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Abstract: The zinc finger DNA-binding domain Xfin-31 is a 25-residue peptide that binds a single zinc atom and forms a 
compact globular structure in solution. To characterize the intramolecular dynamics of Xfin-31, the 13C spin-lattice and spin-spin 
relaxation rate constants and the (1H)-13C nuclear Overhauser effect (NOE) enhancements have been measured for the backbone 
and side chain methine carbons by two-dimensional proton-detected heteronuclear NMR spectroscopy at a 13C Larmor frequency 
of 125 MHz and natural 13C abundance. The relaxation rate constants and the NOE enhancements have been analyzed by 
using a model-free formalism that depends on the overall rotational correlation time of the molecule, Tm, the order parameter 
S, and effective internal correlation time, Te, for each methine carbon. The optimized global value of rm is 1.88 ± 0.02 ns. 
The backbone C" carbons are grouped into four categories based on the values of the order parameters: the N-terminal residue 
Tyr1 with S2 = 0.73 ± 0.04; the C-terminal residues Lys24 and Asn25 with S2 < 0.5; residues Phe'°-Lys13 with an average S2 

= 0.77 ± 0.03; and the remainder of the backbone carbon nuclei with an average S2 = 0.89 ± 0.05. For the side chain C^ 
of VaI" and VaI22 and the C of Leu5, the values of S2 are 0.62 ± 0.03, 0.66 ± 0.04, and 0.47 ± 0.03, respectively. Estimates 
of re could be obtained for 13 of the backbone and 3 of the side chain methine carbons. Excluding the terminal residues, 
the average value of TC for the backbone carbon nuclei was 34 ± 16 ps. With the exception of the terminal residues, the motions 
of the backbone carbon nuclei of Xfin-31 are highly restricted. Residues 10-13, which form a turn between the /3-sheet and 
the helix present in the three-dimensional structure of Xfin-31, have a slightly higher mobility than the rest of the interior 
backbone, and the two residues at the C-terminus have considerable conformational flexibility. The side chains of the hydrophobic 
VaI and Leu residues are more mobile than the backbone but are still significantly restricted, which indicates that Xfin-31 
is compact despite its small size. Systematically large spin-spin relaxation rates for residues in the zinc binding site imply 
that conformational exchange may occur in this region on a time scale longer than the overall rotational correlation time. 

Introduction 
The nature and rates of the intramolecular motions of proteins 

have been the subjects of intense theoretical and experimental 
interest both because of their central importance to biological 
functions,1"5 including enzyme catalysis, allosterism, and ligand 
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binding, and because of their influence on the fundamental 
physicochemical properties of proteins.6"9 Such motions reflect 
both random equilibrium fluctuations and responses to pertur
bations, such as changes in ionization or temperature and inter
actions with specific ligands. Internal motions in proteins occur 
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with widely different temporal and spatial characteristics and 
include bond vibrations and rotations; librational motions of the 
protein backbone; local oscillations of small groups of atoms, such 
as amino acid side chains; and concerted segmental motions of 
groups of residues, such as relative movements of secondary 
structures or domains. Internal motions with characteristic times 
in the subpicosecond and picosecond regimes generally represent 
low-amplitude fluctuations around locally favorable conformations 
or between conformational substates separated by potential energy 
barriers that are smaller than or comparable to thermal energies. 
In the nanosecond and longer temporal regimes, activated pro
cesses, in which a larger potential energy barrier exists between 
conformational states, become dominant. 

As befits the significance of internal motions in proteins, a 
number of experimental and theoretical methods have been de
veloped that are capable of characterizing these motions. Ex
perimental techniques include fluorescence,10,M Mossbauer,12'13 

and nuclear magnetic resonance (NMR)5'14'15 spectroscopies; 
neutron16"18 and X-ray19,20 scattering; and isotope exchange 
measurements.21'22 Theoretical methods include normal mode 
analysis23"25 and molecular dynamics simulations.7'26'27 Of the 
different experimental techniques, NMR spectroscopy is uniquely 
capable of comprehensively characterizing the internal motions 
of proteins in solution at the atomic level over time scales ranging 
from picoseconds to hours. In approximate order of the accessible 
temporal regimes, applicable NMR techniques include relaxation 
rate measurements,28"30 dynamic NMR and line shape analysis,31 

magnetization transfer experiments,32'33 and amide isotope ex
change measurements.14'22'34 

For diamagnetic proteins in isotropic solution, the primary 
mechanism of nuclear magnetic relaxation of protonated 13C 
nuclei, at natural abundance, and of 15N nuclei is the dipolar 
interaction with the directly attached protons; at high magnetic 
field strengths, chemical shift anisotropy (CSA) also contributes 
to the relaxation of these heteronuclei.35 The relaxation rates 
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are governed by the internal motions and overall rotational motions 
of the molecules; consequently, characterization of 13C and 15N 
heteronuclear relaxation can provide information about internal 
dynamics of proteins on time scales faster than the rotational 
correlation time.28'36 Heteronuclear relaxation can be interpreted 
with use of specific models for internal motions, such as restricted 
diffusion and site jump models;28'37 however, model-free formal 
methods36,38"41 are preferable, at least for the initial analysis, 
because the available experimental data are generally insufficient 
to completely characterize complex internal motions or to uniquely 
determine a specific motional model. Molecular dynamics sim
ulations provide a complementary approach for the interpretation 
of relaxation measurements but have not yet been widely ap
plied.42"44 

Although the potential of investigations of heteronuclear 
magnetic relaxation in proteins has been recognized and numerous 
studies have been performed over the past two decades,45"54 until 
recently, applications were severely hindered by the low natural 
abundance and inherent lack of sensitivity of 13C and 15N nuclei 
and by the limited resolution achievable with one-dimensional 
NMR spectroscopy. These problems have been mitigated by 
proton-detected heteronuclear NMR techniques,55"58 which enable 
heteronuclei to be indirectly monitored with increased sensitivity; 
by two-dimensional NMR spectroscopy,59 which affords the in
creased resolution of a second frequency dimension; and by the 
methods of genetic engineering,60 which greatly facilitate the 
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isotopic enrichment of proteins. Recently, investigations of 
heteronuclear relaxation have been reported for the a 13C in bovine 
pancreatic trypsin inhibitor at natural 13C abundance57 and for 
the amide 15N in uniformly enriched staphylococcal nuclease61 

and interleukin-1/3.62 

The zinc finger is a structural motif that is capable of binding 
nucleic acids and is recurrent in regulatory proteins that recognize 
specific sequences of DNA and RNA.63,64 Xfin-31 is a 25-residue 
synthetic zinc finger peptide derived from the consensus sequence 
of the Xenopus laevis protein Xfin. The three-dimensional 
structure of the zinc complex of Xfin-31 has been determined by 
1H NMR spectroscopy.65 The peptide has a compact globular 
structure in which a single zinc atom is coordinated by two 
cysteinyl and two histidinyl ligands. Although small, Xfin-31 
displays many features typical of larger folded proteins: an an-
tiparallel /3-hairpin (residues 1-10), a helix (residues 12-24), and 
a closely packed hydrophobic core. Thus, Xfin-31 is well-suited 
for investigations of heteronuclear relaxation and internal dynamics 
in polypeptides. 

In the present work, two-dimensional proton-detected 13C NMR 
spectroscopy has been used to measure the spin-lattice and 
spin-spin relaxation rate constants and the (1H)-13C nuclear 
Overhauser effect (NOE) enhancements for the backbone and 
side chain methine carbons, except for Leu16 C , at natural 13C 
isotopic abundance and a Larmor frequency of 125 MHz. The 
relaxation parameters have been analyzed with use of a model 
free formalism36 to obtain the overall rotational correlation time, 
and the order parameters and effective internal correlation times 
for each methine carbon. The results show that the motions of 
the majority of the backbone C of Xfin-31 are highly restricted 
with S2 > 0.8. Residues 10-13, which form a loop between the 
/3-sheet and the helix in the tertiary structure of Xfin-31, the 
N-terminal residue, and the two residues at the C-terminus have 
larger amplitudes of motion than the remainder of the backbone. 
Larger than expected spin-spin relaxation rates are observed for 
residues in the zinc binding site, which may result from confor
mational exchange.62 The motional characteristics of the backbone 
a carbons of Xfin-31 accord with the results of the studies of the 
dynamics of the backbone amide nitrogens in the staphylococcal 
nuclease61 and interleukin-l/J.62 

Theory 

Pulse sequences used for the relaxation measurements of the 
methine carbons of Xfin-31 are similar to those previously used 
for proton-detected heteronuclear relaxation experiments55"58-61,62 

and are shown in Figure 1. The experiments used to measure 
the spin-lattice (Figure la) and spin-spin (Figure lb) relaxation 
rate constants consist of an initial DEPT66 sequence to transfer 
magnetization from the methine proton to the carbon, a relaxation 
period T that is parametrically varied between two-dimensional 
data sets, the J1 evolution period, and a second DEPT sequence 
to subsequently transfer magnetization from the methine carbon 
back to the proton for detection. The experiment used to measure 
the NOE enhancements (Figure Ic) consists of an initial relaxation 
delay, the Z1 evolution period, and a DEPT sequence to transfer 
magnetization to the methine proton for detection; spectra are 
acquired with and without saturation of the proton magnetization 
during the relaxation delay. The pulse sequences of Figure 1 are 
formally identical with the conventional one-dimensional inversion 
recovery,67 Carr-Purcell-Meiboom-Gill (CPMG),68 and 
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Figure 1. Pulse sequences for NMR spectroscopy. Shown are the pulse 
sequences for (a) 13C inversion recovery, (b) 13C CPMG, and (c) (1H)-13C 
steady-state NOE experiments designed to measure the spin-lattice and 
spin-spin relaxation rate constants and the NOE enhancements with 
two-dimensional proton-detected natural abundance 13C heteronuclear 
correlation NMR spectroscopy. Thin and thick vertical bars represent 
90° and 180° pulses, respectively; hatched bars represent 2 ms homo
geneity spoiling pulses; and stippled bars represent 2 ms purge pulses 
applied with a field strength of 9 kHz. For polarization transfer, A = 
3.3 ms, which is slightly less than 1/(2'7CH). The delay 6 is 8 ms to allow 
homogeneity recovery following gradient pulses. In sequences (a) and 
(b) T is parametrically varied between two-dimensional experiments. In 
(a) 1H 90° pulses are applied at 5-ms intervals during T to saturate the 
proton spins. In (b) the delay T consists of In spin-echo sequences with 
£ = 2.5 ms. For measurement of the NOE enhancements, spectra are 
recorded without and with (c) 1H saturation during the recovery delay. 
Saturation is performed with the GARP-I sequence92 to minimize sample 
heating. WALTZ-1693 is used to decouple carbon spins during acqui
sition. The phase cycling used is 4>x = (x, -x,x,-x), <j>2 = (x,x,-x,-x) 
and receiver (x,-x,-x,x). Quadrature detection in the W1 dimension was 
achieved by TPPI.75 Weak presaturation of the solvent resonance was 
used in sequences (a) and (b). 

steady-state (1H)-13C NOE techniques.69 Consequently, the 
intensities of the heteronuclear resonances, 1(T), as a function 
of the parametric relaxation delay T, are described by the usual 
inversion recovery equation 

/ ( D - / . - [ / . - I 0 ] exp(-K,7) (D 

in the two-dimensional spectra acquired with the sequence of 
Figure la, and by a single exponential decay 

1(T)=I0 exp(-R2T) (2) 

in spectra acquired with the sequence of Figure lb. In eqs 1 and 
2, /0 is the intensity corresponding to the 13C magnetization at 
the beginning of the relaxation period T, / . is the intensity cor
responding to the steady-state value of the magnetization under 
the given experimental conditions, and /J1 and R2 are the phe-
nomenological spin-lattice and spin-spin relaxation rate constants, 
respectively. Similarly, the NOE enhancements TJ are 

7I = Aat/Auuat ~~ 1 (3) 

in which /„, and /unsa, are the intensities of the resonances in the 
spectrum obtained with and without saturation of proton 
magnetization, respectively. For ideal polarization transfers, /0 

<* ( 7 H / 7 C ) 5 « , , / - = /«« a (1 + V)S*,, and /unsat « 5«,, in which 
S6, is the thermal equilibrium value of the 13C magnetization and 

(68) Meiboom, S.; Gill, D. Rev. Sci. lnstrum. 1958, 29, 688-691. 
(69) Noggle, J. H.; Schirmer, R. E. The Nuclear Overhauser Effect: 

Chemical Applications; Academic Press: New York, 1971. 
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7H and 7C are the gyromagnetic ratios of the proton and carbon, 
respectively. 

The relaxation of protonated 13C nuclei at natural abundance 
is mediated primarily by the dipolar interaction with the attached 
protons and secondarily by chemical shift anisotropy.35 Ignoring 
cross-correlation effects, the apparent longitudinal relaxation rate 
constant is 

/?, = fl,DD + fl,CSA (4) 

in which R{
00 and /?,CSA are the dipolar and CSA spin-lattice 

relaxation rate constants, respectively. Ignoring cross-correlation 
effects, the apparent transverse relaxation rate constant is 

K2 = R2
00 + R2

CSA + R, (5) 

in which R2
00 and R2

CSA a r e the dipolar and CSA transverse 
relaxation rate constants, respectively, and /?a is the sum of the 
rate constants for any other pseudo-first-order processes that 
contribute to R2. For example, the magnitudes of the spin-echos 
in a CPMG experiment are attenuated by diffusion and chemical 
exchange during the spin-echo period; in this case, /?a = Rcx + 
/?D, in which Rn and /?D are the decay rate contributions from 
chemical exchange and diffusion. For chemical exchange between 
two equally populated sites, Rex depends on the intrinsic rate 
constant for the exchange process, ka; the chemical shift difference 
between the sites, w„; and the spin echo period, £.70 For kn > 

Rn = *ex " 1/(2«) sinh-' [{*„ sinh (2«)/«] (6) 

in which u = £(/cM
2 - W0,

2)'/2. The chemical exchange contribution 
to R2 is essentially independent of £ if £kn » 1 and becomes 
negligible only if $kn « 1. Assuming an axially symmetric 
magnetic field gradient, the diffusional contribution to R2 is given 
by 

* D = 7c2GW/3 (7) 

in which G is the magnetic field gradient and D is the translational 
diffusion coefficient of the molecule.71,72 As shown by eqs 5-7, 
diffusion and chemical exchange always increase the apparent 
spin-spin relaxation rate constant. By choice of a suitably small 
£, the contribution from diffusion usually can be made negligible 
for macromolecules, but minimization of the magnetization decay 
due to fast chemical exchange may require impracticably short 
delays. More complex chemical exchange processes can generate 
multiexponential decay curves in spin-echo pulse sequences;73 

however detecting deviations from the monoexponential decay 
assumed in eq 2 is expected to be difficult for natural abundance 
13C spectroscopy of proteins. 

For protonated 13C heteronuclei at natural abundance, the 
dipolar relaxation rate constants are given by35,36 

*. D D = ( Z > C H 7 W ( W H " «c) + 37((Oc) +6/(wH + wc)] (8) 

*2D D = (0CH78)[4/(O) + / ( « „ - WQ) + 3/(o>c) + 
6/(UH) + 6/(wH + a)C)] (9) 

in which 

^CH = (,h/2ir)yHycrCH \fiQ/4ir) (10) 

h is Plank's constant, rCH is the carbon-hydrogen bond length, 
Hc is the permeability of free space, and o)H and o>c are the Larmor 
frequencies of 1H and 13C. The spectral density function, J(w), 
is the Fourier transform of the orientational correlation function 
for a unit vector pointing along the carbon-hydrogen bond and 

(70) Bloom, M.; Reeves, L. W.; Wells, E. J. / . Chem. Phys. 1965, 42, 
1615-1624. 

(71) Hahn, E. L. Phys. Rev. 1950, 80, 580-594. 
(72) Torrey, H. C. Phys. Rev. 1956, 104, 563-565. 
(73) Reeves, L. W. In Dynamic Nuclear Magnetic Resonance Spectros

copy, Jackman, L. M., Cotton, F. A., Eds.; Academic Press: New York, 1975; 
pp 83-130. 

incorporates the dependence of the relaxation rates on molecular 
motion. Assuming an axially symmetric chemical shift tensor, 
the CSA relaxation rate constants are35,36 

(H) 

(12) 

/?,CSA = A520JC V(0)C) 

/J2CSA = (A52wc
2/6)[47(0) + 3/(o>c)] 

in which AS = S1 - Sx, and 5, and S1 are the parallel and per
pendicular components of the chemical shift tensor. The NOE 
enhancement is given by62'74 

V = 

yH[6J(uH + o>c) - J(o>n ~ wc)] 

yc[J(uH ~ wc) + 13 + 4AS2O)C2ZZ)CH2WWc) + 6/(«H + «c)] 
(13) 

If £>CH2 » Aa2O)0
2, then R^ and R2*** can be neglected in eqs 

4 and 5, and the second term in the curly brackets in eq 13 is 
negligible. 

As shown by eqs 8-13, the relaxation parameters for the dipolar 
and CSA relaxation mechanisms depend on the values of the 
spectral density function at five characteristic frequencies. Since 
the available experimental data are generally insufficient to de
termine explicitly the spectral densities at these frequencies, the 
unknown spectral density function must be modelled by a simpler 
function that depends on a small number of physically meaningful 
parameters. In the model free formalism employed herein,36 the 
spectral density function for the molecular motions is approximated 
by 

Aw) = 2A 
52T , (1-S 2 ) r 

1 + (O)Tj2 1 + (O)T)2 
(14) 

which is derived from a single exponential Pade approximation 
to the internal orientational correlation function. In eq 14, T"1 

= Tn,"
1 + Te"', Tn, is the overall rotational correlation time of the 

molecule, S is the order parameter, which measures the degree 
of spatial restriction of the unit bond vector, and re is the effective 
internal correlation time, which is related to the characteristic 
temporal scale of the internal motion of the unit vector. The value 
of S2 ranges from zero for internal motion that is isotropic to unity 
for internal motion that is completely restrained, relative to a fixed 
molecular frame of reference. As has been previously noted,36 

the order parameter is a model-independent measure of the re
striction of the internal motion. However, the effective correlation 
time depends on both the amplitude and rate of the internal motion 
and cannot be interpreted as the characteristic time of a micro
scopic process without recourse to a specific motional model. In 
eq 14, the molecule is assumed to undergo isotropic rotational 
diffusion; more complex expressions have been developed for 
molecules whose rotational motions are highly anisotropic.36 

Extensions to this theory also have been derived that use mul
tiexponential approximations to the internal correlation functions41 

and distribution functions for the characteristic times of internal 
motions.39'40 

For purely dipolar relaxation and internal motions in the ex
treme narrowing limit with o>re « 1, the ratio of the transverse 
to longitudinal relaxation rates for the model free spectral density 
function is calculated from eqs 8-10 and 14 as 

R2
00ZR1

00 = (.R2
0ZRi0) 

1 + 0CH
2(1 • S2)Te/(S2*2°) 

1+Dc11Hl-St)TtZ(S2R1
0) 

(15) 
In eq 15, Rx

0 and R2
0 are the longitudinal and transverse relaxation 

rates for a rigid molecule with rotational correlation time Tn, and 
are calculated from eqs 8-10 and 14 with S2 = 1. By inspection, 
since R2

0 > /?,°, R2
00ZR1

00 < /?2°/Z?,°. Consequently the ap
parent R2/R1 ratio is reduced for nuclei in which internal motions 

(74) Weaver, A. J.; Kemple, M. D.; Prendergast, F. G. Biophys. J. 1988, 
54, 1-15. 
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contribute strongly to the relaxation rate and increased for spins 
in which other decay processes contribute significantly to R2 (eq 
5). The bracketed term in eq 15 is nearly unity unless S2 is very 
small; consequently, the assumption that R2ZRi = R2

DD/R\DD « 
R2

0ZRi0 allows Tm to be estimated.53-61'62 

Experimental Methods 
The Xfin-31 peptide (Ac-YKCGLCERSFVEKSALSRHQRVHKN-

NH2) was synthesized as described previously.65 The sample used for 
NMR spectroscopy was >95% pure by analytical HPLC. The zinc 
complex of Xfin-31 was prepared by adding a 1.4-fold molar excess of 
ZnCl2 to a 10 mM solution of the peptide in D2O and adjusting the pH 
to 6.1 with micromolar aliquots of NaOD. The pH was measured with 
a glass electrode and was not corrected for isotope effects. The solution 
was transferred to a NMR tube, lyophilized, dissolved in D2O, and 
purged with argon to remove oxygen. The NMR tube was then flame 
sealed. 

Methine 13C relaxation experiments were performed on a single sam
ple of Xfin-31 at natural 13C abundance with use of the pulse sequences 
of Figure 1. Spectroscopy was performed at 303 K on a Bruker AM500 
spectrometer equipped with 451-MHz IF electronics. All spectra were 
acquired in the phase-sensitive mode by using time proportional phase 
incrementation (TPPI)75 for quadrature detection in the u, dimension; 
2K data points were recorded in each quadrature channel during t2 and 
200 real points were recorded during r,. Spectra were acquired with a 
spectral width of 5000 Hz in u2 and 5556 Hz in «,. The 1H carrier was 
placed on the residual HDO resonance, and the 13C carrier was set at 
45.4 ppm. The 13C frequency scale was indirectly referenced to TMS 
with use of the 1H frequency of the residual HDO resonance.76,77 For 
the /?, and R2 measurements, 64 scans were acquired per J1 increment; 
for the NOE measurement, 128 scans were acquired per increment. For 
measurements of R{ and R2, a relaxation delay of 5.0 s, which is twice 
the longest 1H longitudinal relaxation time of the methine 12C isoto-
pomers, was used between scans to ensure sufficient recovery of 1H 
magnetization. In practice the recovery of proton magnetization in '3C 
isotopomers will be significantly faster;78 for a rigid molecule with Tn, = 
1.88 ns, the longitudinal relaxation times are estimated to be reduced by 
factors of 2-3 due to heteronuclear dipolar relaxation. For measurements 
of the NOE, a relaxation delay of 4.6 s, which is greater than 10/R, for 
the methine carbon nuclei, was used between scans to ensure that max
imal NOE enhancements have developed before acquisition. For .R1 

relaxation measurements, 9 separate spectra were recorded for T = 0.01, 
0.05, 0.09, 0.17, 0.25, 0.45, 0.61, 1.0, and 2.0 s. For R2 measurements, 
10 spectra were recorded with T = 0.01, 0.02, 0.04, 0.07, 0.10,0.15, 0.20, 
0.30, 0.50, and 1.0 s. Four independent determinations of the NOE were 
made, which required eight acquisitions. Spectra were processed with 
the program FTNMR (Hare Research). Spectra were Fourier transformed 
with use of exponential line broadening in u2 and Kaiser window func
tions in U1. The first point in each dimension was halved before Fourier 
transformation;7' additional baseline corrections were unnecessary. Zero 
filling was employed prior to transformation such that the final spectra 
contained 4K X 4K real data points. 

Relaxation rate constants and NOE enhancements were calculated 
from peak heights of the heteronuclear resonances. Data analysis was 
performed on a Convex C2 computer with programs written in Fortran 
77; commercial80 and published81 numerical algorithms were used as 
applicable. The longitudinal relaxation rates were obtained by a three-
parameter nonlinear optimization of eq 1; the transverse relaxation rate 
was obtained by a two-parameter nonlinear optimization of eq 2. The 
NOE enhancements were calculated from eq 3; the average values of y 
and standard errors in the mean were determined from four independent 
experiments. 

Curve fitting used the Levenburg-Marquardt algorithm81 to minimize 
the value of x2, given by 

X2 = £[ / (7" , ) - / (T- , ) ] 2 /* 2 (16) 

In eq 16,1(T1) is the experimental peak intensity; /(T1) is the intensity 

(75) Marion, D.; Wuthrich, K. Biochem. Biophys. Res. Commun. 1983, 
113, 967-974. 

(76) Live, D. H.; Davis, D. G.; Agosta, W. C; Cowburn, D. J. Am. Chem. 
Soc. 1984, 106, 1939-1941. 

(77) Bax, A.; Subramanian, S. J. Magn. Reson. 1986, 67, 565-569. 
(78) Bigler, P. J. Magn. Reson. 1987, 75, 162-166. 
(79) Otting, G.; Widmer, H.; Wagner, G.; Wuthrich, K. J. Magn. Reson. 

1986,6«, 187-193. 
(80) IMSL, Houston TX. 
(81) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. 

Numerical Recipes; Cambridge University Press: Cambridge, 1986. 

predicted from the values of the adjustable parameters in the model 
function, at the ith time point; a is the uncertainty in the experimental 
data points; and n is the number of time points recorded. 

The uncertainties in the measured peak heights, <rh, were set equal to 
the root-mean-square baseline noise in the spectra. This assumption was 
validated by recording two duplicate spectra with use of the sequence of 
Figure lb with T = 0.02 s. Assuming that the peak heights of the 24 
C" resonances are identically distributed, the standard deviation of the 
differences between the heights of corresponding peaks in the paired 
spectra is equal to 2'/2<rh. The value of <rh determined in this manner was 
compared to the root-mean-square baseline noise. 

Statistical analyses of the results of the non-linear optimizations of eqs. 
1 and 2 were performed using Monte Carlo simulations of the distribu
tions of the peak intensities and optimized parameters.81"83 The pre
dicted peak intensities, calculated with eq 1 or 2 and the values of the 
optimized parameters, were assumed to be the means of Gaussian dis
tributions with standard deviations equal to ab. Five hundred simulated 
data sets were chosen at random from these distributions and fit with eq 
1 or 2. The statistical properties of the resultant simulated distributions 
of the peak intensities and relaxation parameters were assumed to be 
equal to the properties of the actual distributions. 

Uncertainties in the optimized parameters were obtained from the 
covariance matrix of the optimized model and validated by comparison 
to the Monte Carlo simulation results. The sufficiency of the monoex-
ponential decay functions given by eqs 1 and 2 and the accuracy of the 
value of a used in eq 16 were evaluated with a x2 goodness-of-fit test.81,82 

The test statistic was the residual x2 value from the Levenburg-Mar
quardt optimization of eq 1 or 2. Although this statistic is only ap
proximately distributed as a x2 variable because the model functions are 
nonlinear, the Monte Carlo simulations indicated that the critical values 
of the distribution of the test statistic were similar to the critical values 
for an exact x2 variable with p parameters and v = n - p degrees of 
freedom. For the R1 measurements, v = 6 and the a = 0.05 critical value 
for the exact x2 statistic is 12.59; for the R2 measurements, v = 8 and 
the critical value is 15.51.84 A value of the residual x2 for a single 
relaxation curve that is greater than the critical value indicates with 95% 
confidence that the model function or the value of a does not adequately 
describe the data. 

Global measures of the sufficiency of eqs 1 and 2 and a in describing 
the relaxation data for Xfin-31 also were obtained from the sum of the 
residual x2 values obtained from fitting the R^ or R2 data for all the 
methine carbons in Xfin-31, under the assumption that the residual x2 

for individual resonances are drawn from the same distribution. The sum 
of the m individual residual x2 values is distributed as a x2 variable with 
c = m(n - p) degrees of freedom and was tested as described above by 
using the critical values for exact x2 distributions. For the R1 mea
surements, i/ = 162 and the a = 0.05 critical value is 192.7; for the R2 

measurements, v = 216 and the critical value is 236.7.84 

In theory, calculation of the model free parameters from the measured 
relaxation parameters with eqs 4, 5, and 8-13 necessitates finding the 
roots of a system of nonlinear functions in the presence of observational 
noise. As this problem is mathematically intractable, model free pa
rameters were obtained from the relaxation rate constants and NOE 
enhancements by minimization of the target function 

x2 = i iv = 
(«i 

t[(Ru~ Ru)2/'J + (*2/ - Rj1)
2ZeJ + Im- W W l O7) 

( -1 

in which r,2 is the sum of the squared residuals; R11, R2/, and tj( are the 
experimental values of the relaxation parameters; cu, O21, and a^ are the 
uncertainties in the relaxation parameters; and R11, R2/, and % are the 
values calculated with eqs. 4, 5, 8-15, for the ith methine 13C nucleus. 
The summation extends over the r nuclei included in the calculation. 
Despite the formal similarity of this approach to curve fitting by x2 

minimization, values of the parameters that minimize the target function 
are not necessarily equivalent estimators of the roots of the nonlinear 
equations.82 

In the first instance, model free parameters were calculated assuming 
that the dipolar interaction was the predominant relaxation mechanism; 
thus, Rt in eq 5 and AS in eqs 11-13 were set equal to zero. In the second 
analysis, both dipolar and CSA relaxation mechanisms were included in 

(82) Ratkowsky, D. Nonlinear Regression Modeling; Marcel Dekker; 
New York, 1983; pp 143-151. 

(83) Borowiak, D. S. Model Discrimination for Nonlinear Regression 
Models; Marcel Dekker: New York, 1989; pp 55-167. 

(84) Devore, J. L. Probability and Statistics for Engineering and the 
Sciences; Brooks/Cole: Monterey CA, 1982. 
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eqs 11-13 and R, was set equal to zero in eq 5. A third analysis was 
performed to examine the effects of other contributions to the apparent 
spin-spin relaxation rate constants on the values of the model free pa
rameters. This calculation was similar to the first except that R, was 
included in eq 5 as a free parameter for those carbon nuclei that had 
RiIR\ ratios that were more than one standard deviation greater than 
the average ratio. This criterion for including a contribution from R, to 
R2 for a given nucleus has been arbitrarily chosen; the present data are 
insufficient to establish statistically or experimentally which resonances 
are affected by decay processes other than dipolar relaxation or what 
additional mechanisms contribute to the apparent R2 rate constants. 
Consequently, the results of the third analysis have been used only to 
indicate possible effects of nondipolar contributions to the apparent R2 
on the calculation of the model free parameters. 

The optimization routine used quadratic interpolation80'81 to globally 
optimize Tn, and a Levenburg-Marquardt algorithm that incorporated 
active-set strategy85 to optimize S2, tt, and /?, for each nucleus subject 
to the constraints 0 < S2 < 1, 0 < T, < rm, and 0 £ Rt. An initial 
estimate of rm was obtained from the average R2/R\ ratio for the 
backbone resonances and eq 15. Initial estimates of S2 and re were 
obtained for each methine carbon by a coarse grid search with rm held 
constant. The final values of the model free parameters were obtained 
for the backbone nuclei by iterative optimization of the initial estimates, 
including Tm. The final values of S2, TC, and R, for the side chain nuclei 
were obtained by optimizing the initial estimates of these parameters with 
rm fixed at the global value determined for the backbone nuclei. 

The uncertainties in the model free parameters were estimated by 
Monte Carlo simulations. The predicted values of the relaxation pa
rameters, which were calculated from the optimized model free param
eters, and the uncertainties in the measured relaxation parameters were 
assumed to be the means and standard deviations of Gaussian distribu
tions; simulated sets of /J1, R2, and 17 were obtained by random selection 
from these distributions. Five hundred simulated data sets were analyzed 
and the averages and standard deviations of the simulated model free 
parameters determined. The biases in the values of the model free 
parameters were defined as the differences between the optimized values 
of the parameters and the means of the simulated parameters. The 
uncertainties in the empirical values of the model free parameters are 
reported as the standard deviations of the simulated parameters. 

The values of the constants used in eqs 8-15 are the following: h = 
6.626 X 10"34 J s, Mo = 4ir X 10"7 T m A"1, yH = 2.6752 X 108 s"1 T1, 
7C = 6.728 X 107 s"1 T"1, rCH = 109 X lO"10 m, o>H = 2T X 499.874 
MHz, uc = 2T X 125.694 MHz. A value of A* = 25 ppm, which is 
typical of methine a-carbon nuclei,86"85 was used for CSA calculations. 
With use of these constants, £>CH

 = 1 -46 X 105 s"1, and the CSA constant 
AJ <iic = 1.97 X 104 s"1; consequently the contribution of CSA to the 
relaxation parameters is expected to be negligible. 

Results 

The assignments of the methine carbons in Xfin-31 are indicated 
in Figure 2, which is a contour plot of the (a) a and (b) side-chain 
resonances obtained by using the pulse sequence of Figure la and 
T = 0.01 s; complete resonance assignments for the protonated 
13C spectrum of Xfin-31 have been reported elsewhere.90 The 
resonances of Lys2 and His23 C° are partially overlapped; however 
quantitative measurements of the intensity of each resonance were 
still possible. The resonances of Leu5 C7 and Leu16 Cy are more 
severely overlapped; reliable intensity measurements could only 
be made for the narrower, more intense Leu5 resonance. The GIy4 

methylene C resonance is suppressed by the DEPT polarization 
transfer and cannot be observed in these experiments. In total, 
relaxation parameters were measurable for 24 of the 25 backbone 
Ca resonances and 3 of the 4 side chain methine groups. The 
average DEPT efficiency was calculated to be 2.74 ± 0.28 for 
the methine resonances, as compared to a theoretical value of 
7 H / 7 C = 4. The spectrum shown in Figure 2 was acquired in 
approximately 18 h. 

(85) Gill, P. E.; Murray, W. NPL Report NAC 72; National Physics 
Laboratory: England, 1976. 

(86) Naito, A.; Ganapathy, S.; Akasaka, K.; McDowell, C. A. /. Chem. 
Phys. 1981,74,3190-3197. 

(87) Naito, A.; Ganapathy, S.; Raghunathan, P.; McDowell, C. A. J. 
Chem. Phys. 1983, 79, 4173-4182. 

(88) Naito, A.; McDowell, C. A. J. Chem. Phys. 1983, 81, 4795-4803. 
(89) Janes, N.; Ganapathy, S.; Oldfield, E. J. Magn. Reson. 1983, 54, 

111-121. 
(90) Lee, M. S.; Palmer, A. G.; Wright, P. E. Submitted for publication. 
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Figure 2. Double DEPT spectrum of Xfin-31 methine resonances. 
Shown are contour plots of regions of the heteronuclear correlation 
spectrum acquired with the pulse sequence of Figure la and T = 0.10 
s that display the (a) backbone C° and (b) side chain VaI C9 and Leu 
C resonances. The spectrum was acquired in approximately 18 h. 

The phenomenological spin-lattice and spin-spin relaxation rate 
constants and the NOE enhancements calculated from the 
measured peak heights and root-mean-square baseline noise with 
eqs 1-3 and 16 are listed in Table I. The uncertainties in the 
values of R1 and R2 are the formal standard deviations calculated 
from the covariance matrix in the nonlinear optimization routine 
and are 5-10%; the uncertainties in rj are calculated as the 
standard errors in the mean of four replicate measurements and 
are 10-25%. Monte Carloe simulations of the standard deviations 
of the optimized values of/?, and R2 agreed with the formal results 
to within 3%. Cross sections taken parallel to the u2 axis through 
the C" resonance of GIu12 for the R1 and R2 relaxation experiments 
are shown in Figure 3 together with the optimized fits of the peak 
intensities to eqs 1 and 2. Signal-to-noise ratios were typically 
30 for the initial data point in each experiment. 

The appropriateness of the model functions given by eqs 1 and 
2 and of the accuracy of the value of a used in eq 16 were 
monitored by the x2 goodness-of-fit test. For example, inversion 
recovery curves of 27 methine resonances were analyzed by using 
eq 1; only one of these, His23 C , gave an optimized fit with x2 

= 12.1 that was greater than its simulated critical value of 11.7. 
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Table I. 13C Relaxation Parameters for XfIn-Sl" Table II. Model Independent Parameters for Xfm-31° 
residue 

Tyr 1 
Lys 2 
Cys3 
Leu S 
Cys6 
GIu 7 
Arg8 
Ser9 
Phe 10 
VaI 11 
GIu 12 
Lys 13 
Ser 14 
Ala IS 
Leu 16 
Ser 17 
Arg 18 
His 19 
GIn 20 
Arg 21 
VaI 22 
His 23 
Lys 24 
Asn 25 

VaI 11/3 
VaI 22/3 
Leu 5-y 

Ru S-1 

3.72 ± 0.22 
4.23 ± 0.27 
4.27 ± 0.31 
4.15 ±0.26 
4.12 ±0.15 
3.92 ± 0.22 
4.35 ± 0.25 
4.32 ±0.19 
3.80 ± 0.21 
3.57 ±0.15 
3.75 ± 0.20 
3.96 ± 0.20 
3.79 ±0.12 
4.26 ± 0.23 
3.98 ± 0.28 
4.07 ± 0.16 
3.76 ±0.18 
3.75 ± 0.23 
3.93 ± 0.28 
3.92 ±0.19 
3.81 ±0.19 
3.48 ± 0.24 
3.58 ±0.12 
2.50 ± 0.07 

R2, s-
1 V 

Backbone 13C 
7.84 ± 0.41 
8.45 ± 0.52 
14.1 ± 1.2 
14.3 ± 1.0 
10.7 ± 0.4 
8.77 ± 0.54 
10.8 ± 0.6 
8.58 ± 0.35 
7.11 ±0.37 
8.77 ± 0.35 
7.96 ± 0.38 
7.87 ± 0.43 
11.2 ±0.4 
8.63 ± 0.42 
8.94 ± 0.60 
9.31 ±0.39 
9.80 ± 0.44 
9.74 ± 0.61 
12.2 ±0.9 
8.31 ±0.42 
12.9 ±0.7 
14.0 ± 1.0 
5.92 ±0.17 
3.89 ±0.10 

0.34 ± 0.09 
0.18 ±0.07 
0.32 ± 0.03 
0.28 ± 0.04 
0.23 ± 0.06 
0.26 ± 0.05 
0.28 ± 0.05 
0.29 ± 0.03 
0.25 ± 0.03 
0.30 ± 0.06 
0.25 ± 0.06 
0.30 ± 0.02 
0.26 ± 0.03 
0.28 ± 0.05 
0.19 ± 0.04 
0.27 ± 0.03 
0.24 ± 0.03 
0.24 ± 0.03 
0.28 ± 0.02 
0.29 ± 0.02 
0.33 ± 0.03 
0.27 ± 0.08 
0.64 ± 0.06 
0.79 ± 0.08 

Side Chain Methine 13C 
3.31 ± 0.20 
3.01 ± 0.23 
2.27 ±0.18 

6.46 ± 0.36 
10.7 ± 0.9 
5.56 ± 0.36 

0.37 ± 0.08 
0.51 ± 0.06 
0.45 ± 0.07 

^2/^1 

2.10 ±0.17 
2.00 ±0.18 
3.30 ± 0.36 
3.45 ± 0.32 
2.60 ±0.13 
2.24 ±0.19 
2.48 ± 0.21 
1.99 ±0.12 
1.87 ±0.14 
2.46 ±0.14 
2.12 ±0.15 
1.99 ±0.15 
2.97 ± 0.14 
2.02 ±0.15 
2.25 ± 0.22 
2.28 ±0.13 
2.61 ±0.17 
2.60 ± 0.23 
3.11 ±0.31 
2.12 ±0.15 
3.40 ± 0.24 
4.03 ± 0.41 
1.65 ± 0.07 
1.55 ±0.06 

1.95 ±0.16 
3.55 ± 0.42 
2.45 ± 0.25 

residue 

Tyr 1 
Lys 2 
Cys 3 
Leu 5 
Cys 6 
GIu 7 
Arg 8 
Ser 9 
Phe 10 
VaI 11 
GIu 12 
Lys 13 
Ser 14 
Ala 15 
Leu 16 
Ser 17 
Arg 18 
His 19 
GIn 20 
Arg 21 
VaI 22 
His 23 
Lys 24 
Asn 25 

VaI 11/3 
VaI 22/3 
Leu 57 

S2 

Backbone 
0.73 ± 0.04 
0.86 ± 0.03 
0.89 ± 0.03 
0.96 ± 0.06 
0.97 ± 0.04 
0.84 ± 0.04 
0.94 ± 0.08 
0.84 ± 0.03 
0.72 ± 0.03 
0.80 ± 0.03 
0.77 ± 0.03 
0.78 ± 0.03 
0.92 ± 0.02 
0.84 ± 0.03 
0.87 ± 0.04 
0.88 ± 0.02 
0.88 ± 0.03 
0.87 ± 0.04 
0.95 ± 0.04 
0.81 ± 0.03 
0.91 ± 0.04 
0.92 ± 0.05 
0.48 ± 0.02 
0.28 ± 0.01 

U 
13C 

61 ±34 

36 ±44 

17 ± 10 
31 ±24 
25 ±22 
39 ± 11 

67 ± 58 

50 ±50 
18 ±23 
15 ±25 

41 ± 16 

123 ± 16 
11 ±1 

Side Chain Methine 13C 
0.62 ± 0.03 
0.66 ± 0.04 
0.47 ± 0.03 

37 ± 10 
78 ±28 
27 ± 9 

r,2 

1.09 
4.65 

13.6 
18.1 
2.58 
0.43 
0.69 
7.04 
9.22 
0.62 
2.34 
4.76 

20.2 
3.98 
0.90 
0.33 
1.90 
0.87 
7.64 
2.13 

28.2 
22.8 
16.3 
17.4 

3.32 
15.0 
0.93 

" No results are available for GIy4, because the DEPT sequence used 
in the experimental protocols suppresses magnetization from the 
methylene C", or for the Cy of Leu16, because the resonance could not 
be resolved from that of Leu5. 

On average, one of every 20 residual x2 values should exceed the 
a - 0.05 critical value. The sum of the residual x2 values for all 
resonances was 160.4 which is less than the critical value given 
above. Therefore the goodness-of-fit tests of the residual x2 values 
indicate that the root-mean-square baseline noise is an accurate 
representation of the uncertainties in the peak intensities and that 
the inversion recovery data are adequately described by eq 1. 

On the other hand, CPMG decay curves for 9 of the 27 reso
nances had x2 values greater than the critical value when analyzed 
with eq 2, which indicates significant lack of fit between the model 
and the data for these resonances. Similarly, the sum of the 
residual x2 values for all resonances was 421.2, which is much 
greater than the critical value given above. Therefore the 
goodness-of-fit tests of the residual x2 values indicate that either 
the root-mean-square baseline noise is not an accurate repre
sentation of the uncertainties in the peak intensities or the CPMG 
data are not well described by eq 2. The simplest explanation 
is the former one; statistically discriminating between eq 2 and 
possible alternative model functions would require a significantly 
larger number of data points than are available. Assuming that 
eq 2 is satisfactory, the uncertainty in the peak intensities was 
estimated to be 1.4 times the root-mean-square baseline noise in 
the spectra by scaling the observed sum of the x2 values to equal 
the number of degrees of freedom, given above, and by using eq 
16. The value of a^ calculated from two duplicate spectra was 
within 5% of the root-mean-square baseline noise and had a 95% 
confidence interval that extended from 0.78 ah to 1.40 <rh.

84 This 
confidence interval indicates that a large number of replicate 
spectra would be required to statistically ascertain whether the 
uncertainties in the peak heights were better estimated by 1.0 or 
1.4 times the root-mean-square baseline noise. Nonetheless this 
analysis suggests that, subject to the above assumptions, the un
certainties in the values of R2 given in Table I may be underes
timated by up to a factor of 1.4. 

As discussed above, processes such as translational diffusion 
and chemical exchange can systematically contribute to R2. For 
macromolecules, the diffusional contribution to R2 (eq 5) can be 
minimized with millisecond spin-echo periods. With use of eq 

"Shown are the model free parameters S2 and T, and the sum of the 
square residuals T1

1 (eq 17) for the backbone and side chain methine 
13C spins of Xfin-31 that were calculated with Rt = 0 for all reso
nances. The overall rotational correlation time was determined to be 
1.88 ± 0.02 ns. Results are not available for GIy4, because the DEPT 
sequence used in the experimental protocols suppresses magnetization 
from the methylene C , or for the O of Leu16, because the resonance 
could not be resolved from that of Leu5. 

7, the diffusional contribution to the apparent relaxation for the 
methine carbons in Xfin-31 is estimated to be <1% from the 
dependence of the relaxation rate constant of 13C-labeled alanine 
on the spin-echo period and the relative translational diffusion 
coefficients of alanine and Xfin-31 (data not shown). As shown 
by eq 6, the CPMG sequence also minimizes the effect of chemical 
exchange on the apparent relaxation if %ka « 1; in the present 
case, £ = 2.5 ms, and ktx must be greater than approximately 40 
s"1 for chemical exchange to contribute significantly to the ap
parent spin-spin relaxation rate. 

For comparison, relaxation parameters were also determined 
from the integrated volumes of the resonances in spectra processed 
with Lorentzian-to-Gaussian transformation in w2. Values of the 
relaxation parameters determined with use of peak volumes agree 
with the values determined with use of peak heights; however the 
relative precisions of the parameters are approximately 10-50% 
lower (data not shown). 

The values of R2/Ri for the methine resonances are listed in 
Table I; the average value for the 24 backbone resonances is 2.46 
± 0.62 and the initial estimate of rm calculated with eq 15 is 1.92 
± 0.09. The values of R2/R1 for Lys24 and Asn25 are more than 
one standard deviation smaller than the average, which indicates 
that the S2 is small enough and re large enough to appreciably 
affect the bracketed term in eq 15. The C" resonances of Cys3, 
Uu5, Ser14, GIn20, VaI22, and His23 and the 0 s of VaI22 have R2/A1 

> 3, which may indicate that decay processes other than dipolar 
relaxation are contributing to the apparent R2 for these nuclei 
(eq 5). 

The resultant values of the model free parameters S2 and TC 

calculated assuming purely dipolar relaxation are listed in Table 
II; values of S2, re, and R^ determined assuming dipolar relaxation 
augmented by Ra for nuclei with R2/R\ i 3 are given in Table 
III. The global value of rm determined for the backbone reso
nances is 1.88 ± 0.02 ns for the former analysis and 1.74 ± 0.03 
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Figure 3. Typical relaxation decay curves. Cross sections were taken from the two-dimensional spectra parallel to the u2 axis through the C° resonance 
of GIu12. Shown in (a) are the cross sections for the inversion recovery measurements with use of the sequence of Figure la. Shown in (b) are the 
cross sections for the CPMG measurements with use of the sequence of Figure lb. The feature marked * in (b) is a spurious noise peak. The parametric 
relaxation delay T is shown for each cross section. The optimized nonlinear fits of eqs 1 and 2 to the data in (a) and (b) are shown in (c) and (d), 
respectively. The uncertainty in the peak heights is equal to the root-mean-square baseline noise in the spectra. 

ns for the latter. As expected from the relative magnitude of the 
dipolar and CSA contributions to the relaxation rate constants, 
the values of the model free parameters were not significantly 
affected by inclusion of CSA contributions to the relaxation pa
rameters and are not tabulated. The concordance between the 
experimental values of the relaxation parameters and the values 
calculated from the optimized model free parameters was not 
formally tested statistically; additional investigations of the sta
tistical properties of the estimators of the model free parameters 
obtained by minimization of eq 18 are in progress. Empirically, 
all three of the calculated relaxation parameters for a given carbon 
nucleus agreed with the measured parameters within an ap
proximate 95% confidence interval, given by 1.96 times the 
measured uncertainties in the parameters (Table I), if T,2 < 5 
(Tables II and III). The largest discrepancies between the ex
perimental and calculated parameters were observed for resonances 
with Ri/R\ i 3 when R, was not included in eq 5 and for the 
two C-terminal residues. The large values of T,2 obtained for the 
C-terminal residues, Lys24 and Asn25, are consistent with the 
observation that these two nuclei have the largest x2 values from 
the fit of eq 2 to the CPMG decay data. 

The values of S2 for those nuclei with R1/R\ ^ 3 were smaller 
by 0.10 ± 0.06 unit when Rt was included in the analysis, but 
the order parameters for the other nuclei were not significantly 
affected. Thus, the order parameters for nuclei whose apparent 

.R2 contains contributions from conformational exchange, or other 
first-order rate processes, may be slightly overestimated by the 
simplest model free formalism. 

As indicated in Tables II and III, the Monte Carlo simulations 
estimated the precision in the values of S2 as approximately 5% 
and the precision in the values of /?a as 20-40%. The precision 
in the values of re depended strongly on the values of S2: if S2 

< 0.7, the uncertainties in rt were 10-30%; if 0.7 < S2 < 0.8, the 
uncertainties in re were 25-100%; and if S2 < 0.8 the uncertainties 
in rt were on the order of 100% for only a few resonances. Most 
of the nuclei with S2 > 0.8 had mean values of rt from the 
simulations that were strongly biased compared to the optimized 
values or had residual values of T1

2 > 5.0, which suggests that 
the numerical optimization of re may be unreliable in these cases. 
Accordingly, a value for T„ has been reported for a nucleus with 
S2 > 0.8 only if approximate 95% confidence intervals for the three 
relaxation parameters calculated from the model free parameters 
encompassed the experimental values and the simulations indicated 
that the calculation of TC was unbiased. The average value of re 

= 34 ± 16 ps for the ten interior residues for which values of re 

are reported in Table II, and the average value of re = 29 ± 17 
ps for the 10 interior residues for which re have been reported 
in Table III. 

Graphs of the values of S2 taken from Tables II and III for 
the C of each residue in Xfin-31 are shown in Figure 4. As 
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Table III. Model Independent Parameters and R1 for Xfin-310 

residue 

Tyr 1 
Lys2 
Cys 3 
Leu 5 
Cys 6 
GIu 7 
Arg8 
Ser9 
Phe 10 
VaI 11 
GIu 12 
Lys 13 
Ser 14 
Ala 15 
Leu 16 
Ser 17 
Arg 18 
His 19 
GIn 20 
Arg 21 
VaI 22 
His 23 
Lys 24 
Asn25 

VaI 11/3 
VaI 22/3 
Leu 5-y 

S2 
U 

Backbone 13C" 
0.75 ± 0.04 
0.87 ± 0.04 
0.88 ± 0.03 
0.88 ± 0.05 
0.97 ± 0.05 
0.85 ± 0.04 
0.98 ± 0.09 
0.86 ± 0.03 
0.74 ± 0.03 
0.81 ± 0.03 
0.79 ± 0.03 
0.80 ± 0.03 
0.82 ± 0.02 
0.86 ± 0.04 
0.88 ± 0.04 
0.89 ± 0.03 
0.88 ± 0.03 
0.88 ± 0.04 
0.84 ± 0.06 
0.82 ± 0.03 
0.78 ± 0.04 
0.74 ± 0.06 
0.50 ± 0.02 
0.30 ± 0.02 

Side Cha 
0.63 ± 0.03 
0.55 ± 0.05 
0.48 ± 0.03 

52 ±34 

26 ±32 

64 ±35 
14 ± 12 
16 ±22 
15 ± 18 
37 ± 10 
17 ± 14 

37 ± 18 
51 ±45 
17 ±22 

118± 15 
73 ± 8 

in Methine 
36 ± 11 
54 ± 16 
26 ± 9 

*. 

4.9 ± 1.2 
5.3 ± 1.0 

2.9 ± 0.6 

3.6 ± 1.2 

4.8 ± 0.8 
6.4 ± 1.1 

13C 

4.6 ± 1.0 

I? 

0.03 
1.80 
0.00 
0.00 

10.4 
0.06 
2.47 
2.02 
4.25 
4.29 
0.24 
1.32 
0.00 
0.94 
0.85 
0.54 
6.56 
3.28 
0.00 
0.13 
0.00 
0.00 
8.02 
9.60 

0.93 
0.00 
2.81 

F V E K S A L S R H Q R V H K N 

"Shown are the model free parameters S2 and re, /?„ and the sum of 
the square residuals T,2 (eq 17) for the backbone and side chain 
methine 13C spins of Xfin-31. R1 was included as a free parameter 
only for those nuclei for which R2/R\ ^ 3; R1 was taken to be zero for 
all other nuclei. The overall rotational correlation time was determined 
to be 1.74 ± 0.03 ns. Results are not available for GIy4, because the 
DEPT sequence used in the experimental protocols suppresses magne
tization from the methylene C, or for the Cy of Leu16, because the 
resonance could not be resolved from that of Leus. 

indicated by the values of S2 from Table II, four consecutive 
residues in the interior of the chain appear to have slightly lower 
order parameters than average. The average value of S2 for the 
interior residues 2-9 and 14-23 is 0.89 ± 0.05 and the average 
value of S2 for residues 10-13 is 0.77 ± 0.03. Thus, the average 
S2 for residues 10-13 is significantly lower than that for the other 
interior residues with use of a two-sample t test with a level a = 
0.05.84 Similar treatment of the results of Table III gives an 
average value of S2 = 0.87 ± 0.06 for the interior residues 2-9 
and 15-23 and an average value of S2 = 0.79 ± 0.03 for residues 
10-14. Again, the average S2 for residues 10-14 is significantly 
lower than that for the other interior residues. 

As discussed above, the uncertainties in the values of R2 may 
be underestimated by up to 40%; therefore, as a control, the 
model-free parameters also were determined by using the larger 
estimates of the uncertainties in R2. The root-mean-square de
viation between the two values of S2 for each resonance is 0.02, 
and the uncertainties in the values of S2 increase by approximately 
12%; however, none of the qualitative trends observed in the order 
parameters are affected. Consequently, the analysis appears to 
be relatively insensitive to the differences in estimated uncertainties 
for the peak intensities from the CPMG experiments. 

Discussion 
The 13C spin-lattice and spin-spin relaxation rates and the 

heteronuclear ('H|-13C NOE enhancements have been measured 
for 27 of the 28 methine carbons in the Xfin-31 zinc finger and 
analyzed with a model free formalism to characterize the am
plitudes and time scales of the internal motions. As the exper
iments described herein are relatively new and the statistical 
properties of the analytical methods used to interpret them are 
difficult to establish, extensive use has been made of Monte Carlo 
simulations to assess the magnitudes of the uncertainties in the 
resonance intensities, relaxation rate constants, and model free 

Vi 

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

Residue 
Figure 4. Order parameters for the C* methine groups in Xfin-31. The 
values of S2 given in Table II (solid) and Table III (hatched) are plotted 
versus the amino acid sequence of Xfin-31. The error bars indicate the 
uncertainties estimated from Monte Carlo simulations. No data are 
available for GIy4 because the C" resonance is suppressed by the DEPT 
sequence. 

parameters and to detect systematic deviations from the models 
assumed in eqs 1, 2, and 14. 

Not unexpectedly, the CPMG relaxation results are more 
subject to discordance between the experimental data and the 
model function than are the inversion recovery measurements; the 
statistical analysis emphasizes that detecting systematic deviations 
between experimental data and exponential model functions re
quires a large number of data points distributed over the entire 
recovery curve. The heteronuclear NOE enhancements are the 
measured quantities with the highest relative standard deviations; 
duplicate measurements of the enhancements are therefore vital 
to minimizing uncertainties in subsequent analyses of the relaxation 
parameters. 

The object of heteronuclear relaxation studies of proteins is to 
obtain information on the spectral density functions of the C-H 
bond vectors and hence insight into the characteristics of the 
internal motions of the molecule. The relaxation data for most 
resonances could be fit by the simple model free formalism based 
on the spectral density function given by eq 14. In the present 
study, internal motions for which re < 75 ps are in the fast motion 
regime as defined by Lipari and Szabo36 and should be well 
represented by the simplest formalism. As shown in Table II, this 
condition is satisfied for all nuclei for which re could be determined, 
except for Lys24. Monte Carlo simulations indicated that de
termination of rm and S2 from the relaxation parameters is nu
merically robust, but determination of TC frequently is unreliable 
for resonances with S2 > 0.8. 

For the seven methine carbons with Ri/Ry ratios that were 
much larger than average (Table I), values of the model free 
parameters could not be found that would fit the systematically 
large .R2 simultaneously with the unbiased values of R1 and JJ 
(Table II); inclusion of an additional R1 term (Table III) suggests 
that these resonances may be affected by decay processes other 
than dipolar relaxation. Six of these nuclei occur in residues that 
either are zinc ligands or are adjacent to zinc ligands. This strongly 
suggests the presence of some, as yet unidentified, conformational 
exchange process involving the zinc binding site. The NMR 
resonance of the amide proton of Leu5 is also very broad even 
though the amide proton exchanges slowly with solvent." The 
exchange process must be rapid compared to the chemical shift 
difference between the conformers because only one resonance 
is observed for each spin; however the intrinsic exchange rate 
constant cannot be estimated because, even for the simple process 

(91) Lee, M. S. Unpublished results. 
(92) Shaka, A. J.; Barker, P. B.; Freeman, R. J. Magn. Reson. 1985, 64, 

547-552. 
(93) Shaka, A. J.; Keeler, J.; Frenkiel, T.; Freeman, R. / . Magn. Reson. 

1983, 52, 334-338. 



4380 J. Am. Chem. Soc, Vol. 113, No. 12, 1991 Palmer et al. 

described by eq 6, the calculated exchange rate depends strongly 
on the frequency difference between the two conformers, which 
is not presently known. Further experiments are in progress to 
confirm the existence of the exchange process and investigate its 
molecular basis. 

The principal components of the inertial tensor of Xfin-31 are 
calculated from the NMR structure65 to be in the ratio 
1.00:1.43:1.84 and therefore the molecule might not be expected 
to undergo isotropic rotational motion. Nonetheless, the relaxation 
results were adequately described by a single rotational correlation 
time, which suggests that the analysis is insensitive to moderately 
anisotropic rotational motions. 

As shown by the order parameters listed in Table II and shown 
graphically in Figure 4, motions of the backbone of Xfin-31 are 
highly restricted except for the C- and N-termini. The N-terminal 
residue Tyr1 has an S2 that is smaller by only 0.15 unit relative 
to the order parameters for the interior backbone residues, which 
indicates that the /8-sheet identified in the three-dimensional 
structure of Xfin-31 extends to the terminal residue. The C-
terminal displays a sudden drop in S2 from nearly 0.9 to 0.5 at 
residue Lys24, which indicates that the helix observed between 
residues 12-24 in the three-dimensional structure of Xfin-31 is 
flexible at the last residue. No systematic differences in the values 
of the order parameters for residues in the helix and the /3 sheet 
could be discerned. As discussed above, the values of the order 
parameters for residues 10-13 are slightly, but with statistical 
significance, lower than those for the remainder of the interior 
backbone residues. In the three-dimensional structure of the 
molecule, these residues form a small loop between /3-sheet and 
helical secondary structures. The results thus indicate that the 
loop is slightly more flexible than the secondary structural elements 
adjacent to it. Similar conclusions are obtained from the results 
given in Table III, except that the more flexible interior region 
of the backbone comprises residues 10-14 and the decrease in order 
parameters near the C-terminus is evident for VaI22 and His23 as 
well as for Lys24 and Asn25. 

Measurements of 13C heteronuclear relaxation offer a potential 
advantage, compared to 15N measurements, in that side chain 
dynamics can be probed. For proteins at natural 13C abundance, 
currently available pulse sequences can only be applied to the 
relaxation side chain methine and aromatic ring carbon nuclei.55 

For Xfin-31, relaxation parameters were determined for three of 
the four side chain methine groups. Although the results are too 
limited to draw general conclusions, the data are consistent with 
previous studies that have concluded that the values of S2 decrease 
in the order C > C > C.38'54 If the side chain motions are 
independent of the backbone motions and if free rotation occurs 

about the x torsion angles, the S2 for a side chain methine group 
should be reduced by a factor of 0.111 compared to the C* nucleus 
for each intervening x torsion angle.38 As can be seen, the values 
of S2 for the side chain are only reduced by a factor of approx
imately 0.7 for each x torsion angle. These results indicate that 
the motions of the hydrophobic side chains, even in a polypeptide 
as small as Xfin-31, are substantially restricted. 

As shown in Table H, reliable values of rt were obtained for 
the terminal, side chain, and 10 of the internal backbone reso
nances. The C* of the N- and C-terminal residues appear to have 
values of re that are longer than the values for the interior 
backbone resonances; however re is influenced by both the am
plitudes and rates of the microscopic internal motional processes, 
and consequently, detailed interpretation of the internal correlation 
times is not feasible. The use of molecular dynamics simulations 
for the interpretation of re is currently under investigation. 

Conclusion 
The development of proton-detected heteronuclear correlation 

NMR experiments has led to a resurgence of interest in inves
tigations of the relaxation of heteronuclei to characterize the rates 
and amplitues of the internal motions in proteins. In the present 
work, spin-lattice and spin-spin relaxation rate constants and 
NOE enhancements have been measured for the methine reso
nances in the zinc finger Xfin-31. The relaxation parameters have 
been interpretated by using a model free theory36 to determine 
the overall rotational correlation time of the molecule and the order 
parameter and internal effective correlation time for the motions 
of each carbon nucleus. The patterns of internal motions that 
are observed for the backbone methine groups of Xfin-31 are 
similar to the patterns observed for the internal motions of the 
backbone amide groups of staphylococcal nuclease61 and inter-
leukin-l/S62 measured by 15N heteronuclear NMR spectroscopy. 
The results obtained for the side chain methine groups in Xfin-31 
provide initial results on motions inaccessible to study by 15N 
NMR; the development of experimental protocols for proton-
detected relaxation measurements of methylene and methyl 13C 
spins will provide additional insight into the internal motions of 
proteins. 
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