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ABSTRACT: A conformational analysis of the valine side chains of ribonuclease T; (RNase T;) was performed
using NMR spectroscopy, in particular homonuclear ("H,'H and 13C,!3C) and heteronuclear (!H,!*N and
H,13C) vicinal spin-spin coupling constants as obtained from E.COSY-type NMR experiments. The
coupling constants related to the x; dihedral angle in valine, 3Juang, 3/Nug: 3JoHs, *THacy1s *JHacy2s 2 conts
and 3Jccy2, were evaluated in a quantitative manner. The analysis of 3J data allowed for the stereospecific
assignment of the valine methyl resonances. On the basis of various models for motional averaging of
coupling constants, a fit of the torsion angles x; to a set of the experimental 3J coupling constants (3Jyane,
3Jnug, 3Jcmg) was carried out. The resulting side-chain conformations were examined with respect to NOE
distance informations. Single rotameric states emerged for Vall6, Val67, Val79, and VallOl, while
conformational equilibria between staggered rotamers were found for Val33 and Val78. Using a different
model approach, Val52 and Val89 are also likely to exhibit unimodal x, angle distributions. The analysis
was found to depend critically on the set of Karplus parameters used. Except for Val52 and Val78, the
predominant rotamers obtained from 3J coupling informations agree with the conformation in the crystal

structure of ribonuclease T; (Martinez-Oyanedel et al., 1991).

Vicinal spin—spin coupling constants have found widespread
use in the conformational analysis of amino acids and peptides
(Koppleetal., 1973; M4di et al.,, 1990). For proteins, the use
of coupling constants has so far been limited to a more
qualitative dihedral angle evaluation (Nagayama & Wiithrich,
1981;Hybertset al., 1987; Smith et al., 1991). The limitation
was mainly due to difficulties in the precise determination of
coupling constants owing to the large line widths and to the
overlap of resonances typically encountered in proteinspectra.
This problem has been recently solved by a variety of
heteronuclear NMR techniques (Montelione et al., 1989;
Wider et al,, 1989; Sgrensen, 1990; Wagner et al., 1991;
Griesinger & Eggenberger, 1992; Eggenberger et al., 1992a)
based on the E.COSY! principle (Griesinger etal., 1985, 1986,
1987). Sensitivity problems in the determination of hetero-
nuclear couplings are now overcome with the availability of
isotopically labeled samples.

 H.S. acknowledges a grant from the Fonds der Chemischen Industrie
and a Scholarship from a Graduiertenkolleg of the University of Frankfurt.
Y.K.-N. gratefully acknowledges a grant from the Graduiertenférderung
NRW. This work was supported in part by the Fonds der Chemischen
Industrie and by the Deutsche Forschungsgemeinschaft (Gr1211/2-1
and Rul45/8-6).

* Author to whom correspondence should be addressed.

® Abstract published in Advance ACS Abstracts, April 1, 1994,

! Abbreviations: E.COSY, exclusive correlation spectroscopy; DIPS],
acomposite pulse decoupling scheme; GARP, a composite pulse decoupling
scheme; HMQC, heteronuclear multiple-quantum coherence; HMBC,
heteronuclear multiple bond multiple-quantum coherence; NOE, nuclear
Overhauser enhancement; NOESY, nuclear Overhauser enhancement
and exchange spectroscopy; RNase Ty, ribonuclease Ty; RSH, quadrature
detection scheme according to Ruben, States, and Haberkorn; TPPI,
time proportional phase incrementation; TOCSY, total correlation
spectroscopy. Enzyme: ribonuclease Ty [EC 3.1.27.3].

0006-2960/94/0433-5481804.50/0

Karplus parameters (Karplus, 1959, 1963), which relate 3J
coupling constants to dihedral angles, are known for most of
the spin pairs relevant to the conformational analysis of proteins
(Bystrov, 1976). Since Karplusrelationsare notsingle-valued
functions, delivering up to four different dihedral angle values
for a given 3J value, a set of homo- and heteronuclear coupling
constants must be determined to unambiguously characterize
a dihedral angle.

The interpretation of vicinal coupling constants in terms of
a unique dihedral angle is hampered by conformational
mobility, as coupling constants may be time averages over
multiple conformations (Pople, 1958; Kessler et al., 1988). In
the case of amino acid side chains in peptides, the Pachler
analysis (Pachler, 1963, 1964) has been successfully used to
interpret motionally averaged coupling constants in terms of
conformational equilibria between staggered rotamers about
the side-chain dihedral angle x; (Kessler et al., 1987). These
particular side-chain conformations are depicted for L-valine
inFigure 1. For proteins, the staggered rotamer model might
beinappropriate for the following reasons: First, nonstaggered
rotamers may occur due to a shifted torsional potential
minimum which arises from structural interactions in the
protein matrix, e.g., from hydrogen bonds (Gelin & Karplus,
1979). Indeed, statistical studies of X-ray protein structures
(Janin et al., 1978; Ponder & Richards, 1987) indicate that
crystallographic x; values often deviate from the ideal
staggered conformations. According to these analyses, even
eclipsed rotameric states do occur. Second, a limitation to
discrete rotamers may not be correct, considering the results
of relaxation studies (Richarz et al., 1980; Clore et al., 1990;
Palmer et al., 1991; Nicholson et al., 1992) and of MD
simulations (Ichiye & Karplus, 1987), indicating a consider-
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FIGURE 1: Designation of nuclei and x, dihedral angles associated
with the three staggered side-chain conformations in L-valine.

able degree of local mobility in the backbone as well as in the
side chains of a protein. The observed angular fluctuations
often amount to approximately £15° about a discrete mean
dihedral angle.

Distributions of dihedral angles can be readily approximated
by uni- or multimodal Gaussian angular-probability functions
(Hoch et al,, 1985). Recently, a method termed CUPID
(Dzakula et al., 1992a,b) has been developed to investigate
a continuous probability distribution of rotamers in amino
acids leading to angle-probability profiles based on a com-
bination of NOE and 3J coupling information. In a different
approach, coupling constants are used as time-dependent
torsion angle restraintsin MD simulations (Torda et al., 1993)
to allow for conformational flexibility. However, to unam-
biguously characterize local side-chain conformations, both
of these methods utilize information in addition to 3J data,
e.g., crystallographic coordinates or NOE distances. There-
fore, it seems useful to develop a methodology to reach at
torsional angles by applying exclusively a set of vicinal coupling
constants.

In this paper, we report on a quantitative evaluation of
valine side-chain conformations in ribonuclease T; which is
based entirely on 3J coupling constants. Seven out of nine
possible vicinal coupling constantsrelated to the dihedral angle
x1 of valine side chains have been measured, including 3Jy,ug,
3nug Joms VHacyl, THacy2s oy, and ooy, using
E.COSY-type multidimensional heteronuclear NMR tech-
niques. The 3J data are analyzed with respect to different
models for the conformational dynamics of the side chain. In
this study, NOE distance information is disregarded in the
analysis to explore the feasibility and limits of such an
approach. However, the conformations obtained from J
coupling data are examined with respect to consistency with
NOE data. The results are also compared with the crystal
structure of ribonuclease T (Martinez-Oyanedel et al., 1991).

MATERIALS AND METHODS

Ribonuclease T, (for a review, see Pace et al., 1991), a
small fungal enzyme of 104 amino acids, has been studied in
solution by multidimensional 'H NMR (Hoffmann & Riiter-
jans, 1988), 1N NMR (Schmidt et al., 1991), and 13C NMR
spectroscopy (Weisemann & Riiterjans, unpublished). A
refined NMR solution structure (Karimi-Nejad et al., 1992)
was obtained from distance geometry methods. The crystal
structure of RNase T, is known to a resolution of 1.5 A
(Martinez-Oyanedel et al., 1991).

Sample Preparation. Uniformly "N-labeled RNase T,
was isolated and purified from the recombinant Escherichia
coli strain DHa/pA2T]1 as reported previously (Quaas et al.,
1988a,b). For the preparation of 13C,1*N-labeled RNase T},
a M9 minimal medium with uniformly 13C-labeled glucose as
the sole carbon source was used (Thiiring & Riiterjans,
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unpublished). The sample of 1°N-labeled RNase T; used in
the 3D 'H,'’N-HMQC-NOESY experiment contained 3.5
mM protein dissolved in 90% H,0/10% D,0O at pH 5.5. For
the 13C-correlation experiments, the protein was dissolved in
100% D,O at a concentration of 2.0 mM and at pH 5.5.

Acquisition and Processing of NMR Data. The NMR
spectra were recorded at 308 K on a Bruker AMX-600
spectrometer. For the excitation of 13C nuclei, a Bruker
BLKX-300W broad-band linear amplifier wasused. Thedata
were processed using the program FELIX (Hare Research,
Inc.).

The 3D 'H,'’N-HMQC-NOESY experiment (Figure 2a)
for the determination of 3Jnmg coupling constants was
performed according to Wider et al. (1989) with an additional
refocussing period A inserted before the evolution time 7, to
obtain in-phase multiplets in w, with respect to the LJ(1°N,'H)
coupling. To prevent the recovery of the H,O signal, a
composite 180° pulse followed by a homospoil pulse of 5-ms
length was applied in the middle of the mixing time 7, which
had a duration of 180 ms. 52(¢;) X 160(z;) X 4096(¢3) real
points were acquired using TPPI (Marion & Wiithrich, 1983)
for phase-sensitive detection in #; and ¢, dimensions. The
acquisition times were 8.7, 22.2, and 282.2 ms in 1,, ¢,, and
t3, respectively; spectral widths in w;, w,, and w; comprised
1496, 3600, and 7246.4 Hz. A totalof 32 scans were collected
per 1,,¢; increment, resulting in a total acquisition time of
137 h. The spectrum was processed using squared sine-bell
apodization functions shifted by =/2, x/3, and #/3 in ¢y, t,
and 3, respectively. Zero-filling was applied to yield 64(w,)
X 512(w3) X 2048(ws3) real data points after FT, where only
the high-field half of the w; dimension was selected.

The 3D SOFT-HCCH-COSY (Figure 2b) for the deter-
mination of 3Jcug coupling constants was carried out using
the following parameters (Eggenberger et al., 1992a): A =
1.7 ms, A’ = 0.95 ms, 7 = 7 ms, 7" = 3.05 ms, the homospoil
pulses had a duration of 3 and 2 ms, followed by recovery
delays of 3 ms. The parameters had to be adjusted in order
to compensate for the chemical-shift evolution during the long
aliphatic carbon-selective pulses to avoid phase correction in
wyand w,. Eightscans wereaccumulated per 11,7; experiment.
TPPI was used for phase-sensitive detection in #; and RSH
(States et al., 1982) in #,. A total of 74 real, 126 complex,
and 1024 complex points were recorded in ¢y, £;, and #3. The
Gaussian G3 inversion pulses had a duration of 250 us;
Gaussian G4 excitation pulses had a duration of 400 us. Every
other carbon 90° pulse had a time-reversed G4 shape. Proton
decoupling during 2(7 + 7’ — A— A’) was achieved with DIPSI-
2, using a 90° 'H pulse length of 200 us. Aliphatic carbons
were decoupled during acquisition using MLEV-16 expansions
of G3 pulses of 500-us length according to AABB BAAB
BBAA ABBA, where A represents a G3 with phase x and B
a G3 with phase —x (Eggenberger et al., 1992b). Following
Fourier transformation in ¢, and #3, a mirror-image linear
prediction (Zhu & Bax, 1990) was used for ¢, data to increase
resolution by extending the FID to 475 complex points after
mirror imaging. The mirror-imaged points were then dis-
carded. Squared cosine-weighting functions were applied as
a window function prior to FT; the spectrum was zero-filled
to yield a final frequency domain data matrix of 1024 X 512
X 128 real points in w3, wy, and w, respectively, after FT. The
total measurement time was 79 h.

The 3Juang coupling constants were determined from a
SOFT-HCCH-E.COSY (Eggenbergeretal., 1992a) spectrum
(pulse sequence shown in Figure 2¢), using identical parameters
as for the SOFT-HCCH-COSY except for the small-angle
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FIGURE 2: Pulse sequences used for the determination of 3J coupling constants in valine side chains. Unless otherwise stated, narrow and
wide bars represent 7/2 and = pulses, respectively. Pulse phases not explicitly given were x; hs denotes a homospoil pulse. (a) The 3D-
HMQC-NOESY experiment used for measuring 3/xug coupling constants. A is set to (2 !nu)~!, typically 5.5 ms. The phase cycle is ¢, =
X, =X; X, =X; ¢3 = X, X, ~X, —X; rec = x, —x, —x, x. (b) Soft HCCH-COSY to determine the 3Joyg coupling constants. A = (2 Uey)!, &’
=@ V)L, 1= Q Vo), 7 = (4 Vo), ¢ = X, —x, X, —X; $2 = X, X, —X, —X; TeC = x, —X, —X, X. (c) Soft HCCH-E.COSY to determine
the 3Jyqup coupling constants. A = (2 Wen)™, &' = (4 Vew), 7= (2 Vo)™, 7 = (4 Uec)™, ¢1 = x, =X, X, —X; ¢2 = X, X, —X, —X; rec =
x,-x,-x, x. {d) Soft HCCC-COSY to determine the *Jcc, coupling constants. A = (2 'Jeu)™, A" = 18/(90 Wcn), 7 = (2 Uec) ™, 7 = 54/(90
Uec), 77 = A’ + 12(0) + 7, (180° 1N), ¢; = x, —x; rec = x, —x. (&) 2D-w,-Ca,C’-decoupled w;-13C-filtered NOESY to determine the 3J/y.cy
coupling constants. A = (2 WJcw)™, ¢1 = X, —X, X, =X, X, =X, X, =X; ¢2 = X, X, =X, =X; ¢3 = X, X, X, X, =X, =X, —X, —X; [€C = X, =X, =X, X, =X,

X, X, —X.

mixing pulse with 8 = 36°. The decoupling scheme was an
expanded amplitude-modulated G3 pulse G32mpl(s) = G3 +
cos(AQ)G3(r) according to AA(A)BB(A)BA(B)AB(B)
(MLEV-8/4) (Eggenberger etal., 1992b). The abbreviation
AB(B) stands for the following: an on-resonance G3, = A
is followed by an on-resonance G3., = B pulse. During the
interval of the pulses A and B, the amplitude-modulated off-
resonance pulse in parentheses (B) = cos(AQ¢)G3(¢) isapplied
with phase —x. On- and off-resonance pulses are simulta-
neously applied; therefore, the off-resonance G3 pulse is twice
aslong astheon-resonance G3 pulse. The MLEV-8 expansion
for the on-resonance decoupling consists of AABB BAAB,
and the MLEV-4-expansion for the off-resonance decoupling
consists of AABB. Four shapes, AA(A), AB(A), BA(A),
and BB(A), are sufficient to program the decoupling sequence
on the Bruker AMX system. The data were processed in the
same way as the SOFT-HCCH-COSY spectrum, except for

the fact that no mirror image linear prediction was used in
1.

The SOFT-HCCC-COSY sequence (Schwalbe et al., J.
Am. Chem. Soc., in press) used for the measurement of 3Jcc,
coupling constants is shown in Figure 2d. The fixed delays
were A=3.4ms,7=7.1428 ms, 7’ =8.5714 ms, 7/ = 1.4238
ms, A’ = 1.3794 ms. The parameters had to be adjusted to
yield spectra without phase correction in w; and w,, since an
evolution of chemical shift during the rather long aliphatic
carbon-selective pulses cannot be neglected. Homospoil pulses
of 2- and 1.5-ms duration and purge pulses of 2-ms duration
were applied. Carbon pulses are selective for the aliphatic
region of the 13C spectrum (G4 and time-reversed G4 for
alternating 90° pulses, G3 for 180° pulses). Two scans per
t, (64 complex points, 4483 Hz) and ¢, (128 complex points,
1000 Hz) were recorded with 512 complex points in 3. RSH
in #; and States-TPPI (Bax et al., 1991) in ¢, were used for
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FIGURE 3: Double phase modulated decoupling of Ca and C’
resonances. Experimental decoupling efficiency demonstrated for
the Ha-resonance of 13C-labeled alanine in D,O. The plot was
obtained by decreasing the carbon frequency in steps of 100 Hz from
43 ppm (the center of the aliphatic carbon resonances). The band
width of the decoupling region is 2.5 kHz, covering the Ca and C’
resonances as indicated. The phase shifts were 19750 and 2822 Hz
downfield of the carrier frequency located in the middie of the aliphatic
carbon resonances.

phase-sensitive detection. After FT in w, and a strip
transformation in w3, ranging from 1.23 to —0.25 ppm, mirror
image linear prediction in w from 127 reflected complex points
to 256 points was used. A cosine-squared apodization was
then used for apodization. The final matrix comprised 256
X 512 X 256 real points w3, wy, and wy, respectively. The total
measuring time was 27 h.

The experiment carried out to measure 3Jy,c, couplings
was a wi-13C-filtered NOESY. It employs C, and C’ doubly
selective decoupling during acquisition to reduce the multi-
plicity on the H,H, cross peak of interest. The pulsesequence
is shown in Figure 2e. Carbon pulses are selective for the
aliphatic region of the carbon resonances, applying Gaussian
pulse cascades as described for the SOFT-HCCH-COSY
experiment above. To achieve a C,,C’-selective decoupling,
a MLEV-16 expansion of doubly phase modulated G3 pulses
with a duration of 2.2122 ms was used, yielding a decoupling
performance shown in Figure 3. The phase shifts were 19 750
and 2822 Hz downfield of the carrier frequency located in the
middle of the aliphatic carbon resonances. The decoupled
band width was 2.2 kHz, covering the C,-resonances of the
eight valine residues (67.7-59.0 ppm). States-TPPI was used
for frequency sign discrimination in w;. The mixing time 7
was 200 ms. A 3-ms homospoil pulse was applied in the middle
of the mixing period. The spectral width covered S kHz in
both dimensions. A total of 56 scans with 3072 data points
(22) were collected for each of the 1024 ¢, increments. The
data were processed with squared cosine apodization functions
in both dimensions and zero-filled to yield 4096 X 1024 real
spectrum points after FT. The total measurement time was
28 h.

RESULTS

The conformational analysis of the valine side chains in
RNase T; requires the quantitative determination of 3J
coupling constants relevant to the x; angle. The coupling
constant information then has to be translated into dihedral
angles. Finally, the obtained geometries were examined for
consistency with the coupling constants associated with C,
and with NOE information.

Evaluation of 3J Coupling Constants. The relative shift
between the 1D spectral traces obtained from the upper and
lower half of an E.COSY multiplet yields the desired coupling
constant (Griesinger et al., 1985, 1987). The drawback of
manual alignment procedures is the subjective criterion for
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the “best fit” of the twotraces. Todetermineaccurate >Jy,ug,
3Jcug, and 3Jnpg coupling constants without bias, we have
used a semiautomatic trace-fitting procedure for the quan-
titative analysis of E.COSY multiplets (Schmidt, J. M. &
Ernst, R. R., unpublished). The proposed method is based
on a continuous rather than on a point-by-point alignment,
such that the accuracy of the determined coupling constant
becomes independent of the digital resolution.

Inessence, the evaluation procedure involves the convolution
of one of the two traces with a frequency-shifting function
8(2wJ), where J represents the desired coupling constant which
has to be iteratively adjusted. For each E.COSY multiplet,
two ws traces, denoted S*(w3) and S'(w;) corresponding to the
upfield and lowfield half of the multiplet, were obtained by
summing over the spectral points in w; and w,. Complex w;
data were retained for both spectrum traces. For the
determination of 3Jnug, the traces consisted of 64 data points
(= 113.2 Hz), while in the case of 3Jy,us and 3Jcpg, the
traces comprised 32 data points (= 108.5 Hz). In practice,
convolution was performed in three steps, inverse Fourier
transformation of the lower trace, multiplication with a
complex exponential factor exp(i2wJ¢) and Fourier transfor-
mation of the product, as given by

SYw, + 27J) = A-FT{S'(t,) exp(i2nJt,)} (1)

The scaling factor A4 accounts for different signal amplitudes.
The parameters 4 and J were optimized in a nonlinear fit
procedure using the SIMPLEX algorithm (Nelder & Mead,
1965) based on the least-squares criterion given by

xt= Y (8% (wy) - S'y(w, + 2mD)Y )
k=1

where k runs over the n spectral points. The J coupling
constants obtained from the fit are summarized in Table 1.
The variances in the 3J values were obtained by error-
propagation analysis and error calculation (Clifford, 1973),
assuming that the spectral points were not correlated and that
their intensities exhibit uniform variances equal to the mean
squared-noise intensity (arbitrarily set to 1 in eq 2). The
variances in the 3J values were obtained by numerical
differentiation of S!(w; + 2xJ) with respect to the parameter
J according to

2
87
ot = (IS') o5’ =
P fS@s + 27 + 9) - Sy + 20 - e))}‘z
_;k-l { 2¢ )

where e was 0.01 Hz and v represents the degrees of freedom
in the fit, i.e., (n - 2) in this case. The fit quality was given
by the R factor evaluated according to

R= xz/;{S“k(w;)}’ (4)
=]

The standard deviations of the J coupling constants and the
R factors are listed in Table 1.

A quantitative determination of the 3Ju.cy and 3Jec,
coupling constants was carried out according to Schwalbe et
al. (1993).

Evaluation of x; Dihedral Angles. Valine side-chain
dihedral angles were obtained by fitting one or multiple x;
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Table 1: Experimental 3/ Coupling Constants of Valine Residues in RNase T

residue  3Jy.ug (Hz) R 3Jomg (Hz) R 3Inug (Hz) R WVHaon®® (Hz)  Wnacn® (Hz)  3Jocy® (Hz)  Jeon® (Hz)
Vallé6 124+ 086 0.11 0.5 £ 0.42 003 -1.7£0.19 0.01 1.1 £0.8 1.3£0.8 43£0.12 1.1 £0.14
Val33 55+£070 0.05 2.1%038 002 -21£042 040 0808 3.8£0.8 23%0.12 1.2£0.15
Val52 64%£056 004 09%£049 002 -42£060 027 20x0.8 48 %08 3.7+£0.11 1.4£0.15
Valé67 92£042 002 1.0£033 002 -26%£027 001 00£08 20£08 1.5 £ 0.46 3.8 £0.09
Val78 52050 003 26%£060 001 -38%038 0.14 nd° nd¢ nd¢ nd¢

Val79 127£074 0.10 09%£073 023 -25£035 0.05 1.4+038 18£08 1.3£0.31 45£0.36
Valg9 120+ 0.8> nd® 26£038 004 -09%x037 0.06 1.3%0.8 1.1 £0.8 4.8 = 0.60 1.1 £0.07
Vall0l 36047 005 07x035 004 —46£040 040 2.6+0.8 42=08 3.0+ 0.05 0.6 £0.16

a The indices 1 and u refer to the Jow-field and high-field carbon resonances, respectively, as given in Table 3. A global error of 0.8 Hz (1 datapoint)
was assumed, since error determination was not possible due to spectral overlap. ¢ nd, not determined as the chemical shifts of both Hy and Cy resonance

pairs are degenerate at the experimental conditions.

rotamers to the set of experimental coupling constants 3Jy.xg,
3Jcug, and 3Jngg. The analysis is based on the assumptions
that the geometry at the twocarbonsites C, and Cgis perfectly
tetrahedral. Substituent effects on the J coupling constants
were disregarded. The dihedral angle dependence of the 3J
coupling constants (in hertz) used for the fit is then given by

3 tang = 9.5 cos?(x;) ~ 1.6 cos(x;) + 1.8
(DeMarco et al., 1978a) (5a)

3 oms = 7.20 cos?(x; + 120°) - 2.04 cos(x, + 120°) + 0.6
(Fischman et al., 1980) (5b)

3T g = —4.4 cos*(x, — 120°) + 1.2 cos(x; — 120°) + 0.1
(DeMarco et al., 1978b) (5¢)

The Karplus parameters for the calculation of 3Jnug
coupling constants have been determined with different model
compounds. DeMarco and co-workers derived these 3J/nug
coefficients from the peptide alumichrome in solution, utilizing
the crystallographic torsion angles determined for the peptide
analog ferrichrome. Coefficients for the dihedral angle
dependence of 3Jous were determined from a constrained
bicyclooctane derivative (Fischman et al., 1980). For the
same compound, also 3Jyug coefficients were obtained ac-
cording to

3Jnug = —3.75 cos®(x' - 120°) + 0.26 cos(x,; - 120°) - 0.54
(Fischman et al., 1980) (5d)

In order to get some insight into the effect of variations in
the Karplus parameters on the conformational analysis, both
sets (eqs 5a—cand egs 5a,b,d) were used for the dihedral angle
determination. Figure 4 shows the two so-called Karplus
relations obtained from the two different sets of 3J/nus
coefficients.

Since no reliable parametrizations for the 3Jccy and 3Jgacy
coupling constants are known from the literature, these
coupling constants were not considered in the quantitative
evaluation of valine x; angles; rather, they were used for the
stereospecific assignment of the methyl resonances.

In general, an amino acid side chain is not necessarily
restricted to a single conformation. Internal motion may lead
to an averaging of the observed 3J coupling constants.
Therefore, three different models of internal dynamics
(denoted A, B, and C) were applied to describe the most
probable x; angle or the x; angle distribution. In model A,
a fixed x; value was assumed in a single-parameter fit to
minimize the difference between the calculated and experi-
mental coupling constants according to

Jrexp = Jicalc(xl) ( 6)

Ty [Hz]

150 100 -50 50 10 150

: (4]
FiGURE 4: The dihedral angle dependence of */nus. The solid line
represents data derived from studies of alumichrome by DeMarco
and co-workers (1978b); the dashed line represents the data obtained
from a bicyclooctane derivative (Fischman et al., 1980).

-150 -100 -50 50 100

0
X [deg]
FIGURE 5: Error profiles x2 versus dihedral angle x; calculated for
Val67. Model A (eq 6) was used with the twodifferent sets of Karplus
parameters given in eqs 5a—c (solid lines) and in eqgs 5a,b,d (dashed
lines), respectively.

where i indicates the pair of the coupling nuclei according to
eq 5. In model B, the dihedral angle was allowed to exhibit
local mobility according to a unimodal Gaussian distribution,
leading to a two-parameter fit of (x;) and g, as given by

+r
JP= Jicalc(<xl), Tx) = f.,— p(Xl)Jicalc(XI) dx; =

2
1 +7 cal - ()
J 2 (x ) expd-
7,V 21rf" ! 1) exp 20,2

Xy

dX1 7

In a three-site jump model (model C) comprising the three
staggered rotamers with x; = 180°, —-60°, and +60°, the
respective populations py, pi, and py; were allowed to vary,
leading again to a two-parameter fit of p; and py; according
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Table 2: Side-Chain Geometries of Valine Residues in RNase T| As Derived from 3J Coupling Constants According to Different Models

! {(x!) £ oy n pu Veenp Jomg mg ¢ @ X! 2o p opn pm Vs Joms Vams X3P

(deg) (deg) " (%) %) (%) (Hz) Hf (Hz) (%) (deg) (deg) %) (%) (%) (Hz) Hf (Hz) (%)
Vall6

A 159 11.57 046 -1.62 115 56 172 1272 087 -1.78 091 63

B 159 = (<1) 11.56 046 -1.63 1.16 28 172 £ (<1) 1271 086 -~1.79 092 34

C 77 23 0 1074 138 -1.56 847 0 91 0 1200 1.38 -1.65 441 4
Val33

A 129 6.57 226 -3.01 791 2 -34 6.53 228 -395 2287 0

B 129 £ 11 56 245 -2.89 17.56 1 -34+£36 6.2 245 -3.14 9.00 0

C 36 51 13 81 251 -2.98 9.97 0 32 56 12 6.45 39 3.1 9.33 0
Val52

A 37 661 046 472 151 47 -39 632 046 404 083 66

B -37£16 646 096 -447 020 65 -39+ 12 629 076 -391 0.38 54

C 26 74 0 624 138 -397 135 24 30 70 0 619 138 -3.60 232 13
Val67

A 143 9.17 094 =251 012 94 -18 8.92 1_3§ =277 254 28

B 143 £ (<1) 916 095 -252 012 73 -18 £ (<1) 8.89 136 -279 255 11

c 60 40 0 906 138 -246 205 IS 61 39 0 921 138 -259 162 20
Val78

A 123 5.44 305 -309 414 13 123 547 3.02 402 127 53

B -55x41 522 268 -3.83 005 82 5334 507 228 -354 069 41

C 19 66 15 520 260 -3.79 0.00 97 18 70 12 508 240 -359 039 53
Val79

A 156 11.24 046 -1.78 8.04 2 164 12.16 0.54 -226 1.11 87

B 156 £ (<1) 11.24 046 -1.79 8.05 0 164 £ (<1) 12.15 054 -227 111 29

C 75 25 0 10.51 1.38 -1.68 14.16 0 85 15 0 1144 138 -1.84 6.54 1
Val89

A -168 1248 243 004 7.21 3 -166 1231 264 -0.76 0.32 85

B -173 £ 24 11.24 240 -0.59 198 16 -167 £ 18 1200 2.61 -091 0.00 100

C 83 4 13 1129 243 063 159 21 86 0 14 1159 254 -1.35 169 19
Vall01

A =55 402 102 -545 6.16 L] -56 393 1.06 —4.53 1.84 40

B 5586 404 1.08 -541 6.12 1 -56 £ (<1) 391 1_7 -4,53 186 17

C 7 93 0 400 138 =517 6.63 1 1 99 0 351 138 450 4.12 4

@ The geometries given on the left half of the table were obtained from the first set of Karplus coefficients according to eqs Sa—c, whereas the results
on the right were obtained with the second set (egs 5a,b,d). A, B, and C denote different models for conformational flexibility as explained in the text.
Underlined values for calculated 3/ coupling constants deviate from experiment by more than o; given in Table 1. Q values given in bold letters indicate

the best fitting model for each residue.

to

Jiexp = J,-calc(P], p[]) = PIJ,-calc(Xl = 180°) +
Pt (x; = —60°) + pyJ(x; = +60°) (8)

pu=1-p-pn

More complicated models, ¢.g., multimodal Gaussian distri-
butions, could not be applied, since the number of geometry
variables would exceed the number of experimental J coupling
constants.

Least-squares optimization of the parameters xj, or {x1)
and o, or p; and pyy, in the models A, B, and C, respectively,
was achieved again using the SIMPLEX algorithm (Nelder
& Mead, 1965) for minimizing the error function

3

i=1 oy

J exp _ calc)
9)

I

where oy are the standard deviations of the experimental 3J
coupling constants as givenin Table 1. Thecalculated average
coupling constants and the geometry parameters obtained with
the two sets of Karplus parameters for the eight valine side
chains are listed in Table 2. The significance of the results
of the different models was evaluated using the x2 probability
function Q(x2,v) according to Press et al. (1989)

06 w) = r(%z %)/r(g)

(10)

assuming that the distribution of the experimental errors o)
is given by a Gaussian distribution function. Note that v, the
number of degrees of freedom, varies for the different models.
The fit errors x2 and the significance parameters Q are also
given in Table 2.

Valine Side-Chain Conformations in Ribonuclease T). The
two parts of Table 2 correspond to the two different sets of
Karplus parameters used for the calculation of 3J coupling
constants. In almost all cases, the optimized conformations
are very similar for both sets. Only in the case of Val67, the
optimal x; angles derived with models A and B differ
considerably. This may indicate two geometric solutions, as
will be discussed below.

The wide range of Q values obtained in the determination
of x angles renders it somewhat difficult to accept or reject
a fit result; a threshold of 10% seems reasonable. Itisevident
that for Vall6, Val52, and Val78 simple models for the side-
chain geometries can be found with either set of Karplus
parameters that agree with the experimental coupling constants
on a more than 50% significance level. In the case of Val67
and Val89, the Q values also indicate an acceptable fit.
However, for these residues, the probability of the optimized
conformations depends strongly on the Karplus parameters
used. For Val79 and Vall01, the fit quality is very sensitive
to the variation in the Karplus parameters, as indicated by the
improvement of the fit with the second set. For Val33, the
Q values are rather small, indicating a severe inconsistency
between the experimental data and the conformational model.
Indeed none of the conformations fits the measured coupling
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constants within experimental errors. In the following, the
results of the dihedral angle fit for each valine side chain are
discussed in more detail.

For Vallé, the results indicate that the predominant
rotameric state is slightly distorted from the staggered
conformation with x; = 180°. The exact x; value varies
depending on the set of Karplus equations (x; = 159° (set 1)
and x; = 172° (set 2)). The ideal staggered geometry would
lead to a noticeable decrease in the significance as indicated
for model C. A single rigid conformation (model A) fits
experimental data best.

Val33 occupies all three staggered states according to model
C, although with a low Qvalue. The preferred x; anglederived
from model A, which gives the best fit to the experiment,
differs from the main rotamer derived from the staggered-
rotamer model (model C). Nevertheless, the latter confor-
mational equilibrium is in better agreement with NOE data
as will be discussed below. Inconclusion, the preferred rotamer
is likely to exhibit a x; value of —60°.

For Val52, a Gaussian distribution with a width of £16°
about a mean x; of —37° yielded a very good fit (Q = 65%)
to the experimental 3/ coupling constants, when Karplus
coefficients of set 1 areused. According totheset 2 of Karplus
parameters, the significance for model A, which neglects local
mobility, is slightly larger (66%). However, the mean x; angle
is nearly identical with both sets (x; = -37° and -39°,
respectively).

In the case of Val67, a single rigid conformation with x;
= 143° is in almost perfect agreement with the experiment
(Q = 94%), if the first set of Karplus parameters is used.
From set 2, x, = —18° with a markedly lower significance.
The x? error profiles obtained with model A show (Figure 4)
that two geometric arrangements are possible for this side
chain, irrespective of the applied set of Karplus parameters.
However, the NOE data better agree with a x; angle near
180°, as will be discussed later.

Using the Karplus parameter set 1 for the Val78 side chain,
a conformational equilibrium between the three staggered
rotamers emerges with a 97% probability. However, a broad
Gaussian x; distribution with a large width of £41° about
—55° also matches the data, with a slightly lower probability
of 82%. The main rotamer is in any case that with a x; angle
close to—60°. Similar results were obtained with the param-
eter set 2, although in this case, models A and C fit equally
well (Q = 53%). It should be noted that the single rigid
conformation {(model A) exhibits a x; angle of 123°, indicating
again the possibility of two geometric solutions.

The side chain of Val79 is best described assuming a rigid
conformation with a x; angle close to 180°. The fit improved
drastically with the second set of Karplus parameters, while
the optimal conformation does not change significantly.

The conformations obtained for the Val89 side chain are
very similar with both parameter sets. However, the fits are
very sensitive to a variation in the 3/nug Karplus coefficients.
According to set 2, a Gaussian distribution about a x; angle
of —167° gives a perfect fit to experiment, while set 1 delivers
a three-state equilibrium with the main rotamer x; = 180°
(Q = 21%).

For Vall0l, a single side-chain conformation with x; =
—56° explained experimental data best, which is in agreement
with the preferred rotameric state, x; = —60°, obtained from
model C. As for Val79, a remarkable sensitivity of the fit
with respect to different sets of Karplus parameters was found.

Quantification of the 3Jyqc, Coupling Constants. The
angular dependence of vicinal proton—carbon coupling con-
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FIGURE6: Designation of nuclei and x; dihedral angle conformations
in L-isoleucine and L-allo-isoleucine. Newman projections of the
three staggered side chain rotamers together with the associated
dihedral angle values are shown. According to the IUPAC nomen-
clature, C,; and C,; denote ethyl and methyl carbon positions, giving
rise to a different substituent priority at Cg for isoleucine compared
to valine.

stants is known from theoretical calculations (Wasylishen &
Schaefer, 1972) as well as from experimental data (DeMarco
& Llinas, 1979). Wasylishen and Schaefer described theo-
retical Jirans and Jgauche values of 8.82 and 1.98 Hz for
hydrocarbons, while DeMarco and Llinds determined Jizans
and Jgaycpe values of 11.7 and 2.02 Hz for the 3/, coupling
constants of the ornithine residues of alumichrome. These
values are significantly larger than the 3/y,c, values observed
for the valine side chains in RNase T;. In particular, the
predicted Jirns coupling constant is not consistent with our
findings. For the presumable Vall01 conformation with x;
=~ —60°, as derived from the three other coupling constants,
a nearly perfect trans geometry has to be assumed for Ha—
Cxi. However, the corresponding value of 3/y,c,, is smaller
than expected.

To verify the 3/y4c, coupling constants found for the valine
residues of RNase T, an attempt was made to determine
Jirans and Jgauche values for 3/uacy from the model compounds
isoleucine and allo-isoleucine. The staggered x; rotamers of
these amino acids are shown in Figure 6; the IUPAC
designation of the y carbon atoms is given in the figure legend.
3J4acy of allo-isoleucine and 3Jy,cy; of both compounds were
determined by X-filtered TOCSY (Sattler et al., 1992) and
refocused HMBC (Schwalbe et al., unpublished) experiments.
In addition, 3/,us coupling constants of both isoleucine and
allo-isoleucine were measured. These coupling constants have
been evaluated to characterize the side-chain conformations
of the two amino acids and to derive Jians and Jgayche values
for 3Jy.cy from the obtained conformations. The values
measured for allo-isoleucine are 3.2 £ 0.1 Hz for 3/, 3.6
Hz for 3JHacy1, and 5.3 Hz for 3Jy,cy2. Assuming that the
conformation of the allo-isoleucine side chain can be described
in terms of staggered rotamers, the 3Jy.us coupling constant
indicates either a single gauche conformation or an equilibrium
between the two gauche conformations with respect to the
Ha and HB positions, i.e., either rotamer I1 or rotamer I1I or
an equilibrium between these twostates. Therefore, the 3Jyacy
coupling constants determined for allo-isoleucine are con-
formationally averaged according to
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PuHecyterans T (1 = P VHacy1 gauche = 3:6 Hz  (11)

Pu/HaCy2.8auche T (1 = PV Hacy2rans = 53 Hz  (12)

Assuming that the angular dependencies of the two 3Jgacy
coupling constants are identical, i.e., JHaCy1,trans = JHaCr2,trans
and J; HaCyl,gauche = J HaCy2,gauches the sum of Jirans and J, gauche
is obtained from egs 11 and 12 according to

JHaC‘y,tmns + "HaC'y,gauche =8.9Hz (13)

For isoleucine, a 3Jypg coupling constant of 3.9 ® 0.1 Hz was
found. The 3Jyqcq2 coupling constant in this amino acid is
3.0 Hz. The value of 3Juucy in isoleucine could not be
determined due to the lack of resolution. On the basis of the
assumptions mentioned before, the side chain of isoleucine is
therefore described by one of the rotameric states II or III (as
indicated by 3Jy.ng) or by a conformational equilibrium
between these two rotamers. Thus, 3Juacy2 in isoleucine is
motionally averaged according to

(1 4 lII)JHaC‘yZ,trans + pHI"HaCyZ.gauche =3.0Hz (14)
Assuming that the conformational equilibrium is identical
for both epimeric compounds (which is not exactly true, since
the 3Juqns coupling constants for the two epimers are slightly
different), the value of 5.3 Hz determined for 3Jyqcyz in allo-
isoleucine is used for 3Jy,c4 in isoleucine:

pIIIJHaC-yl.trnns + —leI)"HaC-yl,gauche =53Hz (15)
From eqs 14 and 15, a value for the sum of Jirans and Jgauche
is obtained: ~

JHuC-y,trans + JHotC‘y,gauche =83 Hz (16)

To summarize: Using either of the two data sets leads to a
value of 8.6 £ 0.3 Hz for the sum of 3/HaCytrans a1 3JHaCygauche.

With & JHoCy,gauche Of 1.3 Hz found in many valine residues
in ribonuclease T), a 3JHaCy,urans Value of 7.6 Hz results
according to eq 13 and of 7.0 Hz according to eq 16. A
conformational equilibrium in allo-isoleucine and isoleucine
between all three staggered rotamers rather than the two
mentioned conformations would further decrease the value of
3JHaCrrans: Nevertheless, there is still a discrepancy between
the *JuaCrytrans cOupling constants found in RNase T, and the
values derived from- both isoleucine and allo-isoleucine.
Therefore, 3/u.cy coupling constants were used only quali-
tatively for stereospecific assignments rather than for the
quantitative evaluation of side-chain conformations.

Stereospecific Assignment of Valine Methy! Resonances.
The stereospecific valine methyl resonance assignments were
achieved from qualitatively evaluating the relative magnitudes
of the pairwise 3Jorcy and 3Ju,cy coupling constants. Since
these vicinal coupling constants are also associated with the
x1 angle in valine side chains, the side-chain conformational
equilibria derived from the set of 3J data involving Hg have
to be consistent with these coupling constants.

Similar magnitudes for both 3/ccy couplings together with
different values for the two 3Jy,c, coupling constants (values
differing by more than 1 Hz are considered “different”) are
indicative for a predominant side-chain conformation with x;
~ +60° (Figure 1). For this rotamer, the larger 3Ju,c,
coupling constant is associated with the C,; position. Con-
versely, different 3Jcc, and similar 3Jy,c. coupling constants
hint at a x; ~ 180° conformation, for which the larger 3Jcc,
coupling constant is related to the C,; position. Finally,
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Table 3: Stereospecific Resonance Assignments (in ppm) of Valine
Methy! Groups in RNase T2

pro-R pro-S
residue 8(13Cy1) 8('Hyy) 8(1*Cry3) 8('Hy2)
Vall6 23.1 0.73 24.4 0.68
Val33 23.5 1.03 21.6 1.12
Val52 22.9 0.86 19.4 0.69
Val67 23.4 1.20 23.1 1.02
Val78 23.7 1.00 23.7 1.00
Val79 23.7 0.34 21.4 0.00
Val89 21.8 0.68 22.9 0.01
Val101 23.3 1.03 20.4 0.89

a Chemical shifts refer to 1 -(trimethylsilyl)propionate-2,2,3,3-ds (TSP).
1H and 13C shifts at 308 K are taken from Weisemann and Riiterjans
(unpublished).

Table 4: Qualitative Intraresidual NOE Intensities of Valine
Residues in RNase T,¢

residue  o(aB) olay) o(avs) o(NB) o(Ny1) o(Nvy2)
Vall6  weak strong  strong medium medium strong

Val33 strong - strong medium weak weak strong
Val52 medium medium medium weak strong strong
Val67 weak medium medium strong  medium strong
Val78  weak nr? nr? weak nr? ‘nrb

Val79 absent strong  strong  weak absent strong
Val89 nd¢ nd¢ nd¢ medium medium strong

Vall01 strong  strong  strong  weak medium  strong

@ As given by Hoffmann and Riiterjans (1988). ¢ nr, not resolved due
todegenerate Hy shifts. ¢ nd, not detected due to presaturation of the Ha
resonance.

different magnitudes for either pair of couplings, 3/u.cy and
3J ey, are evidence for a x; ~ —60° conformation of the side
chain. Here, the larger 3/y,cy and the larger 3Jc-c, coupling
constants are connected with the C,, and C,; positions,
respectively, Hence, the C,; and C,; positions are identified
with a high degree of certainty.

According to the given qualitative classification, the
predominant side-chain rotamer adopts a x; angle of 180° in
Vallé, Val67, Val79, and Val89, while x; =~ —60° in Val33,
Val52,and Vall0l. No coupling constants could be obtained
for Val78 due to degenerate resonances. The stereospecific
assignments derived from J coupling information involving
C, nuclei aresummarized in Table 3. Itshould be emphasized
that so far no NOE information was used in the analysis.

Comparison of the Obtained Side-Chain Conformations
with NOE Data. Theside-chain conformations derived from
the analysis of 3J coupling constants were also examined for
consistency with qualitative intraresidue NOE intensities
pertinent to the x; angle in valine residues. AsshowninTable
4, NOE intensities (Hoffmann & Riiterjans, 1988) were
semiquantitatively classified into four categories ranging from
absent to strong. In most cases, the preferred rotamer as
obtained from the analysis of 3J coupling constants is in good
agreement with NOE data. Vall6, Valé7, Val79, and Val89
show relative Ha—H~ and HN-H+~ NOE intensities that are
characteristic of a x; angle close to 180°, while for Val33,
Val52, Val78, and Vall0l, the intensity patterns are quali-
tatively consistent with x; ~ —60%. In most cases, the NOE
data are alsoin agreement with the stereospecific assignments
of methyl resonances. Only for residues Val52 and Vall0l,
an apparent inconsistency arises from the similar Ha-H~y1
and Ha~H+v2 NOE intensities, as the predominantly gauche
oriented side chain (x; = —60°) should lead to a stronger
NOE for Ha—H~; and to a smaller NOE for Ha—Hys,.
However, this effect is attributed to the crude categorization



3J Coupling Constants and Rotameric States in Proteins

Val33
3-’ C’Hp

3
JNHB

120
80

40 -

-40
-80

-120

[Hz] Hz] [Hz]

Biochemistry, Vol. 33, No. 18, 1994 5489
Val78

3
JC’HB

801
A
40 A ‘ 40 (‘Qj {
| ’ | |
01 AR
| \
401 \ "’°JJ @) \
| -so{ |
-40 o 40
Mz
40 0 40
[Ha]
| f\ ‘
%
1z
| |
I
| \
!
PUVEAVAANP N
|
0 40
[ [Hz]

FIGURE 7: Experimental E.COSY multiplets of (left) Val33 and (right) Val78 recorded with the pulse sequences shown in Figure 3a—c. The
depicted (w;, w;) multiplets are 2D w; projections taken at the chemical-shift coordinates (He, Car, HB), (He, Car, HB), and (N, HN, Hp).
For each multiplet, the relevant traces S¥(ws) (solid lines) and S'(w3) (dashed lines) (as described in the text) are shown together with the
difference spectrum obtained from the best superposition. Val78 and Val33, respectively, represent the best and worst fitting coupling topologies

in the dihedral angle optimization.

and to the overlap present in the aliphatic region of the 2D
NOESY spectrum.

DISCUSSION

The accuracy of ‘the obtained side-chain conformations
should be discussed in view of systematic errors which have
not yet been considered. Systematic errors arise from the
performance of the NMR experiments, from the assumptions
made in the evaluation procedures and from simplifications
in the conformational description. Due to the simplifying
assumptions in the statistical analysis, it is likely that the
calculated standard deviations underestimate the actual errors
in some instances. As a consequence, the accuracy of the
side-chain conformations obtained from the x; angle fit might
be higher than the Q values suggest.

Systematic Errors in the Experiments. A reasonable
explanation for the discrepancies between calculated and
experimental coupling constants are systematic errors in the
experimental 3J data which are not reflected by the standard
deviations obtained from the statistical analysis. As pointed
out recently by Norwood (1993) and Harbison (1993), this
includes relaxation phenomena like differential relaxation,
leading to apparently shifted resonance frequencies. Since
this effect depends mainly on the relaxation behavior of the
passive spin, we expect these errors to be small for all

experiments except for the soft HCCH-E.COSY experiment,
as this is the only pulse sequence using a proton as passive
spin.

Furthermore, proton—proton couplings evolve in the refo-
cussing period immediately prior to the acquisition period of
the soft HCCH-E.COSY. The two E.COSY traces acquire
a different phase modulation d¢ depending on the refocusing
delay A and on the actual coupling 3Ju.ug according to

8¢ = 360°° T up an

Another systematic error arises from the small-angle mixing
pulse of 36° used in the soft HCCH-E.COSY in order to
suppress the correlation of nonconnected transitions in the
E.COSY cross peak.

For Val33, no appropriate fit of experimental 3J values
could be achieved, while for Val78, a very good fit of
experimental coupling constants was obtained. Possibly, the
differences in the linewidth and/or lineshapes between the
two parts of the E.COSY cross peaks in all three spectra are
more pronounced for Val33 than for Val78 (Figure 7).

Systematic Errors in the Evaluation Procedures. The
translation of J coupling information into geometry parameters
mainly suffers from the fact that a possibly very complex
ensemble of conformations is characterized on the basis of
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only a few J coupling constants. The single-site model A is
the simplest description of the valine side-chain geometry.
However, a rigid x, angle gave satisfactory results in only
four (Vall6, Val79, Val67, and Vall0l) out of eight
investigated residues.

For Val33, Val52, and Val89, unimodal x; angle distribu-
tions (model B) according to a Gaussian function fit the
experimental coupling constants better than the simple rigid-
angle model. In case the optimal x; value is identical with
both models A and B, it was observed that the fit error x2
decreased systematically for a distribution in x, compared to
a rigid conformation. Here, the improvement of the fit is a
consequence of allowing for x; angle fluctuations within a
torsional potential well, which is connected with an averaging
of the calculated J coupling constants. In the limiting case,
the width of the Gaussian curve collapses to zero, and identity
between the two models is achieved, e.g., for Vall6, Val67,
and Val79. Still, the confidence Q is in favor of the simpler
model as it requires only one adjustable parameter.

One might argue that the empirical Karplus parameters
used in the calculation of coupling constants were calibrated
with model compounds that also exhibit—to a limited
extent—internal dynamics and that the coefficients are
therefore expected to already account for averaging due to
local angular oscillations. This would make the Gaussian
model B obsolete. In fact, for moderate deviations (o, =
5-10°), the effect of averaging on the calculated coupling
constants is much smaller than the precision of the experi-
mental coupling constants, i.e., below 0.1 Hz as exemplified
by Vall01 in Table 2. A larger scatter of x; (oy, > 15°) is
required to produce significant effects.

In the staggered-rotamer analysis (model C), the torsion
angles are constrained to specific values. This imposes severe
limitations on the conformational characterization of a dihedral
angle distribution. Although the assumption of staggered
rotamers is reasonable from energetic considerations, X-ray
results (Smith et al., 1986) indicate that even mobile side
chains in proteins do occur in twisted conformations and are
not necessarily constrained to staggered states. The Pachler-
like analysis (model C) might therefore be insufficient to
characterize amino acid side-chain geometries in proteins.
The original Pachler analysis (Pachler, 1963, 1964) relies on
two experimental coupling constants to solve a two-equation
system, occasionally leading to negative populations for the
third conformation py;; (Kessler et al., 1987). Constraining
all populations to positive numbers, as was done in our analysis,
clearly deteriorates the fit with model C in those cases for
which one rotamer is not populated (Vall6, Val52, Val67,
Val79, and Vall0l). It is interesting to note that for the
valine side chains which occupy all three rotameric states
(Val78 and Val89), the Pachler model surpasses the Gaussian
model in the characterization of the side-chain conformation.

Alternative models with more than two adjustable param-
eters require an extended set of observables, e.g., J coupling
constants. With the limited set of coupling constants available,
ambiguities will arisein the dihedral angle fit as a consequence
of the increased number of degrees of freedom, when using
more complicated models.

Comparison of Solution Side-Chain Conformations with
X-ray Data. Insolution, the preferred rotameric states of the
valine side chains in RNase T; adopt x; angles near 180°
(Vall6, Val67, Val79, and Val89) and near —60° (Val33,
Val52, Val78,and Vall01), respectively. Thisisinagreement
with a statistical analysis of valine conformations in protein
crystals (Janin et al., 1978; McGregor et al., 1987; Ponder &
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Table 5: Valine Side-Chain Conformations in the X-ray Structure
of RNase T?

B factors (A2)
solvent

residue  x; (deg) Ca o] Cyl  Cy2  accessibility?
Vallé 169 7.27 7.70 9.73 12.11
Val33 -66 10.18 12.68 16.67 11.36 S
Vals52 104 22.65 25.53 18.79 22.89 S
Val67 162 9.31 13.07 1845 16.90 S
Val78 50% 161 594 12.12 2245 5.29

50% 45 591 21.57
Val79 176 6.66 890 1273 12.61
Val89 181 8.41 8.58 9.43 11.58
Vall0l -66 7.88 994 1212 1244 S

@ Martinez-Oyanedel et al., 1991. ¢ Calculated with the Connolly
algorithm (Connolly, 1983).

Richards, 1987). According to these analyses, the rotamer
with x; = +60° is less populated than the other staggered
states. For steric reasons, a x; = +60° conformation is
energetically unfavorable.

RNase T, contains an a-helix and is folded mainly into
B-sheets connected by loop regions. Vall6 is located in the
a-helical region, while Val78, Val79, Val89,and Val101 form
part of the 8-sheet. Val33, Val52, and Val67 occur in loop
regions and are solvent accessible (Table 5). With respect to
the conformational flexibility, a particular correlation with
the secondary structure cannot be deduced. The side chains
of Vall6, Val67, Val79, and Vall0l are restricted to a single
conformation, while Val52 and Val89 fluctuate around a mean
x1 angle. The side-chain conformations of Val33 and Val78
represent equilibria between different rotamers. Remarkably,
only Val33 is solvent accessible, while the side chain of Val78
is buried in the core of the protein. Thus, a more rigid
conformation would have been expected for this residue. It
should be mentioned that in all RNase T, species with an
empty ribose binding site examined so far, Val78 is disordered
(Lenz et al., 1993), whereas in protein-ligand complexes in
which the ribose binding site is occupied, Val78 maintains
one distinct rotamer conformation.

The valine dihedral angles x; found in the X-ray structure
of RNase T; (Martinez-Oyanedel et al., 1991) are listed in
Table 5. With the exception of Val78, the valine side chains
adopt rigid conformations in the crystal. Comparing X-ray
with NMR data, it is evident that the conformations in the
crystal and the predominant rotamers in solution are very
similar, albeit the solution structure exhibits more confor-
mational mobility. The more mobile side chains of Val52,
Val78, and Val89 may serve as examples for the subtle
differences revealed by a detailed comparison.

For Val89, the observed conformational flexibility is not
reproduced by the X-ray data. The temperature factors
reported are on the order of 10 A2 and are thus too low to
indicate rotational flexibility.

In solution, we find an approximate 1:3:1 equilibrium of
the staggered rotamers I, II, and III for Val78 (Figure 8b)
even with both sets of Karplus parameters. The predominant
rotamer in solution exhibits a x; angle of —60° irrespective
of the model approach used. The X-ray results indicate a
two-state conformational equilibrium between conformation
1 with x;(V = 161° and conformation 2 with x;@ = 45°
(Figure 8a). As indicated in Figure 8a, C,;(!) in the X-ray
conformation (1) (x; = 161°) and C,;® in the X-ray
conformation (2) (x; = 45°) have the same coordinates and
rather high B factors of 22 A2. The calculated electron density
for this position from the NMR analysis is 0.4 (19% C,;(D +
15% C.,"ID) instead of 0.5 + 0.5 in the X-ray structure. For
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FIGURE 8: Comparison of the X-ray crystal structure and NMR
solution structure of Val78 in ribonuclease T,. (a) X-ray structure:
In the X-ray analysis, two equally populated rotamers 1 and 2 with
x1 angles of 45° and 161° are described. The coordinates and the
Bfactorsare taken from Martinez-Oyanedel et al. (1991) as deposited
in the Brookhaven Protein Data Base. (b) NMR structure:
According to model C, a 19% to 66% to 15% equilibrium between
the three staggered rotamers I, 11, and III is found. For further
explanation see text. (c) Electron density for the three positions as
calculated from model C.

c.)

the other two positions, the electron density from the NMR
analysisis 0.8. Scaling of the X-ray B factors with the electron
densities found in the NMR analysis according to

B, =(04/1.0)22A>=88 A’ (18)
B, =(0.8/0.5)5.3 A’ =8.8 A’ (19)
B,.;=(0.8/0.5)59 A’ =94 A’ (20)

yields uniform temperature factors for all three atomic
positions. Equal B factors and plausible electron densities
are expected for a dynamic equilibrium between the three
staggered rotamers. Therefore, the NMR model is in
agreement with the X-ray data, albeit not with the crystal-
lographic x; values. However, there is a correlation between
thesolution and the crystal side-chain conformation regarding
the considerable rotational flexibility observed for this residue.

The conformation of Val52 in solution, as determined from
our analysis of 3J coupling constants, exhibits the most
prominent difference to the conformation determined by X-ray
crystallography. Contrary to the eclipsed rotamer state (x;
= 103°) reported for the crystal structure, we have found a
mean x; angle of —37° (Figure 9b). The broad Gaussian
distribution (¢ = 16°), resulting from the first set of Karplus
parameters, indicates a considerable rotational mobility for
the side chain, in accord with the location of Val52 in a loop
region and with its solvent accessibility. However, a 26% to
74% equilibrium of staggered rotamers I and II, as indicated
in Figure 9c, is also in agreement with the 3J coupling data.
Inthe X-ray structure an eclipsed conformation is found with
a bond angle of 127° between C,,1, Cg, C,z (Figure 9a). The
corresponding electron density might be explained as a dynamic
equilibrium between the two distinct sites described in the
solution conformation (U. Heinemann & W. Saenger, private
communication). Inthe X-ray structure C,; is found eclipsed
to C’. N maintains a dihedral angle to C,, of -106°. As-
suming the same averaging process in the crystal as in solution,
the X-ray electron density can be explained because the site
antiperiplanar to C’ is always occupied by a methyl group.
The two synclinal sites are occupied either by C, or by Hg.
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FIGURE 9: Comparison of the X-ray crystal structure and NMR
solution structure of Val52 in ribonuclease T,. (a) X-ray structure:
The x; angle of Val52 is 103°, the bond angle C.,, Cg, C,zis 127°.
Coordinates are taken from the Brookhaven Protein Data Base.
Hydrogen postions were calculated according to standard geometries.
(b) NMR structure: According to model B, the x; angle of Val52
is —=37° with a normal distribution in the range of £16°. (¢) NMR
structure: Accordingto model C,an 26%to 74% equilibrium between
rotamer I and II is found.

The average electron density therefore appears in between
these two sites, namely synperiplanar to C’.

Theresults of this study are in agreement with the previously
reported analysis of homonuclear coupling constants of hen
egg white lysozyme (Smith et al., 1991), according to which
the rotational flexibility of side chains is not accurately
represented by crystallographic x; values.

CONCLUSIONS

Using multidimensional heteronuclear NMR techniques,
the vicinal coupling constants 3Juang, *Jomg, *INHss HaCy1s
3JHacy2, 3T ey, and 3Joicy2, associated with the torsion angle
x; of the valine residuesin RNase T;, were determined. Various
models were applied to quantitatively interpret experimental
data in terms of x; rotamers. Single-rotamer models, which
completely neglect motional effects, were found insufficient
to generally explain the experimental coupling constants.
Rotational disorder was eventually considered applying
Gaussian distributions in x; as well as the staggered-rotamer
model. The latter approaches were suitable to characterize
side-chain conformational states with respect to small fluc-
tuations about an average x value and with respect to multiple
discrete conformations. Nonstaggered conformers that fit
the measured coupling constants were in most instances found
to be within £30° deviation from a staggered conformation.

Three sources of uncertainty turned out to be decisive in
determining solution side-chain conformations from an analysis
of vicinal coupling constants. The precision in the derived x|
angles depends (i) on systematic errors in the 3J coupling
constants originating from nonideal performance of the NMR
experiments, (ii) on the accuracy of the empirically calibrated
Karplus parameters needed for calculating theoretical 3J
values, and (iii) on the simplifications in the conformational
models. In particular, a decision on the validity of a three-
site jump model and a rotational-diffusion model cannot be
made from the available coupling constant data. The present
analysis is only a first step for the investigation of confor-
mational equilibria in proteins. Exhaustive evaluations of
vicinal coupling constants for all amino acid side chains are
necessary to describe the solution structure of a protein in
detail,
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