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Abstract: Recently proposed self-consisteidt coupling analysis (Schmidt, J. M.; Bhel, M.; Lohr, F.;
Riterjans, HJ. Biomol. NMRL999 14, 1-12) has been carried out to calibrate Karplus parameters constituting
the empirical dependence &f coupling constants on the dihedral angle in amino acid side chains. The
procedure involves simultaneous least-squares optimization of six sets of three Karplus coefficients related to
all six 3J coupling types accessible 1#N,3C-labeled proteins. A simple concept of fundamental and incremental
component couplings is proposed to account for substituent effects, eventually yielding amino acid topology-
specific Karplus parameters. The method is exemplified with recombDestilfaibrio vulgaris flavodoxin

(147 amino acids, 16 kDa) with reference to a total of 749 experiméiahs, 3In Hg, 2o Hp, 2Inacys SINcys
and3Jc ¢, coupling constants. Unlike other parametrizations, the present method does not make reference to
X-ray coordinates, so that the Karplus coefficients obtained are not influenced by differences between solution
and crystal states. Cross validation using X-ray torsion angles demonstrates the improvement relative to previous
parametrizations. The Karplus coefficients derived are applicable to other proteins, too. Parameter refinement
also yields a series gf torsion angles, providing valuable constraints for protein structure determination, as
well as optional parameters of local angular mobility in the contexts of Gaussian random fluctuation or a
three-site jump model. The procedure permits automatic stereospecific assignmefitaraf & chemical

shifts. The majority of the flavodoxin side-chain conformations agrees with high-resolution X-ray structures
of the protein. Marked deviations between NMR and X-ray datasets are attributed to different rotameric states
due to crystal-packing effects and to conformational equilibria between mujtipietamers.

Introduction geometries by applying a self-consistent proceduvighout the
. . . need for supplementary NOE distance constraints.
Three-bondJ coupling constants benefit nuclear magnetic  The feasibility and success ¢ftorsion angle determination
resonance (NMR) structure refinement of biological macromol- ¢4 tar owe much to two properties unique to the girelated
ecules. Sets of experimental homo- and heteronuctdar  j coupling types: first, the uniform first-sphere atomic sub-
coupling constants have been demonstrated to deliver quantitasgityent pattern in all amino acid types (except glycine and

tive constraints on backbone torsion angjeis proteins = on proline) and, more importantly, the uniform distribution of
the basis of Karplus parametémredetermined with reference  yinedral angle phases of multiples af = 60° over the
to angles from high-resolution X-ray coordinates. This rotation range due to 3psp-type carbon centers. When

assumes that conformations in solution are identical to those in getermining amino acid side-chaia torsions, two hurdles are
the solid state. Clearly, it would be preferable to use a method jminent. First, variation of local topology across different
that avoided any direct or indirect reference to crystallographic gmino acid side chains requires suitable sets of Karplus
data. In fact, comprehensive sets’dtoupling constants have  qefficients be known in order to translate betwénoupling

recently been converted into accurate protein backbdnesion constants and dihedral angle geometry. Second, leaving aside
*To whom correspondence should be addressed, Teld-(20)-8959 the intrinsic degeneracy of the Karplus relation, side-chain
3666. Eax: +44if(20)—8906 4h477. E-mail: j.schmidt@nimr.mrc.ac.uk. deplendenﬂ COUpt“ngftypeE r¢|9|atlz£0 eaclhzfé;h%r bthIdgi dgedral
Johann Wolfgang Goethe-Univergita angle increments of multiples @y = , due 1o sp—sp’-
;gat'onil '%SJ'tUte.fOBMed't_Cw Rtesea”?h-, Fisica. Universidad de 1o YP€ carbon pairs, thus inflicting higher correlation in the
Habana cuba, Jress: beparimento Quimica Fisica, Universidad de 12 gc1yre data than with-dependent couplingsi® despite the
(1) Wang, A. C.: Bax, AJ. Am. Chem. S0d.996 118 2483-2494. larger ngmber of up to r}ine a}cce'ssib% couplings in the
(2) Hu, J.-S.; Bax, AJ. Am. Chem. S0d.997, 119, 6360-6368. polypeptide fragment depicted in Figure 1.
(3) Blumel, M.; Schmidt, J. M.; Lar, F.; Riterjans, HEur. Biophys. J. . . .
1998 27, 321-334. (8) Schmidt, J. M.; Blmel, M.; Lohr, F.; Rierjans, HJ. Biomol. NMR
(4) Karplus, M.J. Am. Chem. S0d.963 85, 2870-2871. 1999 14, 1-12.
(5) Wang, A. C.; Bax, AJ. Am. Chem. S0d.995 117, 1810-1813. (9) (a) Hansen, P. E.; Feeney, J.; Roberts, G. CJKMagn. Reson.
(6) Hu, J.-S.; Bax, AJ. Am. Chem. S0d.996 118 8170-8171. 1975 17, 249-261. (b) Bystrov, V. F.; Gavrilov, Y. D.; Solkan, V. N.
(7) (a) Pardi, A.; Billeter, M.; Wthrich, K. J. Mol. Biol. 1984 180, Magn. Reson1975 19, 123-129.
741-751. (b) Ludvigsen, S.; Andersen, K. V.; Poulsen, F.JMMol. Biol. (10) Schmidt, J. MJ. Magn. Reson1997, 124, 316-322.
1991 217, 731-736. (c) Vuister, G. W.; Bax, AJ. Am. Chem. S0d.993 (11) IUPAC—-IUB Commision on Biochemical Nomenclatur&. Mol.
115 7772-7777. Biol. 197Q 52, 1-17; Biochemistryl97Q 9, 3471-3479.
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Figure 1. Newman projection of a generic amino acid side-chain
torsiony; viewed along the &-Cf bond axis, set at a nearly eclipsed
conformation. Following the IUPAC/IUB recommendatiofgy; =
O(N—C—CF—R®) = —10° in the example, as taken from the orien-
tation of the highest-rank substitueptor y1, with respect to the main-
chain atom N Disregarding alanine, the majority of the amino acids
exhibits the pattern shown with ranked substitueriis R C?, R®@ =

H2, and H?3. Atom C is replaced by ®and S in serine and cysteine,
respectively. For valine residues bearing two carbons in thgo§ition,
patches are ® = C, R® = C2, and H. Throughout the present
analysis, for the purpose of numerical simplification, torsion angle
values in isoleucine and threonine are taken fig(id—C*—CF—C?),
exempt from the IUPAC/IUB rule according to which substituent ranks
are permuted, R = C2, R@ = C* and RY = C?, R® = O,
respectively. An additive increment dfy; = +120 is then implied

‘reReet al.

study ony;-related3] couplings in a medium-sized protein
pursues both quantitative determination of side-chaiorsion
angles and calibration of all Karplus coefficients associated with
all coupling types encountered in the common amino acid side
chains, including so far unknown parameters ¢ c, and
3Jc cy- The method applied extends the novel concept of self-
consistent concomitant iteration of Karplus coefficients and
torsion angles which proved successful in determining accurate
¢ torsion angles and corresponding Karplus parameters without
recourse to other thatd coupling informatior?

Method

To facilitate both numerical parameter optimization and interpretation
of the results, the commonly used cosine power representation of the
empirical Karplus relation shall be cast into a series of (real) Fourier
coefficients truncated after the third term, as originally propdsed,

%J(6) = Cy + C, cos + C, cos D @)
so that the identitied = 2C,, B = C,, andC = Cy — C; restore the
coefficients of the power serie€, is the mean value af invariantly
obtained upon complete revolution @fover the 2r interval. Primary

and secondary maxima of the Karplus curve, i.e., trans and cis
orientations of the dihedral angle respectively, differ by €, (normally
negative). The largest deflection rfrom the mean amounts t€4 —

C.). Of practical use ard values associated with trans and gauche

for comparison with other data. Enumerations in parentheses indicateorientations as given byCp — C; + C,) and Co + Ci/2 — Ci/2),

labels needed unless respective positions are uniquely identified.

respectively. Such Fourier-type parametrization has the unique property
of gathering thewerage coupling magnitude the angle-independent

Translation between coupling constants and the dihedral anglecoefficient Co, whereasC, and C, terms average identically zero on

0 is based on the widely used empirical Karplus relgtigsually
given by3J(0) = A cos 0 + B cos + C. The coefficients
critically depend on both the nature of the coupled nuclei an

the local chemical environment. They were demonstrated to have

a subtle influence on the geometry resdftgspecially when
non-negligible dynamic averaging effects on the measéed
coupling constants impede straightforward data interpretation.
Unlike studies on polypeptide-backbone torsignanalysis of
amino acid side-chain torsiong can refer to only a few
available heteronuclear Karplus curve parametrizatitri§ the
more so asto our knowledge-the dihedral angle dependences
of severall-coupled pairs includingly ¢, and®Jc ¢, have not
yet been quantified.

Following early investigations on amino acids at natdf&l
abundancé&?° quantitativeJ-coupling-based studies of polypep-
tide conformation emerged only later with the advent of

full rotation.
Conventional parametrization of the torsion angle dependentk of

d couplings requires that experimental valued be referred to dihedral

angle value® derived from high-resolution X-ray coordinates of model
compounds. Both coupling constant and dihedral angle are fixed values,
confining parametrization on the basis of eq 1 to adjusting coefficients
Cm, m=0, 1, 2, as the only variables to accomplish the best possible
match between prediction and experiment. In a notional pldtwsfo,
regression discrepancies between back-calculhtedues and experi-
mental ones, i.e., residuads, would vary along the/-direction only.
When reference conformations in solution and in the solid state do not
agree, resulting Karplus curves are notoriously prone to distortion. Too
shallow a curvature is caused by the neglect of angular dynamics
effectd®13.24when present in the dissolved sample but not possibly in
the solid state. Coefficient€; and C, tend to exaggerate curve
amplitudes if sampling of the dihedral angle interval is sparse or
nonuniform in the experimental self fixed dihedral angle values were
abandoned and back-calculated s were permitted to move freely

convenient isotopic labeling techniques. It is for these reasonsajong perpendicular directions in the graph, less biased Karplus curves

that protein side-chaig; torsions obtained to date are merely
qualitative or semiquantitative constraift? while fully
quantitative studiéd23have been confined to a few favorable

would be achieved. The fit error then amounts to some composite
residual as a result of both residualsand¢; sensing dihedral angle
variation (parallel to the& axis) and adjustment of Karplus coefficients

cases, where NOE distance information was also available. This(@longy as before), respectively. In fact, reference dihedral angles

(12) Karimi-Nejad, Y.; Schmidt, J. M.; Rerjans, H.; Schwalbe, H.;
Griesinger, CBiochemistry1994 33, 5481-5492.

(13) (a) Jardetzky, OBiochim. Biophys. Actd98Q 621, 227232. (b)
Hoch, J. C.; Dobson, C. M.; Karplus, MBiochemistry1985 24, 3831~
3841.

(14) Bystrov, V. F.Prog. NMR Spectrosd976 10, 41—81.

(15) DeMarco, A.; Llira, M.; Withrich, K. Biopolymersl978 17, 617—
636.

(16) Fischman, A. J.; Live, D. H.; Wyssbrod, H. R.; Agosta, W. C;
Cowburn, D.J. Am. Chem. S0d.98Q 102 2533-2539.

(17) Wasylishen, R.; Schaefer, Tan. J. Chem1972 50, 2710-2712.

(18) Kopple, K. D.; Wiley, G. R.; Tauke, Biopolymersl973 12, 627—
636.

(19) DeMarco, A.; Llina, M.; Withrich, K. Biopolymers1978 17,
2727-2742.

(20) Feeney, J.; Hansen, P. E.; Roberts, G. CJ.kChem. Soc., Chem.
Commun.1974 465-466.

become obsolete when fitting sets of Karplus coefficients to multiple
phase-shifted3J coupling types simultaneously rather than one

(21) (a) Nagayama, K.; Wthrrich, K. Eur. J. Biochem1981, 115, 653—
657. (b) Boyd, J.; Redfield, CJ. Magn. Reson1986 68, 67—84. (c)
Hyberts, S. G.; Meki, W.; Wagner, GEur. J. Biochem1987 164, 625—
635. (d) Smith, L. J.; Sutcliffe, M. J.; Redfield, C.; Dobson, C. M.
Biochemistry1991, 30, 986-996. (e) Xu, R. X.; Olejniczak, E. T.; Fesik,
S. W.FEBS1992 305 137-143.

(22) Hennig, M.; Bermel, W.; Spencer, A.; Dobson, C. M.; Smith, L. J.;
Schwalbe, HJ. Mol. Biol. 1999 288, 705-723.

(23) (a) Dzakula, Z.; Westler, W. M.; Edison, A.; Markley, J. Am.
Chem. Soc1992 114, 6195-6199. (b) Dzakula, Z.; Edison, A.; Westler,
W. M.; Markley, J.J. Am. Chem. So&992 114, 6200-6207. (c) Polshakov,
V. l.; Frenkiel, T. A.; Birdsall, B.; Soteriou, A.; Feeney,Jl.Magn. Reson.
B 1995 108 31—43.

(24) Brischweiler, R.; Case, D. Al. Am. Chem. So&994 116, 11199~
11200.



Self-Consistent Side-Chain Torsions in Fdoxin

at a time. Consequently, calculatedvalues becomeecursively
dependent on Karplus coefficients and dihedral angles, both of which,
once primed with suitable values, are then found iteratively in a
numerical procedure dubbed self-consistérbupling analysis.

The method outlined takes advantage of redundant structure informa-

tion inherent in large sets of related types3®dfcoupling constants,

referred to as the sole experimental foundation. The interplay between

variable Karplus coefficients and dihedral angles linked by (constant)
experimentall values is best illustrated by a spreadsheet of functions
J(Cw.0), i.e., a matrix of cells, each one of them displaying @alue
predicted according to eq 1 as a result of parame@#éiC,) and
Cn(J,0) acting on row and column elements, respectivélgimulta-
neous optimization of all the control variablésandC,, is then driven

by fit deviations, from all the experimentdl coupling constants,
continuously redistributed to minimize the summed square resigial

J. Am. Chem. Soc., Vol. 123, No. 29, 200083

series of 3D heteronuclear NMR experiments carried out using
a 15N,’3C-doubly enriched sample. For 17 out of 112 residues
bearing rotatable side chains, the maximum nine quantitative
3J coupling constants were available. Another 20, 26, 13, 14,
and 5 residues contributed between eight and four coupling
constants, respectively. No more than six coupling constants
define the side-chain conformations of the 19 cysteine, serine,
and threonine residues present in flavodoxin, so g5tkelated

3] coupling constants are expected at most. Excluded from the
analysis were 15 residues exhibiting degeneratechemical
shifts because the three remainingr€lated coupling constants
alone do not allow dihedral angles to be determined reliably.
To improve estimates for the angle-independent Karplus coef-
ficients Cy, rotationally averaged fHrelated] coupling constants

Methods were applied to the 147-amino-acid electron-transfer protein f.m all 17 alanine residues were included by duplicating each

Desulfaiibrio vulgaris flavodoxin (16.3 kDa), the biochemical proper-
ties of which have been extensively reviev#e@rystallographic studies

of the Al@Pro mutant delivered 0.19-nm resolution modelsof
vulgaris flavodoxin containing a noncovalently bound flavine mono-
nucleotide (FMN) prosthetic group in the oxidized state at ambient

set as if coupling constants had been measured twice. Although
of no relevance to molecular modeling, alanine torsions fitted
then typically adoptedy; ~ +12C°, a condition for which
contributions from the angle-dependent tet@scos6 andC,

and low temperatures, referred to as protein database entries 2FX2 an€0S 2) nearly cancel. Group averages of the alanine coupling

3FX2, respectively’ An additional coordinate set of the wild-type

constantsBye = 5.88+ 0.20 Hz, By 0= 2.61+ 0.24

sequence, used for comparison with the NMR results, has been refinedHz, and3Jc yg= 3.96 + 0.15 Hz, hinted at an experimental

by Walsh at 0.17 nm resolutidi.The refinement state of the solution

structure hitherto comprises interproton distances obtained from homo-

nuclear andH,'*N-heteronuclear NMR spect®&®as well as accurate
backbone torsion angle constrafiton the basis of comprehensive
sets of¢-related®] coupling constants.

Results

The polypeptide side-chain fragment of two tetrahedral
centers X-C—CF—Y, with X being either Nor C or H* and
Y substituting for one out of GV, C2, H®@), or H3 (Figure
1), gives rise to 12 different coupled typ&lk y related to the
dihedral angley;. For the proteinD. wulgaris flavodoxin?®
nearly complete sets of all these homo- and heteronuélear
coupling constants, 188, 168 3Iv Hg, 153 3Jc wp, 84
3Jha,cyr 833w ¢y, and 823Jc c,, have been collected from a

(25) Details of such a matrix layout and the numerical least-squares
protocols have been given in ref 8. In presgntleterminations, columns
relating to the sixJ coupling types involved are duplicate such as to enable
permuting®J values in the reference set for stereospecific assignments of
HF or C’ resonance pairs, if applicablecoupling data are therefore arranged
in a matrix the size oK x 12 with experimental coupling constanﬂﬁjp‘,
of residuek (out of K total) and coupling typd. Dynamic Gaussian
averaging effects on the mod&l coupling constants were imposed on
Fourier components in eq 1, replacing them with convolution teffes
moO= e ™92 cosmp, wherem = 0, 1, 2, benefiting from the readily
vectorizable identity[¢os mo= Re €M 042 @MAr}  with 0 = y; +
Ay1. Karplus coefficients and Gaussian width parameters were both fitted
in the logarithm as to avoid the need to constrain variables to positive
numbers. Likewise, probabilitieg; and p; of the three-site jump model
were transformed using the logistic sigmojd,= (1 + eP)™L, as to
maintainp; in the [0,1] interval on unrestricted variation pf.

(26) (a) Mayhew, S. G.; Ludwig, M. L. Flavodoxin and Electron-

Transferring Flavoproteins. Ifthe Enzymes3rd ed.; Boyer, P. D., Ed,;
Academic Press: New York, 1975; Vol. 12, pp-5718. (b) Dubourdieu,
M.; Fox, J. L.J. Biol. Chem1977, 252 1453-1459. (c) Ghisla, S.; Massey,
V. Eur. J. Biochem1989 181, 1-17. (d) Mayhew, S. G.; Tollin, G. In
Chemistry and Biochemistry of Rlaenzymes3rd ed.; Milier, F., Ed.; CRC
Press: Boca Raton, FL, 1992; Vol. 3, pp 38®6.

(27) Watt, W.; Tulinsky, A.; Swenson, R. P.; Watenpaugh, KIJCMol.
Biol. 1991 218 195-208.

(28) (a) Walsh, M. A. Ph.D. Thesis, National University of Ireland, 1994.
(b) Walsh, M. A.; McCarthy, A.; O'Farrell, P. A.; McArdle, P.; Cunning-
ham, P. D.; Mayhew, S. G.; Higgins, T. NEur. J. Biochem1998 258
362-371.

(29) (a) Knauf, M. A,; Ldr, F.; Curley, G. P.; O'Farrell, P.; Mayhew,

S. G.; Muler, F.; Riterjans, H.Eur. J. Biochem1993 213 167—184. (b)
Knauf, M. A.; Lohr, F.; Blumel, M.; Mayhew, S. G.; Rierjans, H.Eur. J.
Biochem.1996 238 423-434.

(30) Stockman, B. J.; Richardson, T. E.; Swenson, RBiBchemistry

1994 33, 15298-15308.

standard error ofs; = 0.50 Hz for the single] coupling
measurement (square root of twice the summed group vari-
ances).

Conventional Calibration of Karplus Coefficients against
Static X-ray Coordinates. At first, Karplus parameters con-
stituting the dihedral angle dependenceypfelated couplings
were conventionally obtained from tllecoupling data, refer-
encing (fixed) torsion values calculated from recent X-ray
coordinates of wild-typ®. vulgaris flavodoxin28 A linear least-
squares method was applied separately to each coupling type.
Accordingly, coefficients for the dihedral angle dependence of
3Jha,np in the commonly used cosine power representation were
(A, B, C) = (3.47,—1.61, 4.33 Hz), with overall violations in
theJ coupling constants of RMS= 1.18 Hz and a normalized
square residua? = 1898.1. Results were marginally better
(RMSD; = 0.90 Hz) for3Jua,c, coefficients (2.70;-0.79, 1.77).
Parametrization of @elated couplingJc 1s and3Jc ¢, yielded
coefficients (2.81,-0.97, 1.60) and (1.25;0.74, 1.36), with
average discrepancies of 0.77 and 0.75 Hz, respectively. Owing
to their small absolute magnitudes-i¢lated coupling8Jy vz
and3Jy ¢, produced the smallest discrepancies between NMR
and X-ray datasets, namely 0.57 and 0.34 Hz with coefficients
(2.21,—0.33, 1.05) and (0.86;0.41, 0.59), respectivefL.The
disappointing overall fit error of 0.8 Hz per coupling constant
exceeds expectations and experimental precision alike. Ste-
reospecific H and C resonance assignments (SSA) have been
permuted at best, separately for each coupling type though. Had
they been permuted in a concerted fashion, results would have
deteriorated.

Self-ConsistentJ Coupling Analysis of D. wulgaris Fla-
vodoxin Side-Chain Conformations.More accurate determi-
nation of Karplus parameters was accomplished by the recently
proposed self-consistenl coupling evaluation procedifre
extended to include stereospecific assignment swapping. The
concept critically taps into the redundancy intrinsic in the
coupling dataset that arises from multipleleterminations for
each dihedral angle.

The symmetry introduced by the mirror-image dihedral angle
dependencd(#) with respect tod = 0° demands a minimum

(31) For the sake of numerical unification, negative and positive values
are adopted here for odd and even indexed coefficients, respectively,
knowing that the negative gyromagnetic ratio of nitrogen inverts sign.
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Table 1. Statistics on Self-Consistent Models fdiCouplings and Side-Chain Torsion Anglgsin Desulfaibrio vulgaris Flavodoxin

NMR? X-ray?
IM oSo IM 051 IM 180 IM 151 IM 250 IM 251 Walsh 2FX2 3FX2

RMSD; (Hz) 0.54 0.48 0.48 0.40 0.50 0.42 0.82 0.81 0.87
RMSD; (deg) 50.8 51.9 49.0 418 na na 0 0 0
number of adjustablep) 130 137 242 249 242 249 18 18 18
degrees of freedomn(— p) 633 626 521 514 521 514 681 676 676
normalized fit errok? 891.8 705.6 699.1 500.2 751.5 546.4 1898.1 1799.4 2125.2
abs. significanceQ (%) (diagonal)
rel. significanc@ P (%) (off-diagonal) JdM¢S O

IMeS; 0 1

IM:iS, O 91 0

IM;S; 0 0 0 66

IMS, 4 45 41 0 0

IM,S; 0 0 1 32 0 16

Walsh 0 0 0 0 0 0 0

2FX2 0 0 0 0 0 0 49 0

3FX2 0 0 0 0 0 0 10 2 0

a Self-consistend coupling calibrations using a minimum of four coupling constants per residyettluding (%, 6 x 3 fundamental Karplus
coefficients) or including (§ 7 additional incremental coefficients, see text) substituent effects, with no angular mogpnGadissian-random
fluctuation (M), or according to a three-site jump model M Conventionald coupling calibrations using reference torsion angles from X-ray
coordinates. “Walsh” denotes the structure of the wild-tipeulgaris flavodoxin—FMN complex (oxidized) resolved at 0.17 nm by Dr. Martin
Walsh (EMBL-Hamburg). Coordinate sets 2FX2 and 3FX2 (PDB) of théA&aomutant protein from data taken at ambient temperature and 123
K were both resolved at 0.19 nm and refined wiHactors of 0.17 and 0.20, respectively, according to refcZbsolute significances in the
framework ofy? statistics (diagonal entries of the comparison matrix) are based on a test of the incdimpiebability distribution function (see
ref 10 and literature cited therein). The percentd@es 1 — P, derives from the probabilityp = I'(x%2, v/2), of rejecting the hypothesis that the
fitted parameter set is a chance incidence. As a rule of th@mb0.5 if thenormalizedy? error (denoted,? in the present work to avoid confusion
with torsion angle notations) approaches the number of degrees of freediarthe model  Relative significances in the framework Bfstatistics
(off-diagonal entries in the comparison matrix) are based orfritest involving pairwise:;? ratios and associated numbers of degrees of freedom
(see ref 32 and literature cited therein). In a statistical sense, any two models differ significantly if the prol®agitymall, such as to yield a
measure of increased correlation for higher probabilities. Note that the absence of Pro2 reduces the number of coupling constraints in sets 2FX2
and 3FX2 as compared to the set of wild-type sequence.
set of experimental data per dihedral angle to resolve the 121.6+ 6.0°, 125.1+ 8.2°, and 120.2+ 4.5°, respectively.
ambiguity intrinsic in the Karplus relatioh® Optimizations Such small deviations from the anticipated mean of°Jd@ace
were tried out for a range of thresholds from three to eight coup- least priority on @ tetrahedral distortion, and we assume perfect
ling constants per residue, only to result in no particular im- bonding geometry hence.
provement with higher over smaller numbers as fewer and fewer Probability Distribution Functions To Account for Angu-
side phalns, and therefpre fewer ex.per!mental data, are |nclgded|ar Mobility. Advanced modeling accounts for angular
Torsion angles_ qf reS|dues_contr|bu_t|ng numerous couplings mobility by supplying each torsion angle with a Gaussian
conv_ergeo! at S|m|_lar value_s irrespective of the actual th_reshold probability distribution function (model identifier Y1201213The
applled: Side chains contrlbptlng feWer than four expenmental additional width parametersy (in radians) raised the number
fqt;\st'gramts tlt_en_gled to Ioc_l:hlnto z;(ljrbltrary fcfontforma:';:ons, C(I)n' of fit variables top = 242. Alternatively, a three-site jump
rouing neghgble o wih i adierse efects o he KPS beueen staggere ramers witibed at 60, 160 and
delivered for thegsé resi)(/dugs be correct, as ambi ugus nearl 160" was modeled (identifier b) with two adjustable prob-

' 9 i Yabilities p1, P2, and the derived probabilitys = (1 — p1 — p2),

Ghtained. Eventually, a minimum of four couping consisaints [SSPECUVel. The additonal mobity parameters improved the
per residue (model identifiel;) was found most suitable. fit between simulated and expenmentz_;ll cogphng constants at
Basic self-consistent analysis of therelatedJ couplings RMSD, = 0.48 Hz (Tabl_e D). H_oweve_r, fit reS|_duaIs were found

in D. vulgaris flavodoxin required 6x 3 Karplus coefficients to corrglatg strpngly with amino acid type in both rigid and

and 95 relevant non-alanine and 17 auxiliary alanine torsion Qaussmn I|prat|on models (Flgure ZA’B)' For example, every

angles to be adjusted simultaneously, so that the number of ﬁtsmgle coupling measurement in serine, cysteine, and_threomne
residues was, on average, smaller by 0.4 Hz than predicted from

parameters wap = 130, referencingy = 763 experimental ! i . h
values (including 50 duplicate alanine couplings). A global the fitted Karplus curves. Half of ti8,s couplings in serines

RMSD; of 0.54 Hz between back-calculated and experimental contributed approximately-1 Hz each to the deviation, and a
coupling constants was achieved (Table 1), significantly smaller feW *Jc 1g couplings were off by almost2 Hz. The signifi-
than that obtained with the conventional calibration method used ¢ant negative bias on the order of the experimental precision
before. Apart from experimental random error, remaining Mainly reflects the electron-withdrawing effect of oxygen and
discrepancies between back-calculated and experiméatal sulfur substituents attached to the intervening aom. In
coupling constants originate from a range of factors neglected contrast, experimental coupling constants in aspartate and
in the model including angular mobility, substituent patterns, asparagine residues showed a similar yet positive bias, appar-
hybridization or other electronic effects, and distortions of the ently because of combined electronic effects from terminal
central tetrahedral €and @ sites. Perfect tetrahedral geometry nitrogen and/or oxygen substituents and therggbridized C

at C* carbons is taken for grant@d.To assess possible static atom. Typically,2Jc ¢, couplings in Asx residues were larger
distortions of @ sites, mean dihedral angle differences between than the back-calculated values by as much-a8 Hz. Thus,

the two heavy-atom branches of valine, isoleucine, and threonineit became apparent that substituent effects are criticgf;to
were computed from X-ray coordinate sets available Dor dihedral angle analysis, in addition to mobility effects (Figure
vulgaris flavodoxin, 2FX227 3FX2 27 and wild-type?8 yielding 2C,D).
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Figure 2. Residue-specific bias in experimenfatoupling constants as compared with values back-calculated in self-congistergion angle
optimizations forD. wulgaris flavodoxin. Signed] coupling constraint violations are averaged over all contributing entries, separately for each
amino acid type, as indicated by one-letter codes. Amino acid frequencies in the fit are given in parentheses, where glycine, histidine, amel methioni
are absent in the curredtcoupling dataset. The underlying models involve (A) rigid torsions and $basic Karplus coefficients McSp); (B)

as before, including angular Gaussian random fluctuatigi&); (C) rigid torsions, 6x 3 fundamental and 7 incremental substituent-specific
Karplus coefficientsACy (IsMoSy); and (D) as before, including angular mobilityN5,S,).

Fundamental and Incremental Karplus Coefficients To the fundamental coefficientS,, seemingly correlate with the
Account for Amino Acid Topology. The six fitted sets of basic ~ product gyromagnetic ratio of the actively coupled nuclei,
Karplus coefficients are associated with various pair combina- leading to coupling-type-dependent weights used to normalize
tions of directly interacting atom types N, C, and H only. Except the incremental effectACo, a substituent may have on the
for the traditional distinction between H,C-heteronuclear coup- various X-Y pair combinations, as given by
ling constant$Jc rg and3Juq.cy, NO effort was made so far to
account for variation of substituents with amino acid topology. W= (yyy) 2yt 2)

The empirical measure of substituent effects in a given coupling

path is the coupling incrementJt, = J¢, — J§ inferred The numerical implementation further involves amino-acid-
from the experimental coupling ConStarj%Y andJy , taken dependent increment countl, related to the number and
from substituted and unsubstituted compounds, respecfively, covalent bond order of respective substituents (see Supporting
denoting the change in the couplifity y on substituting aheavy  Information), the functional form of thé coupling model then
atom or a group of atoms for a notional hydrogen atom. being

Incremental Karplus parameters, also known as component

couplings, are likely to depend on both the substituent’s type 33(9) =C,+ WZ(NACO) + C,cos + C,cos D (3)
and its relative positio&* In an attempt to reduce the fit error

further still, the amino-acid-type-independent set of Karplus | the present work, the combination of 18 fundamental
coefficientsC, obtained has been supplemented by respective Karplus coefficients and 7 angle-independent incremais
increments\Cr, In the present work, two categories comprising a5 compiled in Table 2 and Table 3, sufficiently accounted for

“inne_r_” ar_1d “outer” substituents were established to represent topology effects from all common amino acid types. Trial fits
modifications madc_a to central fGand &) and terminal sites including angle-dependentC; andAC, increments, too (seven

(X and Y), respectively. » . each), showed symptoms characteristic of overparametrization.
. Since incremental Karplus coefficients established were Strong anti-correlation was present among both additional
introduced merely to reflect topology and were supposed not narameter types, in particular for increments associated with
to depend on the_ _type of the basie-X cpmblna_mon, any one “inner H — S” and “outerd — N” replacements due to less
substituent-specific paramet&C would, in a uniform manner,  gpndant cysteine and asparagine residues, respectively. In line
apply to all six coupling types involved jn analysis. However,  \ith previous experienc®, correlation of the remaining
average coupling magnitudes do vary witboupling type such - pling discrepancy with dihedral angle was virtually absent,
as to necsessnate proper scaling of the incremental effect. For ;e perhaps to the limited number of residues in the fit. This
gxample, Jra,cy coupling constants usually exceed values of royided justification for confining corrective coefficients to
J,cy on an absolute measure, so that an “outer” substituent, ¢, implying that substituent-related amendments would affect
for instance oxygen attacheql td,0@s expected to have_lafger the angle-invariant mean coupling magnitude only.

effects on the former coupling than on the latter. Similarly,  Residue-specific Karplus coefficients improved the fit error
inner” C-bound substituents will affect largé. s couplings by about 25% with respect to the basic calculation disregarding
more th_an smafdy ns couplmg_s. Mean cqupllng magnitudes, topology (IMoS: vs IMoS). Extremed coupling violations

as obtained on complete torsion revolution and expressed byriginating from serine, threonine, asparagine, and aspartate side

(32) Schmidt, J. MJ. Magn. Resonl997, 124, 298-309. chains were especially removed (Figure 2C). Results improved
61(()33) Krivdin, L. B.; Della, E. W.Prog. NMR Spectrosd 991, 23, 301~ further when mobility was included (Figure 2D), for which

(34) (a) Hansen, P. EProg. NMR Spectroscl 981, 14, 175-296. (b) (35) Severson, M. L.; Maciel, G. El. Magn. Reson1984 57, 248-
Hansen, P. EOrg. Magn. Reson1978 5, 215-233. 268.
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Table 2. Amino-Acid-Specificy;-Related Karplus Coefficients As Inferred from Self-Consiste@oupling Analysis of Flavodoxin Data

Fourier coefficients cos power coefficients staggered states
Jtypet 1 substituent pattefn Co C C; A B C Jrans Jgauche
SJhens  fundamental 7.24 3.62 12.2 4.8
Ala 6.63 3.01 11.6 4.1
Arg, Asx, Glx, His, Leu, Lys, Met, Phe, Pro, Trp, Tyr  6.01 2.40 11.0 35
consensus 5.83 —-1.37 361 723 —1.37 2.22 10.8 3.3
lle, Val 5.40 1.79 10.4 2.9
Cys 5.32 1.71 10.3 2.8
Ser 5.03 1.42 10.0 25
Thr 4.42 0.81 9.4 19
Svpp fundamental 2.72 1.57 4.6 1.8
Ala 2.47 1.32 4.4 1.5
Arg, Asx, Glx, His, Leu, Lys, Met, Phe, Trp, Tyr 2.28 1.13 4.2 1.3
Pro 2.23 1.08 4.1 13
consensus 222 —-0.75 1.15 230 -0.75 1.07 4.1 1.3
lle, Val 2.08 0.93 4.0 11
Cys 2.06 0.91 4.0 11
Ser 1.97 0.81 3.9 1.0
Thr 1.77 0.62 3.7 0.8
3o mp Ala 3.72 1.71 7.3 1.7
Arg, Asx, Glx, His, Leu, Lys, Met, Phe, Pro, Trp, Tyr  3.41 1.41 7.0 1.4
consensus 332 —-158 201 4.02 —1.58 1.32 6.9 13
lle, Val 3.11 1.10 6.7 11
Cys 3.07 1.06 6.7 11
Ser 2.92 0.91 6.5 0.9
Thr 2.62 0.61 6.2 0.6
fundamental 2.21 0.20 5.8 0.4
SdHacy  Asn 5.09 2.42 8.7 3.3
Asp 4.48 1.81 8.1 2.7
His 4.32 1.65 8.0 25
fundamental 3.88 1.21 7.5 2.1
Met 3.57 0.90 7.2 18
Arg, GIx, Lys, Pro 3.49 0.82 7.1 1.7
consensus 3.46 —0.96 2.67 534 —-0.96 0.79 7.1 1.6
Leu 3.41 0.74 7.0 1.6
Phe, Trp, Tyr 3.33 0.67 7.0 1.5
Val 3.26 0.60 6.9 15
lle 3.18 0.52 6.8 14
Thr 2.77 0.10 6.4 1.0
S ey Asn 1.54 0.89 2.7 1.0
Asp 1.35 0.70 25 0.8
His 1.30 0.65 24 0.7
fundamental 1.18 0.53 2.3 0.6
Met 1.06 0.41 2.2 0.5
Arg, GIx, Lys 1.03 0.39 2.2 0.5
consensus 1.02 -0.49 0.65 1.29 -0.49 0.37 2.2 0.5
Leu, Pro 1.01 0.36 2.2 0.4
Phe, Trp, Tyr 0.98 0.34 2.1 0.4
Val 0.96 0.31 2.1 0.4
lle 0.93 0.29 21 0.4
Thr 0.80 0.16 1.9 0.2
3Jecy Asn 2.52 1.37 45 15
Asp 2.22 1.06 4.2 12
His 2.14 0.98 4.2 11
Met 1.76 0.61 3.8 0.8
Arg, GIx, Lys, Pro 1.72 0.57 3.8 0.7
consensus 1.70 —0.87 1.15 231 -0.87 0.55 3.7 0.7
Leu 1.68 0.53 3.7 0.7
Phe, Trp, Tyr 1.64 0.49 3.7 0.6
Val 1.61 0.45 3.6 0.6
lle 1.57 0.41 3.6 0.6
Thr 1.36 0.21 34 0.4
fundamental 1.00 -0.15 3.0 0.0

2 See Figure 1 legend for the definition pf andy?2 positions in valine vs isoleucine/threonirtédmino-acid-independent fundamental Karplus
parameters are valid for fully hydrogenated model fragments. Augmented by appropriate increments obtained in the same analysis (Table 3) using
weights depending on amino acid topology (see Supporting Information), they give rise to amino-acid-specific Karplus parameters. Consensus
coefficients are averages over all 95 residues in the fit, weighted by their fractional occurrence: Ala (17), Arg (7), Asn (2), Asp (11), Cys (3),
GIn(2), Glu (11), His (0), lle (9), Leu (11), Lys (3), Met (0), Phe (6), Pro (2), Ser (8), Thr (6), Trp (1), Tyr (4), Vat ®efficients (in Hz) for
use with eq 13J(9) = Cp + C; cos6 + C, cos &, wheref = y1 + Ay, according to Figure 1, and coefficierEs already comprise incremental
effects according to eq 3. Results from calculations including substituent effects and Gaussian random fluciva®mm@del). Concerning
nitrogen-dependent couplings, see ref 8Coefficients (in Hz) for use witdJ(0) = A co$ 6 + B cosf + C, else as footnote.
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Table 3. Substituent-Dependept-Related Incremental Karplus CoefficiemC, (Hz) As Inferred from Self-Consisterdt Coupling Analysi3

substituent type substituent site substitient ACo,igid ACo causs ACo staggered AJR¢

inner/central c H—C —0.49 —0.61 —0.38 -0.3
c, ¢ H— Nd +0.00 +0.00 +0.00 na
ce, C&f H—O —1.50 -1.59 —1.30 -0.9
c, ¢ H—S —-1.21 —1.30 -1.10 na

outer/terminal NC,C H—C —-0.16 —-0.16 —0.01 0.3
N, C, C H—N +2.36 +1.81 +1.90 na
N, C,C H—O +0.52 +0.61 +0.76 na

a Component couplings shared among all amino acid and J coupling types and to be added to fundamental Karplus coefficients obtained from
the same analysis using appropriate weights (see Supporting Information). Comparison for different models of local angular motion as indicated.
Bolded values from the,¥,S; model were used to compile amino-acid-specific Karplus curves as given in Tabldeavy-atom types are
substituted for the default atom type H bonded to centr&lCC?) and terminal (N C, or C) positions, respectively.Coupling increments
referring to C,C three-bond coupling paths as taken from Table 7 in ref 33. Also see reviews of ref 34 and cited litedrarameter constrained
at 0 for technical reasons, as the uniform N-substituent patterst af @l standard amino acid types does not presently allow for discrimination
of the effect.

Statistical Significance of the New Karplus Parameters.
The RMS difference between fitted and experimental data is
likely to decrease with an increased number of fit parameters
in the optimization. In all self-consistent modelgyldS, through
JM1S,, the numbers of fit parameters are considerably larger
than those in the X-ray-based conventional parametrization, i.e.,
from 130 to 249 as opposed to 18, respectively. This requires
a statistically sound justification of the inclusion of additional

J(He,C")

Op----==-==-=----- adjustable parameters. In the frameworlFedtatistics, any two
fit results can be compared onralative basis by forming

JIN'.HPB JIN',.C variance ratios between the residual fit errors, in comparison

12 (N“H) ( g with associated numbers of degrees of freedom. In a statistical

sense, both models differ significantly for low probabilities
delivered. These probabilities of likelihood are shown as off-
diagonal elements in the comparison matrix in Table 1.
Comparison of the results from conventional Karplus param-
etrization with those from the most simple self-consistent model
JiMoS, yields a vanishingly small probability, placing prece-
dence on the self-consistent model, because of the more than
2-fold highere;? variance obtained in X-ray-based procedures
J(C’,HP) J(c’,cn when numbers of degrees of freedom are comparable. The larger
number of experimental constraints in self-consistent fitting,
partly making up for the loss of degrees of freedom, is due to
the inclusion of additional alanine couplings, which is impossible
with the conventional parametrization. Similarly, the initial self-
consistent model s8¢Sy and the best fit as of,M1S; are
significantly different, too. Although the number of fit param-
eters doubled, preference for the latter model arises from another
great improvement in the fit error, comfortably compensating

-126 -60 0 60 120 120 -60 0 60 120 for the moderate decrease in the number of degrees of freedom.
6 (deg) Direct comparison of residual fit errors, normalized using the
Figure 3. Self-consistent angular dependence of polypepticelated experimental standard error, and numbers of degrees of freedom

3J coupling constants. Dots indicate experimedfaloupling constants gives rise to thebsolutesignificance, as tested in the context
in D. wulgaris flavodoxin (alanine data encircled) plotted against of y2 statistics. Derived from such probabilities are the ac-
optimized torsion angles from Table 4, including phase shifts to conform ceptance measures given on the diagonal in the comparison
with geometric positions giye_n in Figurfe _1. Solid lines are CoNsensus matrix in Table 1. Only those self-consistent models which
Karplus curves)(6) from optimized coefficients from Table 2inserted  5c0unt for substituent effects show a certain statistical rel-
into eq 1. Comparison Karplus curves refs—ﬂﬂ_ (dash-dotted) and evance. All the other models, including X-ray-based param-
refs 14, 19, and 37 (dotted). See text for details. o . . h
etrizations, exhibit so low a probability that the result might be
RMSD, = 0.40 Hz, half the error obtained with conventional @ chance event. Admittedly, such interpretation depends on the
Karplus parametrization procedures. Given in Table 2 is a set choice of the experimental standard error, setat= 0.5 Hz
of consensus Karplus coefficients as calculated from residue- here, variation of which would affect the whole set of absolute
specific Karplus coefficients weighted by the amino acid Probabilities, yet not the relative ranking of the models.
composition in the fit. Representative of all amino acid types, = Comparison with Previous Karplus Parametrizations.To
consensus Karplus curves are those depicted in connection withquantitate substituent effects, we refrained from applying the
experimental data in Figure 3. Henceforth, self-consistent resultsconcept of generalized Karplus parameters devised by Altona
are based on the 249-variable fit, referring to at least four and co-workers® mainly because coefficients are available only
experimentall coupling constraints per residue and including for homonuclear protonproton couplings. Primarily derived
topology and mobility effects (M,S;). from cyclically constrained compounds, these sets involve up
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to seven coefficients per coupling type, perhaps the reasonignore effects from substituents and mobility altogether, and,
generalized Karplus parameters have not become an integrabpplying the simpler eq 1 to X-ray-derived reference torsion

part of standard biomolecular structure determination protocols,

except for studies on proline and oligonucleotide conformation.

angles, the basic self-consistent Karplus parameters aislgffs)
(s = 0, ACyp = 0) would yield an averagel coupling

To promote acceptance of any newly derived parameter set, itdiscrepancy of 0.78 Hz, which increased at 1.77 Hz when using

has been paramount to the present approatio increasehe
number of Karplus coefficients needed with a specified
coupling type, a prerequisite fulfilled by the proposed concept
of fundamental and incremental Karplus coefficients.

conventional Karplus parameters. Interestingly, consensus Kar-
plus parameters as 0fM;S;, which per se do not account for
mobility or topology effects, gave only a moderate fit of 0.95
Hz average violation between experimerdabupling constants

Consensus Karplus coefficients of Table 2 can be comparedand those calculated fgn torsions from the X-ray dataset.

with parameters commonly referred to when interpretiag
related 3] couplings (Figure 3). The averagé& coupling

Comparison of D. »ulgaris Flavodoxin y; Conformations
in NMR and X-ray Structures. Self-consistenty; torsions

discrepancy incurred by either of two sets of Karplus parameters ghtained from the best-fit model,S;) are given in Table 4.

is determined from the difference in their coefficients, as given
by

Adms={(ACy)? + 0.5(AC))* + 0.5(AC)} > (4)

for the Fourier representation of the dihedral angle dependenc
according to eq 1, or alternatively, ByJms = {0.375QAA)? +
0.5(AB)? + (AC)2 + AAAC} Y2 for the cosine power representa-
tion.2 Accordingly, expected discrepancies averaged for the
revolving torsion between our coefficients and those given for
3JH0L,H,6115 3JN"H/)’,16 3Jc"Hﬁ,l6 and 3-JH0L,C~/17 are 0.96, 0.62, 1.27,
and 1.34 Hz, respectively. Earlielduq,ns coefficientd*18

Accounting for one-quarter of the total square eregt € 500.2)

are those nine residues which violated drmupling constraints
most (respective error fractions given in parentheses), including
Phe91 (4.9%), Trp60 (3.6%), Aspl43 (2.8%), Phed7 (2.4%),
Glul09 (2.3%), Tyrl7 (2.3%), Asp34 (2.1%), Asp51 (2.0%),

eand Tyr31 (2.0%). Other residues comply with experimental

data such as to contribute less than 2% each to the error sum.
Matching the experiment within 1, 2, and 3 standard error units
of o3 = 0.5 Hz were 562, 136, and 1% coupling constants,
respectively, out of 713 total considered (excluding duplicate
alanine entries). No constraint violation exceeded 2.0 Hz in the
final converged dataset (see Supporting Information). A single

produce average coupling discrepancies of 1.47 and 0.79 Hz,0utlier exceeded theaginterval, namely*Jua.c, in Phedl, a

while alternativeé’Jy 143 coefficientd® give 0.71 Hz. Comparison

3JH0L,C}/ coefficients given derive from ab initio calculations on
propane. Alternative parameters have been derived frompthe
related @—CF—Cr—H” fragment in ornithiné’ raising the

'side chain for which othed coupling constraints could be

established mainly as semiquantitative upper limits from the
absence of cross-peaksJitorrelated spectroscopy. Similarly,
weak NMR multiplets from Trp60 and Asp143 might have

discrepancy to as large as 2.88 Hz. Both latter sets refer tointroduced experimental uncertainty. However, rotamer geom-

possibly inappropriate models of th&HC*—CF—C» fragment
in the common amino acid side chains. No comparison
parametrizations oty c, and3Jc ¢, couplings are available
thus farl22

Cross Validation of the New Karplus Parameters Using
X-ray Reference Torsions. Given the amino-acid-specific
Karplus parameters obtained with the best-fit modM$;, J
coupling constants predicted according to eq 3 for the flavodoxin
X-ray reference conformatiéh differed from experimental
values by only 0.64 Hz on average, while traditional Karplus
parameter$—1” combined with X-ray torsion angles yielded a
RMSD; of 1.84 Hz. This is not surprising, if the various Karplus

etries obtained, respectively arourtb0°, —60°, and —60°,
agree well with X-ray reference data.

Although reference is made to the crystal structure of the
wild-type flavodoxin28 it is important to reiterate that X-ray
data do not control the self-consistent NMR data evaluation at
any stage. Applying a tolerance af30°, y; orientations of
approximately 80% of the rotatable amino acid side chains in
flavodoxin agree with X-ray reference data (Figure 4). Yet, this
leaves a considerable portion of the molecule to be looked at
in more detail. With regard to torsion angle discrepancy, topping
the list were 18 out of the 95 non-alanine residues (deviation
in degrees given in parentheses), including Ser97 (176.4), Asp63

curves displayed in Figure 3 are compared, and in fact, the result(172.2), GIlu99 (153.3), Pro73 (149.9), Asp69 (101.5), Lys3
was expected from the measure given in eq 4, too. To be fair, (100.4), Glul10 (77.2), Arg24 (68.2), Asp62 (58.8), Glu20
such comparison was restricted to those 76 residues whosg48.7), Val88 (46.7), Asp34 (40.3), Glu118 (40.3), Leu67 (38.2),
NMR- and X-ray-derived torsion angles agreed witiB0°, lle148 (37.4), Ser35 (33.9), Glu42 (32.1), and Ser10 (31.0).
and also ignored coupling typédy ¢, and3Jc c,, for which An artifact from the self-consistent optimization procedure
no comparison parametrizations are available. Predictions ofjtself is excluded on the grounds that the very same method
3Jua,np @nd3Jc s, among those couplings most conveniently proved successful in the refinement of flavodoxintorsion
measured iry; angle determination, were found to be particu- angles, where NMR and X-ray results agreed surprisingly &vell.
larly sensitive to variations in the Karplus parameters used. Furthermore, it was insignificant for improving the overall fit
Arguably, Gaussian distribution profiles imposed on angles in temporarily to exclude from the calculations data of those side
the fit ,M1S; may not be valid in connection with X-ray angles. chains whose orientation substantially deviated from X-ray
However, trends were similar for rigid X-ray torsions, t0o, conformations, because only about averhgdiscrepancies were
giving J coupling discrepancies of 0.70 and 1.76 Hz with self- removed then. On the contrary, half of the 18 side chains
consistent Karplus parameters as #1dS; (o9 = 0) and with exhibiting y1 conformations different from X-ray data comfort-
traditional ones, respectively. Finally, the comparison might aply fitted all experimentall coupling constraints within one
standard error unit af; = 0.5 Hz (see Supporting Information).
As the majority of these residues comes with numerous coupling
constraints, often up to the maximum nine values, or six with
serines, disagreement with reference torsions hints at genuine
differences between NMR- and X-ray-based molecular models.
Most revealing, perhaps, apart from residue Asp34, there is no

(36) (a) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona, C.
Tetrahedron198Q 36, 2783-2792. (b) Haasnoot, C. A. G.; De Leeuw, F.
A. A. M.; de Leeuw, H. P. M.; Altona, COrg. Magn. Reson1981, 15,
43-52. (c) Haasnoot, C. A. G.; De Leeuw, F. A. A. M.; de Leeuw, H. P.
M.; Altona, C.Biopolymersl981, 20, 1211-1245. (d) De Leeuw, F. A. A.
M.; Altona, C.Int. J. Pept. Res1982 20, 120-125.

(37) DeMarco, A.; Llina, M. Biochemistryl979 18, 3846-3854.
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Table 4. Optimized Side-Chain Torsion Angles (deg) inDesulfaibrio vulgaris Flavodoxin As Inferred from Self-ConsistedtCoupling
Analysis!

NMR¢ X-ray NMR X-ray

residu@  IM1S; (y1 + 0y) Walsh 2FX2 3FX2 residue  4N;S; (1 % 0y1) Walsh 2FX2 3FX2
Pro-2 —4.2+0.2 -5.4 na na Phe-71 —147.94+ 0.1 —153.9 —151.8 —152.0
Lys-3 *—38.4+ 325 —138.8 —88.9 -50.5  lle-72 1735+ 0.2 —179.8 172.2 168.9
Leu-5 —178.2+19.9 1709 —168.8 177.8 Pro-73 *1359 13.4 —14.0 —14.4 —15.9
lle-6 —177.9+ 14.6 176.2 168.1 176.6 Leu-74 1591012.5 174.0 174.1 170.4
Val-7 —178.5+ 25.1 -171.7 —172.5 -171.8 Phe-75 1722 18.7 —179.0 —176.3 -176.8
Ser-10 *162.9+ 22.4 —166.1 —163.7 —166.2 Ser-77 —58.84+ 39.5 —64.5 —74.8 —58.3
Thr-12 —38.0+ 29.0 —48.1 —49.7 -52.7 Leu-78 —109.6+44.1 —87.2 —125.5 —76.1
Asn-14 —63.6+ 24.7 —73.8 —69.9 —86.4 Glu-80 *—63.8+ 22.0 —33.7 —82.0 77.0
Thr-15 —156.5+ 25.6 -174.3 —179.6 —172.8 Thr-81 —77.7+23.8 —66.5 —70.7 -57.5
Glu-16 177.7+ 27.7 —179.4 179.9 179.6 GIn-84 1554331.7 155.4 —=177.3 143.3
Tyr-17 152.2+ 16.0 162.6 164.6 162.2 Arg-86 —145.8+ 40.6 —173.9 —162.0 —163.2
Thr-18 —169.2+ 0.1 —175.9 —176.9 163.0 Lys-87 —64.6+ 0.1 —89.0 —82.0 —70.3
Glu-20 *—27.1+324 —75.8 —72.4 —75.2 Val-88 *133.7+£ 25.8 —179.6 —59.0 —56.5
Thr-21 —164.6+ 20.7 —177.4 —176.7 178.1 Phe-91 46:819.0 57.2 54.2 62.1
lle-22 173.3+ 15.0 172.4 173.8 167.5 Cys-93 —56.5+11.1 —68.4 —80.1 —71.8
Arg-24 *141.44+17.0 —150.4 172.6 169.5 Ser-96 624321.0 59.8 60.4 54.6
Glu-25 —85.6+41.7 —70.9 —74.6 —85.4 Ser-97 +113.2+ 0.0 70.4 71.8 83.5
Leu-26 —72.9+0.2 —96.4 —66.4 —72.0 Tyr-98 —71.2+22.4 —66.3 —71.8 —64.1
Asp-28 —80.1+28.3 —76.9 —85.3 —67.1 Glu-99 *—6.8+ 16.9 —160.1 146.0 —164.4
Tyr-31 —81.2+ 23.0 —77.4 —80.9 —87.6 Tyr-100 —51.1+ 26.9 —52.0 —56.5 —30.3
Glu-32 —42+154 -7.3 —64.3 —72.3 Phe-101 162.2 0.0 168.2 172.2 178.8
Val-33 172.5+ 27.8 -179.7 175.5 179.7 Cys-102 —75.6+17.1 —77.1 —79.5 —79.2
Asp-34 *167.6+ 29.7 —152.1 —168.5 —175.9 Val-105 170.% 15.8 —179.2 —170.2 —-172.1
Ser-35 *149.2+22.4 -176.9 —167.4 —147.9 lle-108 177.22 16.1 1732 -177.1 178.7
Arg-36 —45.7+ 0.2 —61.2 —56.7 —43.4 Glu-109 —68.44+22.5 —-73.3 —72.6 —40.9
Ser-40 98.3t 26.1 76.7 85.8 82.8 Glu-110 *149:826.6 —133.5 —146.9 —167.4
Val-41 —51.6+ 24.7 —53.2 —51.6 —-29.9 Lys-111 178.3- 34.4 —180.0 —176.3 179.9
Glu-42 *—46.1+ 28.7 —78.2 —93.2 —44.4 Leu-112 —75.8+8.4 —73.4 —104.7 —79.8
Leu-46 179.9+ 27.3 —178.2 179.1 172.7 Asn-114 —51.94+29.6 —-71.1 —67.4 —59.9
Phe-47 —52.5+0.2 —56.9 —49.5 —46.9 Leu-115 —63.2+ 29.2 —74.8 —84.4 —81.3
Phe-50 —78.0+0.8 —76.5 -77.3 —59.3 Glu-118 *139.8+ 12.6 —179.9 —170.3 173.2
Asp-51 —48.4+ 0.0 —57.5 —54.3 —59.8 lle-119 —177.5+£ 0.3 177.0 1716 —177.7
Val-53 169.3+ 21.7 176.0 177.3 167.5 Val-120 —42.3+25.5 —53.6 —53.0 —53.7
Leu-54 —59.9+ 23.2 —65.8 —68.9 -52.8 Asp-122 —58.8+ 27.2 —62.0 -71.7 41.6
Leu-55 —77.3+0.1 —64.2 —99.6 —67.6 Leu-124 165.2 15.6 177.8 175.9 173.7
Cys-57 —144.0+ 20.3 —-171.4 —175.4 —-171.0 Arg-125 —79.6+ 20.9 —70.6 —70.4 —69.0
Ser-58 57.4+ 31.8 45.4 52.1 36.2 lle-126 1724511.0 179.1 175.6 176.4
Thr-59 177.6+£ 17.1 —173.6 —165.4 —161.1 Asp-127 176.8- 13.7 —172.6 179.6 —174.3
Trp-60 —65.3+30.7 —68.9 —64.8 —69.7 Arg-131 —64.0+17.5 —60.2 —58.4 —53.4
Asp-62 *127.7£ 0.1 —173.5 —176.8 176.5 Arg-134 —172.1+ 30.8 —161.2 —169.4 —170.7
Asp-63 *—134.9+ 48.6 52.9 78.8 66.7 Asp-136 —62.9+17.1 —69.7 —66.5 -79.1
Ser-64 54.6+ 30.7 65.7 68.6 68.6 lle-137 178490.0 173.7 —178.7 177.2
lle-65 169.1+ 33.9 168.3 166.6 173.9 Val-138 16A022.3 168.4 163.7 166.0
Glu-66 —68.0+28.4 —50.6 —51.7 —27.8 Asp-143 —67.4+ 28.0 —66.4 —56.4 —48.4
Leu-67 *—59.1+ 27.7 —97.3 —93.0 —102.9 Val-144 133.5%30.7 162.6 —38.1 —54.5
GIn-68 —177.2+ 33.7 —166.5 —163.1 —173.3 Arg-145 —106.0+ 13.1 —78.2 —83.9 —82.6
Asp-69 *—69.9+ 32.7 —-171.4 55.6 177.7 lle-148 *—20.4+ 28.8 —57.8 —64.9 —73.6
Asp-70 —52.8+ 0.0 —61.0 —61.5 —72.1

2 The torsion angle path strictly follows the scheme outlined in Figure 1, according to which isoleucine and threonine angles in both NMR and
X-ray conformations are consistently taken fron? @ unify phase shifts; see te¥tExcludes Tyr8, Asp37, Glu48, Leu52, Asp76, Glu79, Cys90,
Asp95, Asp106, Lys113, GIn121, Pro130, Asp135, Trp140, and His142, for which degengmiatéh resonances impede torsion angle determination
on the basis of less than four coupling constahrsion angles from the best-fit self-consistdmpupling model using a minimum four coupling
constants per residue, including Gaussian angular fluctuation and substituent effecBsf¢@damental plus 7 incremental Karplus coefficients).
Values marked by asterisks deviate by more thahfBfim torsions in the X-ray reference set “WalsHTorsion angles from X-ray diffraction
data. “Walsh” denotes the structure of the wild-typewulgaris flavodoxin-FMN complex (oxidized) resolved at 0.17 nm by Dr. Martin Walsh
(EMBL-Hamburg, personal communication). Coordinate sets 2FX2 and 3FX2 (PDB) of th&ld@noutant protein from data collected at ambient
temperature and 123 K were both resolved at 0.19 nm and refinedRafotors of 0.17 and 0.20, respectively, according to ref 27. Single and
double daggers mark entries which deviate from the average formed by the three datasets by moreahdr680respectively.

overlap between the two groups of residues short-listed above,according to our analysis, they are likely to be flexible above

allowing us to conclude that violations dnandy; are virtually average, too. The exceptions were Serl0 pointing at the
uncorrelated, underscoring the possibility of truly different local phosphate group of the FMN-ribityl moiety, Pro73 located in a
structure under NMR and X-ray conditions. helical arrangement, and Val88 oriented toward the protein core.

Subject to substantial conformational averaging in solution  Some torsion angles fitted showed dependence on the absence
and possibly prone to packing artifacts in the crystal, side chains or presence of mobility (Asp62 and Val88) or substituent effects
on the protein surface might occasionally lock into different (Glu99 and Ser97) in the model. In Val88, problems may have
orientations under both NMR and X-ray experiment conditions. also arisen from degenerate’ @sonances, preventirfgyc,

Out of those 18 side chains with disagreejngonformations, and 3Jcc, from being collected. Rather than lack of data,
15 were indeed found to be solvent exposed (Figure 4), and, numerical ambiguity of the kind discussed in the context of
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Figure 4. Differences between side-chain torsion angles D. vulgaris flavodoxin as obtained from self-consistdrtoupling analysis and those

taken from X-ray coordinate®.Results are given for the modeiM,S;, including mobility and substituent effects. Respective symbols indicate
residues involved it helix or 5 sheet secondary structure according to previous NMR investigations. Residues are marked “c” and “s”, depending
on whether they are completely buried in the protein core or are partly surface exposed in the reference X-ray cooréfinate set.

backbone torsions¢,® was responsible for an unexpected available torsion orientations (Table 4), considefintp deviate
approximately 180 flip of y; in the Pro73 side chain with by more than 30from the average and the standard deviation
endocyclic torsions topologically confined to a range pf= 0 to exceed 30in those sets. Respectiyepositions also indicate
=+ 40° normally. Comparison with more sensible results for Pro2 elevatedB factors of more than twice the magnitude typically
in the same analysis hints at the subtle (numerical) propensity found for backbone atoms. Interestingly, most of these disor-
of NMR-derived torsion angles occasionally to accommodate dered residues are located on the protein surface (Figure 4). At
degenerate states owing to the multivalued Karplus relation. the present sophistication levels of the mobility models em-

With regard to Asp34 and Serl10, both NMR and X-ray side- ployed in the NMR analysis, self-consistentoupling analysis
chain conformations were found to be distorted fromthe= does support conformational flexibility in all these residues, too.
180 rotamer, in opposite directions though. The mobility For example, NMR-derived conformations of Lys3 and Glu80
models fitted, both Gaussian random fluctuation and three-site would agree with the earlier flavodoxin coordinate sets 2FX2
jump, suggest only moderate angular flexibility in these side and 3FX2, and Gaussian libration and staggered rotamer models
chains, claiming the presence of a single predominant rotamer(see Supporting Information) reveal brogdangle distributions
(p2 > 60%). Interestingly, statistics on X-ray diffraction data (Lys3, Asp69, Glu80, and Aspl22) and two-site equilibria
do supply evidence for systematic variation of mean torsion (Glu32, Val88, and Vall44). Yet, correlation of crystallographic
angles in polypeptide side chains with resolufidAccordingly, B factors and NMR mobility parameters looks rather weak
“skewed” dihedral angle conformations and concomitant low (Figure 5){2because dynamics parameters are subject to totally
B factors, in particular in gauche arrangements, seem to be thedifferent averaging processes in the two methods, making a
rule rather than the exception. Such phenomena help explainclear-cut distinction as to which angular motion model applies
the divergent Karplus parameter sets obtaineg fetependent best in each case extremely difficult.
amino acid side-chain couplings following the conventional
calibration method on the basis of X-ray reference geometries. Discussion

Unambiguous stereospecific resonance assignments emerged ] ) ]
for all 80 susceptible side chains included in the self-consistent  Properties of the Self-Consisten Coupling Models. When
analysis, except those experiencing the most extensive angulaflétermining amino acid side-chain dihedral angten the
averaging, as there are Asp63, Ser77, and Leu78. Stereospecifi@asis 0fJ coupling information, both conformational averaging
assignments varied with the model applied, as Gaussian@nd substituent effects play a critical part in the data interpreta-
distributions exceeded widths af40°, producing similar fit ~ tion process. This contrasts with studies on polypeptide back-
errors with either possible mapping (see Supporting Informa- Pone torsionsp, where both angular flexibility and topology
tion). It has been only recently that dynamic information in Variation are usually of minor concefid.couplings undoubtedly
crystal structure datasets has been scrutiriétinterestingly, ~ depend on the dihedral angle orientation in the first place.
X-ray data for Lys3, Glu32, Asp69, Glus0, VValgs, Asp122, and However, m_ob|I|ty and topology effects com_pound the funda-
Vall44 (as well as Glu79 and Lys113 not contained in the Mental torsion angle dependence, such-tiatthe present

present analysis) exhibit at least one stray value among the threaVork—the observable coupling constalgs = Jiorsion + Jmobility

e ol . + Jopoiogy  Likewise, the overall fit error factorizes into

Huffgrga)s'-ef; gé{n?plgeﬁr SS’FF; 'Jwalhg/ltoj delgsﬁsféggf %2?105067( ) variances, associated with the intrinsic contributions, and an
y 9. dy , 9. Fu s JJi - . - e . 2

530. () Hubbard, S. J.: Janet, J. M. NACCESS, Computer Program, additional random component, as given 8y= €3 gon +

Department of Biochemistry and Molecular Biology, University College

of London. (41) (a) Janin, J.; Wodak, S.; Levitt, M.; Maigret, B.Mol. Biol. 1978
(39) MacArthur, M. W.; Thornton, J. MActa Crystallogr., Sect. D: Biol. 125 357-386. (b) Ponder, J. W.; Richards, F. W.Mol. Biol. 1987, 193
Crystallogr. 1999 55, 994-1004. 775-791.

(40) Carugo, O.; Argos, FProtein Eng.1997, 10, 777 787. (42) MacArthur, M. W.; Thornton, J. MProteins1993 17, 232-251.
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J-coupling-based modeling of side-chain anglem D. vulgaris
flavodoxin, error gauges in Table 1 hint at considerable angular
mobility being present in addition.

In this study, interference between both mobility and topology
effects is excluded by way of implementation in the model.
Basically, partition of the effects is guaranteed by the distinct
numerical properties of the model constituents. Mobility invari-
ably associates with the angle-dependent portion of the observed
J couplings, leaving unaltered the rotationally averaged coupling
reflected in the Karplus coefficient€,. Mobility effects
necessarily feed through ©; andC; coefficients. In contrast,
substituent-related variables have been rationalized to modulate
the angle-independent portion of the Karplus relation only; i.e.,
they affect coefficient<o, but notC; or C,. The simulations
indeed showed barely varyir@, coefficients in optimizations
including and excluding angular mobility, whereas coefficients
C; and C; consistently adopted smaller and larger absolute
values in both mobility models (M) as compared to the rigid
situation (Mp). By the same token, the average mobility,af
torsions turned out to be virtually uniform in the absence and
presence of substituent effects; i.@y[= 23.2 and 24.4 in
optimizations M1S and JM1S;, respectively. Investigations
relying on conventional Karplus parametrization strategies
revealedd,(= 26°.43 Importantly, it is concluded that account-
ing for substituent effects ifJ-based structure refinement does
not reduce the scope for potential mobility, and vice versa.

Implications to Molecular Structure Determination. Ne-
glecting substituent effects raises the risk of misinterpreting the
x1 torsion angle conformation in the context of the staggered
rotamer analysié? This is exemplified by the amino-acid-
dependent swings in predicted trans and gauche couplings (Table
2), being as large as L:@.5 Hz, in excellent agreement with
the ranges seen in experimental datslost dependent on
topology are thosd coupling types involving the Hproton,
owing to the large proton gyromagnetic ratio used for normal-
izing incremental effects.

Somewhat counterintuitive, experimentdt ¢, and 3y ¢,
values are commonly found to be above average in those
aromatic side chains for which our amino-acid-specific Karplus
curves predict respectivdans and JgaucheValues to be among
and X-ray-deriveg; torsions showing most of the side-chain orienta- the smallest. This implies in turn that either, on average, C
tions to agree within a tolerance @f30° (dashed lines). Torsions  related trans couplings reach the top of the Karplus curve sooner
deviating by more than 4Grom X-ray data are labeled. Discrepancies \yith phenylalanine, tyrosine, and tryptophane than with other
of about 180 (dotted lines) are due to numerical ambiguity as discussed amino acid types, or inversely, conformations of these side

in the text. Comparison of isoleucine and threonine torsion angles : . .
necessitated reversing phase shifts applied during computations of thechalns are already nearly perfect staggered states with only litte

present work. Staggered rotamer populations agree with probability 2ngular fluctuatiorf? deceptively showing intermediatévalues
profiles from databank statistié.(B) Correlation between angular  tyPical of mobile side chains otherwise. Whﬂb&'..Cy and3Jyc,
variancegg?, as obtained frord coupling analysis, and isotropic thermal ~ coupling constants take maximum values in the two most
factors ofy atoms,Bis,, as given with the X-ray dataset. Note the log abundant staggered conformations wjth= —60° and 180,
scales. Like in panel A, residue labels indicate disagreement betweenrespectively, too few coupling data are available as yet as to
NMR and X-ray staticy; conformations (Asp62 and Ser97 exhibit  perceive amino acid type-sensitive phenomena with ﬁm&&y

nearly zero fluctuation in the NMR analysis). Interestingly, all the coupling constants, for the then requingd= +60° rotamer is
residues highlighted exhibit above average thermal disorder in the X-ray |e5st abundant.

dataset.

Figure 5. Comparison of static and dynamic propertieDobulgaris
flavodoxin side-chainy; torsions as inferred from crystallographic data
by WalsH® and self-consisteritcoupling analysis using modeiM;S;
including mobility and substituent effects. (A) CorrelationJafoupling

The opposite conclusion would be arrived at with residue
2 2 . types aspartic acid, asparagine, and presumably histidine, all
€Jtopology T €random The challenge is to separate all the o them containing Gbound nitrogen and/or oxygen, connected
possible contributions unambiguously. with positive coupling increments. As incremental Karplus
The various factors might mutually conceal each other .qetficients hint at the largest possible-2lated couplings for

beca_use iterative modeling_ neces_saril_y results in_a compromisetranS as well as gauche situations, these amino acids appear to
solution. The host of substituents in different amino acid types ¢i1nq out from the expected rangeJofalues. Indeed, values
causes a spread of coupling constants for like dihedral angle '

conformations and, when using conventional calibration meth-
ods, inevitably translates into a more shallow unde_rlymg Karplus Pachler, K. G. RSpectrochim. ACti964 20, 581587,

curve, as has been shown for angular mob#ig#While Figure (45) Hu, J.-S.; Grzesiek, S.; Bax, A Am. Chem. S02997, 119, 1803
2 is proof that substituent effects are indeed prominent in 1804.

(43) West, N. J.; Smith, L. J1. Mol. Biol. 1998 280, 867—877.
(44) (a) Pachler, K. G. RSpectrochim. Actd963 19, 2085-2092. (b)
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of 3y, and3Jc ¢, in Asx residues have been reported to redundancy and parameter overdetermination, so that certain
exceed 3 and 5 Hz, respectivél§*® Given the concept  experimentafd coupling data, normally discarded in the absence
developed here, the allegedly exceptiofdt c, coupling of suitable Karplus parameters, can still be used to advantage.
constant of 5.1 Hz found for Asp95 in SN&4%er 5.5 and 5.6 The method is expected to benefit from extensive futiire

Hz measured for Asp21 and Asp58 in ubiquifirturn out to coupling sets, not necessarily only that of a single protein. If
be not that much of an exception any longer. Our results would acquired under similar conditions, co-refinementi@oupling

not support the rationalization either that “the wide range of datasets from two or more proteins will enable parameter
3JC’,Cy values cannot be related to’ Gubstituents because a assessments to be made on wider statistical grounds. The novel
similar dependence ap-related®Jc cs couplings on € sub- concepts are not limited to polypeptide couplings; application
stituents had not been observédsimply because amino acid to saccharides and oligonucleotides is conceivable.

topology surrounding the backbone torsion is considerably more

uniform. Predictions on the basis of amino-acid-specific Karplus Experimental Section

curves are also consistent for valine and isoleucine side chains
with multiple carbon substituents at the centrdl €@nnected
with negative coupling increments.

15N-Singly and*3C'>N-doubly enriched samples of recombinant
wild-type D. wulgaris flavodoxin, expressed and purified as described
elsewheré were dissolved in 0.5 mL of 10 mM potassium phosphate
buffer (pH 7) containing 5% BD at 4 and 1.4 mM, respectively. Spectra
were recorded at 300 K on Bruker DMX-600 and DRX-800 spectrom-
eters equipped with actively shielded 5-mm triple-resonance probes
and three-axes pulsed-field gradient (PFG) accessories. The following
summarizes the data collection and evaluation protocols used.

The majority of the3J coupling constants were collected using

Concluding Remarks

The present results should facilitate the useJafoupling
information in NMR-based molecular modeling. Unlike polypep-
tide backbonep torsion refinement, quantitative determination

of amino acid side-chain torsions needs to take into account g antitative J-correlation experimert$ and computer-assisted data
effects from both angular mobility and variable topology. evaluation. Solvent suppression was achieved by either gradient
Variation in atomic substituent patterns in amino acids and the coherence selection combined with sensitivity enhancethent
consequential scarcity of suitable reference compounds of knownWATERGATE5° Whenever possible, the water flip-back procedure
geometry make side-chain-related Karplus parameters hardemas included to avoid saturation of fast-exchanging amide hydrogens.
to obtain than those related to backbone torsions. A novel and Spectrum processing was accomplished using Bruker XWinNMR 1.3
simple combination of fundamental and incremental Karplus Seftware. _ _

parameters proved sufficent to resoive in tWlecoupling s SECS SRR O SRR R SR
constants an angle-independent portion ascribed to substltuentséf e, 1 an% IHN chemical shifts inF. with that of 5N and 1
Quantification of substituent effects in flavodoxin also enabled

. . . . S . chemical shifts of the subsequent residué&irandFs, respectivelyJ
consr_stent interpretation of a range of amino acid side-chain 5 es calculated from the intensity ratio betweer,KHHY) cross-
coupling constants observed in other proteins.

' ! > ] ] peaks and (MN,HY) autocorrelation peaks agreed with data from a
The solution structure dD. vulgaris flavodoxin, refined in related HACAHB experimefi run on the same sample, delivering a
terms of side-chainy; torsions solely using®J coupling

few additionalJu. s coupling constants. Peak heights rather than
information, conforms with results from various X-ray studies. volumes were inspected throughout.
Remaining discrepancies between NMR- and X-ray-derjsed Pulse sequences employed to meadi\igy, *Jc ns, *Iv.cyr *Je.cy
conformations are explained by genuine differences betweenand *Ju.c, basically derive from existing quantitativecorrelation
solution and crystal structures and can be attributed to crystal-Scheme¥ improved to avoid recording additional 2D reference
packing effects or conformational equilibria between multiple SDECtra?“.A” experiments share the feature of internal reference peaks
+1 rotamers in both solution and the solid state. accomplished by separate recording of real and imaginary parts in one

. . . N of the indirectly detected frequency dimensions using two different
The following assumptions were crucial to the feasibility of 456 cycles. The fraction of magnetization not transferred vidlthe

the present !nvestig_ation into the sgbstituent depgndence ofcoupling of interest is void of chemical shift modulation, producing
polypeptide side-chaip-related®J coupling constants: (i) Local  signals at zero frequency in the said indirect dimension, thus constituting
geometries at €and  sites are perfectly tetrahedral, allowing  an axial peak plane in the 3D heteronucl@aorrelation spectrum, in
uniform phase increments to be used. (i) The concept of analogy to (2D/3D) homonucleal-correlation, where axial peaks
component couplings implies that effects from mobility and correspond to diagonal peaks. The intensity ratio between related cross
topology are separable and additive, prerequisites ensured byand axial peakslcosdlaxa = —tari(zJA), where A is the duration
the numerical implementation of the effects in theoupling critically tuned for evolution of the respective active coupling,
models. (jii) The average coupling magnituda, correlates eventually delivering the heteronuclear coupling constants.
. 2] 3 , . . e
with the gyromagnetic ratios of the actively coupled atom types, Jv.p coupling constantiwe(e obtained from a modified HNHB
R . h -~ experimeri® applied to the™N-singly labeled protein sample. The
a fact used to normalize incremental interactions when being
added to the various fundamental couplings. _(47) Curley, G. P.; Carr, M. C.; Mayhew, S. G.; Voordouw, Er. J.
At present, only corrections to rotation-invariant Karplus Biochem.1991 202 1091-1100. . .

L .. L . 48) Bax, A.; Vuister, G. W.; Grzesiek, S.; Delaglio, F.; Wang, A. C.;
poefﬂuentsCo are statistically 3|gn|f|pant. Impossible though Tséhu)din, R.: Zhu, GMethods Enzymoll994 239, 7%105' 9
it may be at the current level of experimental data, future studies  (49) Kay, L. E.; Keifer, P.; Saarinen, T. Am. Chem. S0d.992 114,
using largerJ coupling datasets, conveying more uniform 10663-10665. o _
distribution both of amino acid type occurrence and of dihedral .. (50) Piotto, M.; Saudek, V.; Skiénav. J. Biomol. NMRL992 2, 661~
angle confor.maf[ion, might explore more subtle substituent (51) (2) Grzesiek, S.; Bax, Al. Am. Chem. Sod.993 115 12593
effects by using increments to angle-dependent Karplus param-12594. (b) Stonehouse, J.; Shaw, G. L.; Keeler, J.; Laue, B. Magn.

eters as well. Reson. A1994 107, 178-184.

Not being dependent on supplementary information, self-
consistent calibration of Karplus coefficients lives on data

(46) Konrat, R.; Muhandiram, D. R.; Farrow, N. A,; Kay, L.E.Biomol.
NMR 1997, 9, 409-422.

(52) Lohr, F.; Schmidt, J. M.; Reerjans, H.J. Am. Chem. Sod.999
121, 11821-11826.

(53) Grzesiek, S.; Kuboniwa, H.; Hinck, A. P.; Bax, &. Am. Chem.
Soc.1995 117, 5312-5315.

(54) Lohr, F.; Peez, C.; Schmidt, J. M.; Rarjans, HBull. Magn. Reson.
1999 20, 9-14.
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critical J evolution delay, set at a half-integer multiple of the large
one-bond NH coupling, wa& = 7(21yu) " = 37.5 ms3Jc s coupling
constants resulted from a modified HN(CO)HB experirigapplied
to the 3C>N-doubly labeled sample with the critical period for
evolution of the long-range heteronuclear couplings sét & 22 ms.
Additional 3Jc ns coupling constants resulted from an E.COSY-type
small-flip-angle 3D ct-HMQC-COSY and 2D line shape fitting in cross
sections’

3Jhacy coupling constants involving aliphatig carbons were
measured in a HCGHA experiment including the LRCH pulse
sequencé® Durations for de- and rephasing of” Gnagnetization

components with respect to long-range coupled protons were 23.6 ms.

= 3(%Jcn) "t and 21.6 ms= 11(4Jch) L, respectivelyJyq,c, coupling
constants in Asn, Asp, His, Phe, Trp, and Tyr residues resulted from
an E.COSY-type 3D ct-HTQC-COSY and 2D line shape fitting in cross
sections?®

3Jv,cy and3Je ¢, coupling constants were taken from HN&®and
HNCOCG-typé4® spectra, respectively. Separate experiments were
carried out for residues with aliphatic (Arg, GIn, Glu, lle, Leu, Lys,
Pro, Thr, Val), aromatic (His, Phe, Trp, Tyr), and carbonyl (Asp, Asn)
y-carbons.2Jy c,(ali) coupling constants resulted from a sensitivity
enhancedH,>N-TROSY-typé&! HNCG pulse sequence, allowing for
comparatively long de- and rephasing delays of 86 ms, while HNCOCG
experiments to determindc c,(ali) employed critical delayd = 37
ms = 2({Jc.co) "L To resolve signal overlap in the axial peak plane,
two spectra were recorded exploiting eitieM' or *3C’ shifts in the
third dimension.2Jy c,(aro) and3Jc c,(aro) coupling constants were
collected simultaneously in a nové,’*>N-TROSY-type HN(CO)CG
experiment? carried out withly ¢, and®Jc ¢, de- and rephasing periods

(55) Archer, S. J.; Ikura, M.; Torchia, D. A.; Bax, A. Magn. Reson.
1991, 95, 636-641.

(56) Grzesiek, S.; lkura, M.; Clore, G. M.; Gronenborn, A. M.; Bax, A.
J. Magn. Resonl992 96, 215-221.

(57) Schmidt, J. M.; Lbr, F.; Riterjans, H.J. Biomol. NMR199§ 7,
142-152.

(58) Vuister, G. W.; Bax, AJ. Magn. Reson. B993 102, 228-231.

(59) Lohr, F.; Peez, C.; Kdnler, R.; Rierjans, H.; Schmidt, J. MJ.
Biomol. NMR 200Q 18, 13—22.

(60) Hu, J.-S.; Bax, AJ. Biomol. NMR1997, 9, 323-328.
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ranging from 58 to 67 ms and from 28 to 32 ms, respectividly.c,
coupling constants in Asp and Asn residues were studied using a
modified HNCO-based pulse sequence, in which N,C one-bond
correlation is suppressed by matching theeriod to {y,c)™* = 66

ms$3 3 ¢, interactions in Asp and Asn residues were quantified using
a HN(CO)CO experimehtwith A = 56 ms.
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