cone (a) and the effective correlation time for internal motions (re) for each N-H bond vector. 
The final optimized rotational diffusion coefficients parallel (011) and perpendicular (01) to the unique 
axis of the molecule were found to be 1.48 f 0.06 x lo7 and 1.15 f 0.05 x lo7 s-l, respectively. The 
average semiangle of the cone (a) describing the amplitude of NH vector motions on the picosecond time 
scale was found to be 20.9 f 5.7". Large amplitude motions on the picosecond time scale are found at 
both the N and C termini but are restricted in both the hydrophobic core and DNA-binding regions. 

The problem of molecular recognition mechanisms for 
DNA-binding proteins has been in the focus of attention for 
some time. Recent years have witnessed many efforts to 
define the relationships between structural features of a 
protein and its DNA-binding properties (Pabo & Sauer, 
1992). In some cases, however, notably in the case of the 
trp repressor, it has become apparent that the dynamics of 
the protein molecule may play an equally important role in 
the binding process (Arrowsmith et al., 1991a; Czaplicki et 
al., 1991; Zhao et al., 1993; Zhang et al., 1994, Gryk et al., 
1995). The work reported here is aimed at a further 
elucidation of the molecular dynamics of the trp repressor 
and of the dynamic features necessary for binding of the 
protein to DNA. 

The trp repressor from Escherichia coli is a 25 kDa 
allosteric protein, regulating the biosynthesis of L-tryptophan 
(Klig et al., 1988; Luisi & Sigler, 1990). In the absence of 
~ - T r p  the trp repressor molecules (aporepressor) have a low 
affinity for DNA, while in its presence (holorepressor) they 
form a stable complex with DNA, inhibiting the production 
of enzymes involved in tryptophan biosynthesis. The trp 
repressor molecules in solution form symmetric dimers with 
107 residues per monomer. Both the crystal structures 
(Schevitz et al., 1985; Zhang et al., 1987; Otwinowski et 
al., 1988) and the NMR solution structures (Arrowsmith et 
al., 1989, 1990, 1991a,b; Zhao et al., 1993) of the trp 
repressor and of its complex with DNA (Zhang et al., 1994) 
are known. The molecule contains six helices per monomer, 
denoted as ABCDEF, four of which (ABCF) constitute the 
hydrophobic core of the molecule, while the remaining two 
(DE) form the helix-turn-helix DNA binding region. 
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We have used inverse-detected two-dimensional 'H- 15N 
NMR experiments to examine the backbone dynamics of 
trp repressor. Different methods were tried in analyzing the 
amide 15N relaxation data, and by comparing the results of 
each analysis to molecular dynamics (MD) simulations and 
Monte Carlo (MC) exploration of the accessible confor- 
mational space for backbone motions, it was found that 
the relaxation data can be best analyzed using a wob- 
bling in a cone model (King et al., 1978; Howarth, 1978, 
1979) with the consideration of the anisotropic reorien- 
tation of the molecule. The model provides a clear physical 
picture of the motions allowed in MD and MC simu- 
lations, and the internal motions can be interpreted in terms 
of the semiangles of the cone (a) and the effective corre- 
lation time for internal motions (z,) for each N-H bond 
vector. 

METHODS 

Sample Preparation. The uniformly 15N-enriched trp 
repressor was isolated from E. coli strain CY15070 contain- 
ing the overproducing plasmid pJPR2 (Paluh & Yanovsky, 
1986). The strain was grown in M9 minimal medium with 
[15N]NH&1 (99 atom % lSN, Isotec Inc.) as the sole nitrogen 
source. The cell growth conditions and protein purification 
procedures have been described previously (Gryk et al., 
1995). The protein was then concentrated to 4.6 mM (in 
terms of protein monomer) in the NMR buffer (500 mM 
NaC1, 50 mM NaH2P04, 90% H20/10% D20). The NMR 
sample of holorepressor was finally obtained by adding a 
3-fold molar excess of L-tryptophan into the aporepressor 
solution. The sample with the solution pH found to be 7.2 
was used for the 15N TI, T2, and (lH)-l5N NOE measure- 
ments. The NOE experiments were repeated with the same 
sample at pH 6 titrated by adding less than 5 p L  of 1 M 
HC1 (the changes in the protein concentration upon titration 
should be negligible). 

NMR Spectroscopy. All NMR experiments were recorded 
at 500.13 MHz ('H) and 50.68 MHz (ISN) on a Bruker AM- 
500 spectrometer equipped with Aspect 3000 computer and 
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FMR decoupler tuned to the 15N frequency. All measure- 
ments were carried out at 318 K. The 'H-detected pulse 
sequences used to measure 15N TI and TZ relaxation times 
and { 'H} - 15N NOEs were based on those described previ- 
ously by Barbato et al. (1992). All experiments were 
collected with a spectral width of 6493.5 Hz in the FZ domain 
and 3012.1 Hz in the indirectly detected F1 domain. 
Quadrature detection in FI was achieved by using time- 
proportional phase incrementation (PPI)  (Marion & Wuthrich, 
1983). The 'H carrier frequency was set to the water 
resonance, and the water signal in all experiments was 
suppressed by low-power presaturation. Time domain data 
were recorded with 1024 complex points in t 2  and with 256 
points in the tl dimension; 128 scans per t l  increment were 
acquired for Tl experiments, while 200 scans per tl increment 
were accumulated for both TZ and heteronuclear NOE 
experiments. The 90" pulse widths were 15 ,us for 'H and 
60 ps for 15N. 15N decoupling during t~ acquisition time 
was carried out using WALTZ-16 decoupling (Shaka et al., 
1983). 

For TI and TZ experiments, a relaxation delay of 1.0 s was 
used between acquisitions. For NOE experiments, a relax- 
ation delay of 3.0 s was used to ensure the maximal 
development of NOEs before acquisition. The time interval 
between the refocusing pulses in the Carr-Purcell-Mei- 
boom-Gill (CPMG) (Carr & Purcell, 1954; Meiboom & 
Gill, 1958) period of the TZ experiments was set to 0.5 ms 
to effectively spin-lock the heteronuclear spins. Ten delays 
of 40, 100,200,400,600, 800, 1000, 1200, 1500, and 2000 
ms were used during the perturbation-recovery period of 
the Tl experiments, whereas delays of 4.5, 9.1, 18.2, 29.6, 
45.5, 68.2, 100.1, and 150.1 ms were used during the CPMG 
period of the TZ experiments. 

All spectra were processed on a Silicon Graphics Iris 
Indigo workstation using the FELIX NMR data processing 
package developed by Hare Research. The residual water 
peak was removed by convolution of the signal, and the time 
domain data were zero-filled to 1024 and 512 real points in 
the t l  and t 2  dimensions, respectively, and apodized using a 
sine-bell squared window shifted by 45" before Fourier 
transformation was performed in both frequency dimensions. 
Polynomial baseline corrections were applied in the FZ 
domain after Fourier transformation. Previously published 
amide protodnitrogen assignments (Arrowsmith et al., 1990; 
Czaplicki et al., 1991; Borden et al., 1992; Ramesh et al., 
1994) were used. Chemical shifts were measured relative 
to the Ala 29 resonance with 8.95 ppm in the 'H dimension 
and 126.90 ppm in the 15N dimension, while a total of 71 
residues were assigned. 

The I5N T1 and T2 relaxation times were determined from 
nonlinear least squares fits of the experimental peak intensi- 
ties to two-parameter single exponential functions. The 
Marquardt nonlinear least squares routine (Press et al., 1989), 
which combines the inverse Hessian method and the steepest 
descent method, was used in this study. Uncertainties in 
the calculated relaxation time were determined from the 
covariance matrix. 

Analysis of TI ,  T2, and NOE Data. The spin relaxation 
of the protein backbone amide 15N nucleus is dominated by 
the dipolar interaction between the 15N nucleus and the 
attached 'H nucleus, as well as the chemical shift anisotropy 
(CSA). The 15N longitudinal (TI) and transverse (T2) 
relaxation times and the heteronuclear NOEs are given by 
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combinations of the five spectral density functions, J(o),  
listed as follows (Abragam, 1961): 

in which 

2 2 h 2(rNH-3)2 
Y N  0 2Jt d2 = 0 . 1 ~  (4) 

( 5 )  

where h is Planck's constant ; YH and YN are the gyromag- 
netic ratios of 'H and 15N, and WH and ON are the Larmor 
frequencies of 'H and 15N nuclei, respectively; m is the 
lH-15N internuclear distance ( r ~  = 1.0 A); ql and 01 are 
the parallel and perpendicular components of the axially 
symmetric 15N chemical shift tensor, and (41 - 01) = - 160 
ppm (Hiyama et al., 1988). 

The spectral density depends on the overall motion of the 
protein as a whole as well as on the internal motions of 
each lH-15N bond vector. From the three experimental 
measurements, TI, Tz, and NOE, we cannot determine the 
spectral density at five frequencies in eq 1-3 independent- 
ly, but for our purpose of obtaining physical insight into 
the underlying motions, this is in fact not necessary. An 
appropriate model has to be used to correlate the spectral 
density functions to the molecular microscopic dynamic 
parameters, whether one is fitting the measured relaxa- 
tion parameters or the precalculated spectral density func- 
tions. The choice of the model depends on information 
not obtainable from an NMR experiment but can be great- 
ly facilitated by the results of molecular dynamics simula- 
tions. 

To begin with, we note that the trp repressor protein is 
highly asymmetric. The analysis of the atomic coordinates 
of a set of solution structures (Zhao et al., 1993) yields an 
average axial ratio of 1.6: 1.15: 1. This result clearly indicates 
that the shape of this molecule should be approximated by 
an anisotropic ellipsoid rather than a sphere. The longest 
axis is found to be nearly parallel to helix C of both 
monomers. The lengths of the other two axes are compa- 
rable, so that a prolate ellipsoid of revolution can be used as 
a first approximation. 

For a totally anisotropic molecule, the spectral density 
function is related to the three rotational diffusion coef- 
ficients, D,, D,, and Dzz, along three principal axes of the 
molecule and is given by Woessner (1962a): 
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J ( 0 )  = c, + 

The correlation times ti are functions of the diffusion 
coefficients, while the diffusion coefficients Ci depend 
additionally on the direction cosines of the internuclear 
vectors in the molecular frame. These can be calculated 
when the atomic coordinates are known, but for the sake of 
brevity we shall not give the explicit expressions here [for 
an extensive review, see Kitamaru (1986)l. 

For an axially symmetric molecule with only two rotational 
diffusion coefficients parallel (011) and perpendicular (01) 
to the unique axis of the molecule, the expressions for 
calculating the spectral densities can be simplifed from eq 6 
and is given by Woessner (1962b): 

with 

(8a) 
3 
4 

C, = - sin4 e 

where 8 is the angle between the N-H internuclear vector 
and unique axis of the molecule. The correlation times t1, 
t2, and t3 depend on the rotational diffusion coefficients: 

( 9 4  
1 

4D,, + 20, 
r1 = 

1 
t -- 
- 60, 

where 

a ) ( l  + cos a )  (11) 

and 

In this case, the coefficient A ,  which reflects the amplitude 
of internal motion for each internuclear vector, is identical 
to the order parameter, P, of the “model-free’’ model 
proposed by Lipari and Szabo (1982a,b): 

S2 = A  (13) 

In the case of anisotropic rotation with internal motion, the 
calculation of the spectral density function can be based on 
a combination of eq 6 or 7 and eq 10 and 11. On the very 
general assumption that the anisotropic and internal motions 
are independent Markov processes, it has been shown that 
the spectral density function will be given by a sum of 
appropriate Lorentzians, and even in the case of coupled 
motions the sum remains a good approximation (King & 
Jardetzky, 1978; Lipari & Szabo, 1982a), Le., in the general 
case: 

+ r1 r2 r3 
2 2 + Cz1 + w2r; + c31 + 02t32 l + w r ,  

+ 
r 2  1 + W2r2r2  1 + W 2 t l  

+ c2 

where 

To take internal motions into account, we have explored 
several alternatives, discussed under Results and Discus- 
sion. On the basis of MD and MC simulations of back- 
bone motions, obtained in the course of structure refine- 
ment (Zhao et al., 1993), we concluded that the “wobbling 
in a cone” model (King et al., 1978; Howarth, 1978, 1979) 
adequately describes the allowed motions of the NH vec- 
tor. This model assumes that each internuclear vector li- 
brates in the cone while it also reorients along the whole 
molecule. Such a model provides a clear physical picture 
of the allowed range of internal motions and requires a 
minimum number of parameters. For a spherical molecule, 
the spectral density can be expressed in terms of the 
correlation time for the whole molecule, ziso, the semiangle 
of the wobbling cone, a, and the librational correlation time, 
re, for each NH vector. 

For an axially symmetric molecule we will have 

” ] (16) r21 
1 + W 2 t i 2  

+ c3 1 + 02r3’2 c2 

with CI, C2, and C3 given by eq 8a-c and the correlation 
times z1, z2, and z3 by eq 9a-c. Again the correlation times, 
TI’, TZ’, and zi, depend on fast internal motions and are 
functions of the internal rotational correlation time as well 
as of the correlation times of the overall molecular motion, 
i.e. 
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1 - 1  1 After diagonalization the eigenvalues allow us to determine 
the lengths of the semiaxes ai = while the eigenvectors - _ -  + -, Ti = t1, t2, t3 

t; ti t, 
give orientations of the principal axes of the molecule with 
resuect to the frame in which calculations are uerformed. 

(17) 

RESULTS AND DISCUSSION 

TI ,  Tz, and NOE Relaxation Data. Contour plots of the 
lH-15N correlation spectra of trp repressor are presented in 
Figure 1 for the 15N T I  (A) and T2 (B) experiments at three 
different interval times T. Typical T1 and TZ relaxation data 
and fitted curves are shown in Figure 2 for residues A29, 
L71, and D108. These residues are located in the hydro- 
phobic core, in the DNA-binding region, and on C termini, 
respectively. The NOE experiments were performed with 
the same sample at both pH 7.2 and pH 6 to examine the 
effect of solvent presaturation on the NOE measurements. 
The average deviation between the two set NOEs from their 
mean values was found to be 5.1 % for amides in the ABCF 
core region and to be 15.4% in the DE DNA-binding region, 
indicating that the solvent presaturation does not have 
significant effect on the NOE measurements. The average 
NOEs between the two sets as well as T1 and TZ relaxation 
times are shown in Figure 3. Except in residues on both N 
and C termini, the T I ,  T2, and NOE do not exhibit much 
variation from residue to residue. The mean relaxation times 
Tl and T2 were 789 f 65 ms and 63.3 f 40 ms, respectively. 
Only residue D108 was found to have both T I  and TZ that 
are significantly larger than the corresponding mean values. 
TZ for residue K106 is larger than the mean value by about 
one standard deviation. The mean NOE was found to be 
0.66 f 0.38. Only residues M11 and D108 show negative 
NOEs, and K106 has an NOE that is much smaller than the 
mean value. Note that resonance peaks for residues M11, 
S67, 179, and V94 only appear in the spectra of NOE 
experiments measured at pH 6 because the amide protons 
for these residues have very fast solvent exchange rates (Gryk 
et al., 1995) at pH 7.2. Excluding residues M11, K106, and 
D108, the mean values for T I ,  T2, and NOEs were found to 
be 783 f 43 ms, 62 f 7 ms and 0.73 f 0.06, respectively. 
These results clearly show that on the nanosecond time scale 
the trp repressor is quite rigid along its entire backbone 
except at the two termini. 

Calculation of the Anisotropy from Models of the trp 
Repressor. It is well-known (Perrin, 1934) that the overall 
molecular motion is quite dependent on the physical shape 
of the molecule which, for trp repressor, we can examine 
from the known solution structures. A family of -30 
individual solution structures of the trp repressor molecule 
calculated in this laboratory on the basis of NOE data was 
used to find the lengths and orientations of the principal axes 
of the molecule. The details of the strategy responsible for 
generating the structures have been published elsewhere 
(Zhao et al., 1993; Zhao & Jardetzky, 1993). The coordinate 
system of each structure was translated to the center of mass 
of the molecule, and then the components of the mass 
distribution were calculated from 

The average axial ratios found by this procedures were 1.6: 
1.15: 1 from the solution structures. The axial ratios calcu- 
lated from the crystal structure of Zhang et al. (1987) were 
found to be 1.58:1.2:1. Next, we rotate the coordinate system 
to the principal axes system, since it facilitates finding 
direction cosines of individual NH vectors, necessary for 
computing the spectral density functions. For each residue 
the direction cosines of NH vectors obtained from all NMR 
structures were averaged, and the angles between each 
averaged NH vector and the longest axis are displayed in 
Figure 4A as a function of residue number. It is seen that 
the NH vector direction angles have quite distinctive values 
from one helix to the other. The NH vectors in helix C have 
the smallest angles, very much parallel to the longest axis 
of the molecule. In contrast, those NH vectors in helixes 
A, B, and F have very large angles with respect to the longest 
axis. The angles for residues in the D and E helix region 
vary in a very wide range. 

Experimental Estimate of the Motional Anisotropy from 
the T I R Z  Ratio. The large axial ratio between the principal 
axis of trp repressor found in the solution structures strongly 
suggests that the overall motion of the molecule may exhibit 
anisotropic reorientation. Such a motional anisotropy should 
be also reflected in the 15N relaxation experimental data. 
From eq 1-5, the T1 and T2 relaxation times are functions 
not only of the overall rotational correlation times but also 
of those for the rapid internal motions (on the time scale 
re). If the amplitudes of intemal motions are small ((1 - 
A )  < 0.3), however, as discussed previously by Kay et al. 
(1989), the effect of rapid motions cancels out when the 
overall rotational correlation times are calculated from the 
TJTZ ratio. This is because, to a first approximation, the 
second term in the spectral density equations (eq 10, 14, and 
16) can be dropped out and the fast intemal motions lengthen 
both TI  and T2 values by the same factor, A.  The 
experimental 15N TIIT2 ratio as a function of residue number 
is presented in Figure 4B, designated by open diamonds. 
Compared with the angles of the NH vectors with respect to 
the molecular principal axis as shown in Figure 4A, it is not 
difficult to see that there is a clear correlation between the 
NH vector direction angles and the T1/T2 ratio. The T1/T2 
ratios for helix C, where NH vectors have relatively smaller 
direction angles, are greater than those in the helix A, B, 
and F regions. This is quite reasonable for a macromolecule 
since TI  values increase with the decrease in the overall 
tumbling rate, while the effect of overall motion on TZ values 
is the opposite. The NH dipolar vectors parallel to the 
longest principal axis of the molecule reorient at a slower 
rate than vectors perpendicular to it. Therefore, the I5N Tl /  
T2 ratio for residues in helix C is expected to be greater than 
for residues in other regions. 

N When using the TIIT2 ratio to determine the overall 
x m k q k i q k j  correlation times, certain precautions must be taken (Kay et 
k=l al., 1989). Residues that have a strong heteronuclear NOE 

effect (NOE < 0.65) should be excluded from the calculation, 
since in this case fast internal motions are likely to make 
significant contributions to the T I ,  T2 relaxation times. 
Residues for which TZ values are drastically shortened by 
exchange should also be excluded from the calculation. We 

(I8) I . ,  = 
N 81 

k= 1 

where mk is the mass of kth atom and q k i  is its ith coordinate. 
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(A) Contour Plots for TI Measurement (B) Contour Plots for T2 Measurement 
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FIGURE 1 :  Contour plots of the *H-15N correlation spectra of trp repressor for the I5N TI (A) experiment with interval times equal to 40, 
400, and 1000 ms and Tz (B) experiments with interval times equal to 4.55, 45.48, and 100.06 ms. 

therefore exclude residues in helices D and E, since the 
observed rapid amideholvent proton exchange rates in this 
region (Czaplicki et al., 1991; Gryk et al., 1995) may cause 
errors in the T2 measurement. The overall rotational diffu- 
sion coefficients, D,, D,, and DL,, were determined by 
minimizing the following sum of squared difference function 
Y(Dn,DyyDzz) 

where the index i refers to the ith residue used in the 
calculation (the total number of residues used was 47). The 
subscript "expt" refers to the experimental value. The 
subscript "calc" refers to the calculated values based on eq 
1-5 and 14. Note that to a first approximation the calculated 
T1/T2 ratio is no longer related to internal motions (A and z, 

are not included in the function): 

where the direction cosines li, mi, and ni for the NH vector 
of the ith residue were determined from the solution 
structures. To choose a best model for the overall motion 
from the experimental data, the minimization procedures 
were performed for the following three cases: (i) optimizing 
one variable parameter D, by locking D,, = D,, = D, 
(isotropic rotation); (ii) optimizing two variable parameters 
D, and Dy, by locking D,, = D, with 0, along the longest 
principal axis of the molecule (axially symmetric rotation); 
(iii) optimizing the three rotational diffusion coefficients with 
no restriction between them (totally anisotropic rotation). A 
routine using conjugate gradient methods (Press et al., 1989) 
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(A) Ti Relaxation Data and Fitted Curves (B) T2 Relaxation Data and Fitted Curves 
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FIGURE 2: Experimental Tl (A) and T2 (B) relaxation data points and fitted curves for the three residues Ala 29 (*), Leu 71 (A), and Asp 
108 (0) in three distinctive regions of trp repressor. 

was applied in the minimization procedure. The minimized 
Y function values for the three cases were found to be 86.90, 
47.54, and 47.34, respectively. The Y value for the isotropic 
tumbling model is almost twice as large as that for the 
anisotropic motional models. On this basis, the isotropic 
rotational model can be rejected from further consideration. 
The Y values for cases ii and iii are almost identical. Sta- 
tistically, the choice of models can be made by comparing 
the Y value divided by the degrees of freedom ( N  - M), 
where N is the total number of experimental TdTZ values 
used in the calculation and M is the number of variable 
parameters. The axially symmetric rotation was chosen as 
an adequate model for describing the overall motion of trp 
repressor since its Y/(N - M) value is the smallest among 
the three cases. Using the axially symmetric rotational 
model, the optimized rotational diffusion coefficients parallel 
(011) and perpendicular (DL) to the unique axis of the mole- 
cule were found to be 1.48 f 0.06 x lo7 s-l and 1.15 f 
0.05 x lo7 s-l, respectively. The calculated TlIT2 ratio using 
the optimized parameters as a function of residue number is 
also presented in Figure 4B, designated by the filled 
diamonds. It is not difficult to see from Figure 4B that 
reasonably good agreement is obtained between the experi- 
mental and calculated TdT2 values. The axes of the rotational 
diffusion tensor are shown in Figure 5 ,  with reference to 
the solution structure determined in this laboratory. 

Evaluation of Internal Motion for  Each N-H Vector. In 
the last section, the overall rotational diffusion coefficients 
were determined regardless of the existence of the internal 
motions. If the molecule is really a rigid rotor, the calculated 
T I ,  T2, and NOE based on eq 1-5 and 7, excluding the 
internal rotation contributions (Le., setting A = 1 in eq 16), 
should be consistent with the measured values. Using the 
rigid rotor model and predetermined Dll and DI values, the 
calculated 15N T I ,  T2, and NOE were found on average over 
the protein backbone to be 661 f 26 ms, 51 f 2 ms, and 
0.808 f 0.001, respectively. Both TI and TZ are less than 
the measured T I ,  T2 values (783 f 43 ms and 62 f 7 ms, 

respectively), and NOES are greater than those measured 
(0.73 f 0.06). Such discrepancies indicate that the contribu- 
tions from the fast internal motions, which will lengthen both 
TI and T2 relaxation times and reduce NOE values, cannot 
be completely ignored in the relaxation data analysis. It 
should be noted that varying Dl1 and DI cannot account for 
the T I ,  T2 discrepancies between the calculated and measured 
values because the effect of overall motion changes TI and 
TZ in opposite ways. 

In order to gain more insight into the nature of physical 
processes involved in internal motions, we decided to follow 
the spatial trajectories of NH vectors. For each residue in 
the amino acid sequence of the trp repressor molecule, the 
orientation of its NH vector in the molecular principal frame 
was calculated from each of the available solution structures, 
refined by an MD sequential simulated annealing protocol. 
In addition, an MD-MC selection (Zhao & Jardetzky, 1995) 
was carried out. As a result, for each residue in the backbone 
we obtained a family of vectors representing variations of 
their orientations. Plotting the coordinates of the tips of these 
vectors in the plane perpendicular to the direction of the 
average vector gives us a cross-sectional view of the 
distribution of the allowed orientations, containing all allowed 
orientations of the NH vectors. On the basis of the ergodic 
theorem we may regard this family of structures as a 
representation of the time evolution of one individual 
structure (Zhao & Jardetzky, 1993). Hence, the family of 
NH vectors of a given residue may be regarded as an 
approximate representation of the motion of this vector. 
Figure 6 presents six typical examples, illustrating patterns 
from each of the six helices. For most residues in any part 
of the molecule, the NH vectors predominantly form a cone 
or a cone whose cross sections are ellipsoidal. For very few 
residues the NH trajectories resemble a fan (not shown). This 
allows us to adopt the wobbling in a cone model of Howarth 
(1979) to represent the motion of internuclear NH vectors 
in the trp repressor molecule. As noted above for the 
isotropic case, this model is mathematically equivalent to 
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FIGURE 3: Plots as a function of residue number of the measured TI (A), T2 (B), and {lH}-I5N NOE (C) values. The secondary structure 
determined in solution for trp repressor (Zhao et al., 1993) is indicated with boxes. 

the model-free model of Lipari and Szabo (1982a,b) but in 
contrast to the latter allows an explicit consideration of 
anisotropy and presents a clear physical picture of the actual 
internal motions in the peptide backbone that is consistent 
with MD simulation. 

For each residue the semiangle of the cone (a) and the 
internal librational correlation time (re) were obtained by 
minimizing the following merit function Z(a, re): 

where the TZ,expt, and NOEeXpt are the experimental 
values of the relaxation parameters. The  TI,^^^, T Z , ~ ~ ~ ,  and 
NOE,d, are the calculated values of the relaxation parameters 
based on eq 1-5 and 16 using the determined Dll, DI values 
and the variable parameters a and re. The minimization 
procedure was performed again by using a conjugate gradient 

method (Press et al., 1989) to find the optimum variable 
parameters. The optimized a and re values were plotted out 
in panels A and B of Figure 7 as a function of residue 
number. 

The mean semiangle is found to be 20.9 f 5.7". The 
semiangles for the C-terminal residues D108 and K106 are 
equal to 61.7' and 31.6", respectively-much larger than the 
mean value. This is quite reasonable because the residues 
on termini are less restricted in their mobility. It is expected 
that the residues on the N termini should show the same 
behavior as the C-terminal residues, but unfortunately none 
of these residues appear in the spectra because their amide 
proton magnetization is saturated as a result of very rapid 
solvent exchange. Except for the residues near the protein 
termini the semiangles for most residues do not show 
significant variations across the protein backbone. It is 
interesting to note that the average semiangles for residues 
in the ABCF hydrophobic core region found to be 20.1 f 
2.5" are almost identical to the those for the DNA-binding 
DE region of 19.2 f 4.5". This confirms the conclusion 
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measured (0) and calculated (+) Tl/T2 values (B). The secondary structure determined in solution for trp repressor (Zhao et al., 1993) is 
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that can be drawn from the raw relaxation data, Le., that on 
the nanosecond time scale the DE helixes are as rigid as the 
helixes in the core and the entire protein backbone behaves 
as a unit. The mean internal correlation time can be 
estimated to be 21.5 f 12.2 ps. Similarly to the result of 
semicone angles, except for the C-terminal residue (D108) 
the z, values for the residues throughout the protein backbone 
do not deviate significantly from the mean value. It should 
be noted, however, that the estimates of t ,  should be regarded 
as qualitative, as we found in the course of performing the 
minimization procedures that for most residues z, is very 
insensitive to the sum of the least squares function Z(a,z,). 
Several previous 15N relaxation studies have made a similar 
observation, Le., that the internal librational correlation time, 
re, tends to have large variations with few changes on the 
other parameters (Palmer et al., 1991; Stone et al., 1992; 
Cheng et al., 1993). Also shown in Figure 7 is the 
corresponding order parameter, 9, or constant A given in 
eq 10, calculated from the cone angle for each residue. The 
mean order parameter is found to be 0.81 f 0.10. The order 
parameters for all residues except K106 and D108 are above 
0.7, leading to the same conclusion that the internal motions 
on the picosecond scale are very restricted in both the 

hydrophobic core and the DNA-binding regions, so that the 
whole molecule is rather rigid on a nanosecond time scale. 
This finding is important in the light of the previously 
reported observation that the backbone proton exchange in 
the DNA-binding region is orders of magnitude faster than 
in the core (Czaplicki et al., 1991; Gryk et al., 1995), 
suggesting that the region is more “flexible” than the core. 
The contrast in the behavior of this segment on the nano- 
and millisecond time scales makes it necessary to distinguish 
between “true” or complete flexibility, which would be 
reflected in both relaxation and proton exchange measure- 
ments, and “apparent” or partial flexibility-rather structural 
instability, which manifests itself only on the longer time 
scales. 

Internal Motion, Disorder, and Flexibility. The root- 
mean-squared deviation between a series of NMR structures 
is usually considered as a measure of molecular segmental 
flexibility. By this criterion, the family of solution structures 
of the trp repressor (Zhao et al., 1993) suggests that the 
protein shows a higher degree of mobility or flexibility in 
the helix-turn-helix DNA-binding region than in the 
hydrophobic core region. This is clearly inconsistent with 
the results obtained from the I5N relaxation data, as well as 
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San Diego, CA). The two monomers in  the structure are represented by lishter and darker ribbons. The axcs of the axially symmetric 
rotational diffusion tensor (/)I, and 0,) are given schematically in a cylindrical diagram. The unique axis of the diffusion tensor is oriented 
closely along the two C helices of the dimeric molecule. 
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The trajectories of NH vectors for each residue illustrate an internal tnation pattern for each of the six helices. The NH vectors either form 
a cone (Leu 25, Val 55, Leu 71. and Gly 8 5 )  or a cone whose cross sections are ellipsoidal (Leu 38 and Gln 98). 

with chemical shift data which indicate that the DNA-binding 
region is largely helical (Zhas et al.. 1993). But we should 
keep in mind that the NMR structures are calculated from a 
set of internuclear NOE constraints between protons in a 
protein, and "disorder" simply reflects the relative lack of 
NOE constraints. This may be either due to a higher degree 
of flexibility in that region or due to fast chemical exchange 
which prevents the NOES in that region from being observed. 
In the former case the flexibility should be reflected also in 
the relaxation behavior; in the latter case it need not. Recent 

studies of the amide proton solvent exchange rates for trp 
repressor by the proton longitudinal relaxation technique 
(Gryk et 4.. 1995; Zheng et aI.. unpublished results) showed 
that three types of exchange were observed in different 
segments of the molecule: ( 1 ) slow exchange (on a minute- 
hour time scale) in the core of the molecule. (2) relatively 
rapid exchange. with the rates on a proton T I  relaxation time 
scale (seconds). in the DNA-binding region, and (3) very 
fast exchange. at the N and C termini, with rates comparable 
to the intrinsic exchange rates calculated by the method of 
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The secondary structure determined in solution for trp repressor (Zhao et al., 1993) is indicated with boxes. 

Englander and co-workers (Bai et al., 1993). The contrast 
between these findings and the relaxation findings reported 
here allows us to say that the “flexibility” of the trp repressor 
solution structure is apparent rather than real. These studies 
also suggested that multiple-step conformational exchange 
processes on the millisecond to second time scale may be 
involved in the DNA-binding process. Since T2 was 
measured with a pulse sequence containing a CPMG (Can 
& Purcell, 1954; Meiboom & Gill, 1958) pulse train, the 
effect of chemical exchange processes occurring on time 
scales slower than the time between the refocusing pulses 
in the CPMG sequence is minimized. In any case such 
effects on T2 can only be seen if there is averaging between 
environments with a substantial difference in chemical shift. 
15N relaxation measurements reported here will not reflect 
these interesting slow motions, and thus no substantial 
differences in the cone-angles and internal correlation times 
are found between residues in the core of the molecule and 
in the DNA-binding region. At both N and C termini very 
fast solvent exchange can be viewed as a consequence of 

the rapid internal motions and lack of intramolecular 
hydrogen bonds. 

It would be of interest to compare the mobility of trp 
repressor in solution and when crystallized. The degrees of 
flexibility in the crystal are normally evaluated by the 
crystallographic temperature B-factor. Although called a 
“temperature factor”, it includes not only temperature- 
dependent vibrations of the protein but also static lattice 
disorder. The greater the B-factor value is, the less localized 
is the atom in the crystal. A value of 79 A2 for the B-factor 
implies an rms vibration of 1 A. The average B-factor value 
in the DNA-binding domain of the trp repressor (Lawson et 
al., 1988) was reported to be about 22 A2, only twice as 
large as in the central core domain, suggesting that the 
flexibility for the helix-turn-helix was not significant. 
However, it was also found (Lawson et al., 1988) that even 
at identical growth conditions two crystal forms of trp 
repressor (trigonal and orthorhombic) may form, which were 
found to have distinctly different conformations in the DNA- 
binding domain. Thus, the large B-factor may result from 
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translocation-and packing disorder-of the DE helices, 
rather than from internal motion. The profile of segmental 
motion suggested by the 23-factor or conformational change 
between two forms of crystals resembles that of the amide- 
proton exchange rates (Czaplicki et al., 1991; Gryk et al., 
1995) rather than of the semiangles of the cone, indicating 
that the motions reflected in the crystal for the DNA-binding 
region occur on a relatively long time scale with correlation 
times longer than a millisecond. It seems that in different 
crystals the molecule undergoing such a slow conformational 
change is locked in one of the possible conformations by 
the crystal packing forces, and the helix-turn-helix appears 
well ordered internally, in agreement with the findings 
reported here. 

Anisotropy and Hydrodynamic Behavior. In a previous 
section, the motional anisotropy of the overall reorientation 
of the trp repressor has been determined from the measured 
T ~ / T z  values. It is also very interesting to compare the 
experimental measurements with the existing rigid rotor 
hydrodynamic models under either stick or slip boundary 
conditions. Under the stick boundary condition, it is assumed 
that the rigid particle is immersed in a continuous fluid, and 
at the surface of the particle the fluid rotates with the particle 
(Le., sticks to the particle). Under slip boundary conditions, 
rotational resistance is a consequence of the displacement 
of solvent molecules from the volume swept out during the 
rotation, and the interaction between solvent and solute is 
assumed to be negligible. In both stick and slip models, the 
motional anisotropy is solely related to the physical shape 
of the rigid rotor. The calculation of the rotational diffusion 
coefficients for the stick model was proposed by Penin 
(1934) for an anisotropic ellipsoid and found to be consistent 
with the results reported later by Favro (1960). The 
corresponding calculation for the slip model was published 
by Youngren and Acrivos (1975). Given the axial ratio of 
1.6 1 : 1.15: 1 for trp repressor as determined from the solution 
structures, the ratio of the rotational diffusion coefficients 
(Dxx:Dyy:Dzz) are found to be 1.38: 1.04: 1 for the stick model 
and 12:1.8:1 for the slip model. Although the calculation 
was based on a relatively crude hydrodynamic model with 
internal motions being neglected, the ratio of the rotational 
diffusion coefficients calculated from the Penin stick model 
shows reasonable agreement with the ratio of 1.29: 1 : 1 
calculated from T1/T2 values. This indicates that the trp 
repressor indeed behaves as a very rigid molecule. The large 
deviation of the results for the slip model from those 
measured also suggests that interaction between the protein 
and surrounding solvent cannot be neglected. The calcula- 
tion shows that our experimental reeults are consistent with 
the views in the literature that large molecules are well 
represented by a stick model while a model under the slip 
boundary condition better represents small molecules with 
weak interactions between the solute and solvent (Bauer et 
al., 1974; Zheng et al., 1993). 

In a previous study on the protein backbone dynamics by 
I5N relaxation (Farrow et al., 1994; Cheng et al., 1993; 
Barbato et al., 1992), the overall reorientations were found 
to be approximately isotropic as the difference between the 
long and short semiaxis of the molecule was small. Trp 
repressor is unique because it has a rather large anisotropy 
and a relatively rigid backbone. It is an interesting model 
for the investigation of anisotropic motions. It has been 
demonstrated in this report that the consideration of aniso- 
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tropic rotation should be included in the data analysis for 
molecules with a large axial ratio and that the motional 
anisotropy can be accurately determined from the ISN 
relaxation measurements. 

CONCLUSIONS 

15N T I ,  Tz,  and NOE experiments indicate that on a 
nanosecond time scale the trp repressor is quite rigid along 
the whole protein backbone except for the two termini. 
Comparing this finding with the findings obtained from 
amide-proton exchange experiments (Czaplicki et al., 1991; 
Gryk et al., 1995), we may conclude that the DNA-binding 
region (helices D and E) is unstable on a millisecond time 
scale but not generally disordered on a time scale reflected 
in the relaxation measurements. This constellation of 
findings makes it necessary to distinguish between true 
flexibilty, reflected in both the relaxation and proton 
exchange measurements, and apparent flexibility-in reality 
only an instability of the structure-manifested in the latter, 
but not in the former. The slower motions with correlation 
times longer than milliseconds may, however, play an 
important role in protein-DNA recognition, as suggested 
by the work of Gryk et al. (1995). 
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