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Abstract

The concept of self-consistedtcoupling evaluation exploits redundant structure information inherent in large
sets of3J coupling constants. Application to the protedesulfovibrio vulgarisflavodoxin demonstrates the
simultaneous refinement of torsion-angle values and related Karplus coefficients. The experimental basis includes
guantitative coupling constants related to the polypeptide backddnesion originating from a variety of het-
eronuclear 2D and 3D NMR correlation experiments, totalling 42N, HY), 12937 (HN,C), 12137 (HN,CP),
1283J(C|_,,H), 12137(C/_,,C), and 1227 (C,_,,C"). Without prior knowledge from either X-ray crystallogra-

phy or NMR data, such as NOE distance constraints, accyirdiieedral angles are specified for 122 non-glycine

and non-proline residues out of a total of 147 amino acids. Different models of molecular internal mobility are
considered. The Karplus coefficients obtained are applicable to the conformational anadytissdns in other
polypeptides.

Introduction homo- and heteronucledrcoupling constants in bio-
molecules (Bax et al., 1994; Biamonti et al., 1994;
Modelling of macromolecular structure on the basis of Case et al., 1994; Eberstadt et al., 1995). Torsion
NMR spectroscopy (Withrich, 1986; Roberts, 1993) angles are then fitted to these sets of NMR structure
increasingly utilizesJ coupling constants that probe parameters, usually on a per-residue basis, aimed at
the orientation of bond vectors between specified pairs retrieving details on conformational restrictions along
of nuclei. Restriction in torsion angle space as derived the polymer chain. As previous investigations pointed
from 3J coupling constants facilitate convergence in out (Blackledge et al., 1993; Schmidt, 1997b), rou-
protein structure calculation protocols primarily based tine model building is deemed to not exhaust the
on distance bounds, such as distance-geometry al-information content in®J parameter sets. Charac-
gorithms (Guntert et al., 1991, 1997) and distance- terization of molecular geometry might be improved
restrained molecular dynamics simulation (van Gun- by a novel self-consistent data evaluation strategy as
steren and Berendsen, 1985; Briinger and Karplus, outlined below.
1991; Brunger et al., 1998). Modern stable-isotope Provided empirical coefficients are availabfe,
enrichment techniques involvifgN and/or'3C alle- values and angular constraints are interconverted by
viate the sensitive determination of complete sets of the well-known Karplus equation (Karplus, 1963):
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the nature of these nuclei as well as on their specific
chemical environment (Haasnoot et al., 1980, 1981).
Much theoretical and experimental effort has been de-
voted to refine Karplus coefficients for the different
types ofJ couplings relevant to dihedral-angle studies
on biomolecules (Bystrov, 1976). Yet, accurate pre-
diction of3J coupling constants from given molecular
constitution and conformation according to Equation 1

ples, conformationally constrained model compounds
have been studied in solution as to derive proper em-
pirical Karplus coefficients (Fischman et al., 1980).
However, other issues are raised as the atomic sub-
stituent patterns of non-natural amino-acid building
blocks in the design compounds rarely match those
in the molecule of interest. With the particular in-
terest in balancing and minimizing the problems (1)

is not satisfactory, the more so as the reverse processhrough (4) addressed above, the present work focuses

of deriving dihedral-angle conformation from a given

set of experimental/ coupling constants is actually

requested.

Transformation offJ coupling information into
angular constraints is complicated by a number of
ambiguities:

1. The intrinsic degeneracy of the Karplus relation
in Equation 1 gives rise to multi-valued solutions
being resolved only by simultaneous equations
constructed from a family of coupling constants
the members of which depend differently on the
same torsion angle (Mierke and Kessler, 1992;
Blumel et al., 1998).

. Uncertainties in the empirical Karplus coefficients
have been shown to delicately affect the inter-
pretation of3J values with respect to geometry,
in particular if a complex ensemble of conforma-
tions underlies the few experimentally accessible
coupling constants (Karimi-Nejad et al., 1994).

. In the context of a rigid molecular model, ne-
glect of dynamic averaging effects on the ob-
served3J values (Jardetzki, 1980; Hoch et al.
1985) spoils the straightforward translation be-
tween spin-system and conformational parame-
ters.

. Substituent effects were found to significantly
modulate the simple relationship in Equation 1,
leading to most intricate generalized Karplus re-
lations like those available fofJuy in cyclic
compounds (Haasnoot et al., 1980, 1981).

Empirical calibration of the angular dependencé.bf

couplings in polypeptides is usually based on relat-

ing accurately measured values to dihedral angles
available from high-resolution X-ray diffraction stud-
ies (DeMarco et al., 1978a,b; De Marco and Llinas,

1979; Pardi et al., 1984; Ludvigsen et al., 1991; Vuis-

ter and Bax, 1993; Hu and Bax, 1997). Such an

approach critically premises that molecular average
conformations in both solution and crystalline envi-
ronment are identical and that local angular mobility
agrees within narrow margins. Aimed at assimilated

experimental conditions of target and reference sam-

on translating®J coupling information into accurate
angular constraints on the exclusive basis of NMR
J-coupling data. At the same time, reliable Karplus
coefficients are obtained without taking recourse to
X-ray data.

The concept

Owing to the high degree of correlationJdrcoupling
information, torsion-angle geometry is determined by
the unique pattern in a sufficient numberX¥alues.

For example, the set of the sPd couplings associ-
ated with the protein backbone torsian(Figure 1)
never can adopt all possible value combinations. In
the context of a single rigid orientation, the six
experimental determinants are opposed to a single ad-
justable dihedral angle, thus giving rise to five degrees
of freedom. The true extent of overdetermination is
somewhat lower as at least three units of referehce
information are consumed per torsion-angle determi-
nation (Schmidt, 1997a, b), reflecting the degeneracy
intrinsic to the Karplus relationship.

The new strategy proposed exploits redundant
structure information inherent in a cumulative set of
coupling constants related to identical torsions in all
subunits of the biopolymer studied. Redundanbu-
pling information as gathered from the manifold of,
for example, amino acid residues, forms a pool of
excess degrees of freedom. Besides delivering dihe-
dral angle values, these data are readily tapped to
refine initial estimates of all involved Karplus co-
efficients (three per coupling type), to detect and
characterize angular conformational equilibria, or to
assess distortion of ideal bonding geometry and sub-
stituent effects. For the following rationalization, all
37 values belonging to a specified torsion type are
arranged into an array. Figure 2 exhibits the data orga-
nization of the six three-bond couplingg (HN,H®),
3yHN,C), 3J(HN,CP), 3(C_HY), 3J(C_;,C),
and3J(Ci’71,C|ﬁ) related to thep torsion in polypep-
tides. When back-calculating coupling constants



Materials and methods

Sample protein and determination of three-bond
coupling constants

Methods are demonstrated on the 147 amino acid
electron-transfer proteiDesulfovibrio vulgaridlavo-
doxin (16.3 kDa), the biochemical properties of which
have been extensively reviewed (Mayhew and Lud-
wig, 1975; Ghisla and Massey, 1989; Mayhew and
Tollin, 1992). Recent crystallographic studies de-
livered a 1.7 A resolution model ob. vulgaris
flavodoxin containing non-covalently bound flavine
180°-¢ 180°+¢ mononucleotide (FMN) cofactor in the oxidized state
(M. Walsh, unpublished; Watt et al., 1991). A prelim-
inary solution structure emerged from a set of 1350
AN interproton distances obtained from homonuclear and
' IH, 15N-heteronuclear NMR spectra (Knauf et al.,
1993, 1996). Recently availabfC-enriched pro-

Figure 1. Newman projection of the polypept?dietorsion viewed tein enabled comprehensive measurements of almost

along the N-C bond axis. The conformation displayesl £ —90°) 3 . .

is typical of protein secondary structure. Subscrijgisdi —1 denote all =7 COUP“”Q constants related .tO the protein back-

the current and the preceding residue in the polypeptide sequence,bone torsionsp (Lohr and Riterjans, 1995; Léhr,

respectively. Dihedral angle incremergis= 6(HN-C*-N-C/_,) 1996; Schmidt et al., 1996; Lohr et al., 1997, Blimel

- 18¢ and = 6(CP-N-C*-C{) — 120° account for pos- et al., 1998). Both the huge amount of experimedatal

sible distortion of ideal planar and tetrahedral bond geometry cqynjing information and the fairly accurate character-

at N and C sites, respectively. The definition chosen warrants ._ . ., .

& = 6(C,_,-N-C'C) always. ization o_f the _proteln s global fold rendE_r. vulgaris
flavodoxin suitable to test the self consistent conver-
sion of 3J coupling information into dihedral-angle

using Equation 1, data redundance is exploited by constraints.

realizing that variation of Karplus coefficients and tor- Isotopically labelled recombinant flavodoxin, both

sion angle parameters affects columns and rows of °N-singly and3C, 1°N-doubly enriched, was pre-

the J matrix, respectively. Combining ‘vertically’ and ~ pared according to previous reports (Curley et al.,

‘horizontally’ acting parameter groups, Karplus coef- 1991). NMR experiments were carried out at 300 K

ficients and torsion angles, respectively, crucially ties using protein sample concentrations of 4.5 mioNy)

together all constituerdtinformation such thata least- and 1.4 mM 3C, 1°N) in 0.5 ml 10 mM potas-

squares regression procedure, termed self-consistensium phosphate buffer at pH 7 containing 5%@

J evaluation, will be driven by the effect of re- NMR spectra were recorded on a Bruker DMX-600

distributing fit deviations over the complefearray. spectrometer equipped with a 5 mm triple-resonance

Firstly, it will be outlined how the basic parameters probe and pulsed-field gradient (PFG) accessories,

Karplus coefficients and torsion angles are simultane- except f0r3J(HN,C’) determinations for which an

ously adjusted in order to match back-calculated and older AMX-600 console and a sample concentration

experimental coupling constants. In a second stage,of 2.2 mM were used. The following summarizes the
the model complexity will be increased as sufficient essentials of data collection and evaluation protocols
degrees of freedom are available to study the effect of which have been presented elsewhere in detail.
relaxing various assumptions initially made. 3J(HN,H*) coupling constants originated from
constant-time J-modulated *H, 15N heteronuclear
multiple-quantum coherence (HMQC) spectra in com-
bination with non-linear fitting of the transfer func-
tion, taking experimentaiH®-selective T relaxation
times into account (Billeter et al., 1992; Kuboniwa
et al., 1994).3J(HN,C) coupling constants were

{
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Figure 2. Dependence of back-calculatéd coupling constants on model parameters in self-consistent torsion angle calibration. Three groups
of adjustables are distinguished: (1) theoupling type-specific Karplus coefficients affect data columns; (2) the data rows are influenced

by residue-specific properties like torsion angles and Gaussian-librational widths; (3) global properties, which are not associated with either
a particulard coupling type or with a particular residue, such as correction terms accounting for tetrahedral or planar distortion give rise to
variation in all entries in thd matrix.

obtained using 3D heteronuclear relayed exclusive truncated after the third term,

correlation spectroscopy (E.COSY) combined with 2
2D multiplet line-shape analysis (Schmidt et al., J(6) =Zm:0 Cm CO(mMO) =
1996) and from 3D Gcoupled (H)CANNH spec- Co + C1c0g0) + C2c0920), 2)

tra (L6hr and Riiterjans, 199537 (HN,C?) coupling S
constants resulted from a PFG version of the 35 ¢ Where the identities = 2C3, B = €1, andC = Co—

coupled (H)CANNH experiment (Léhr and Riterjans, C» restore the coefficients of the usually applied power
1995). 3J(C/_,,H%) coupling constants were mea- series of Equation 1. Physical interpretation of the re-
sured in 3I3|_ﬁ-cloupled H(N)CA,CO (Lohr et al. defined coefficients remains transpareniCasis the

1997) and in a PFG-based 3D-@upled (HNCAHA meanJ value obtained upon complete revolutionopf

spectrum (Léhr and Riiterjans, 1995 (C._.,C) (C2 — (1) is the largest deflection ihfrom the mean,
-1 with 2C1 being the coupling difference betwegans

andcis periplanar orientations of the dihedral angle

As shown in Figure 2 experimentatoupling data
are deliberately arranged in a mattx the size of
122 x 6 for the ¢ determination in the flavodoxin
case, with its elements,” made up of the experi-
mental coupling constants of residkeand coupling

and 3J(C{_l,C|ﬁ) coupling constants resulted from
H(N)CA,CO-E.COSY experiments (Lohr et al., 1997)
using iterative trace alignment (Schmidt et al., 1995).
Coincident chemical-shift ranges of@nd ¢ spins

in serine and threonine residues prevented discrim-
ination by selective excitation pulses and prompted
additional FN and C-coupled HNCACB experiments typel. The system of linear equations is then given
(L6hr and Ruterjans, 1999) to determine coupling con- by the short-hand matrix construtt TC, where the
stants®J (HN,C*) and /(C/_,,C]), respectively. In  gjements in the pseudodiagonal coefficient marix
total, 745 quantitativé] coupling constants were col-  are identified with the paramete€s,, m = 0, 1, 2
lected. In case multiple determinations were made in Equation 2, andr is the matrix of trigonometric
due to different experimental approaches, values were cosine operators raised to the series of Fourier compo-
averaged provided their error margins were roughly nents7/" = cogm6y ). The dihedral-angle argument

. ki =
similar. includes phase shifts as defined in Table 1, so that
_ _ _ 0 = ¢ +In/3 with! = 0,...,5 to conform with the 1U-
Model function and implementation PAC/IUB definition (1970) of the heavy-atom torsion

. o ) ¢ (Figure 1). Perfect trigonal planar and tetrahedral
Numerical parameter optimization is considerably fa- geometries at the backbone nitrogen afica@ms, re-

cilitated by recasting the torsion-angle dependence of spectively, are assumed. The explicit matrix equation
theJ coupling constant- as Karplus (1963) originally  e54s:

suggested- into a series of (real) Fourier coefficients



Table 1. Self-consistent Karplus coefficients for the angular dependence of polypéptalated
37 couplings based on flavodoxin data

Coupling type  Karplus coefficierfts Torsion phase incremefits
A B C I A £ )
(Hz) (Hz) (Hz) (deg)
37(HN,HY) 7.90+£1.02 -1.05+054 065+£058 5 —60 -—& —¢
3JHN.C) 441+0.81 -1.36+103 0.24£0.37 3 =£180 -¢&
3J(HN, Py 2.90+£0.80 -0.56+052 0.18:037 1 460 -—-& —2¢
3J(C_;HY)  3.76£1.05 -1.63+0.56 0.89:0.60 2 +120 —9
3J(C_,C) 151+086 -1.09+£1.11 052:039 0  +0
3J(ci’_1,cf’) 2.72+0.80 -—0.31+052 0.39£0.37 4 -120 —29

acoefficients given are for use with the equatfn(0) = A co2 6 + B cosd + C whered =

¢ + Ad + & + ¢ according to Figure 1. In the basic stugy= 0 and9 = 0. The definition
chosen warrants that the dihedral ang(€_,-N-C'-C) is always identical tap. Previously
established procedures (Schmidt et al., 1996, 1997a, and references cited therein) were applied to
obtain+1o confidence boundaries on the Karplus coefficients. Tests were made against the critical
Fisher variance ratid" = 1.137, given the numbers of observables and adjustables, 705

and p = 140, respectively. Varianceé, of the Fourier coefficient€’,,, translate into the usual
representation of Karplus parameters accordingjte= 203, 04 = 0% ando2 = |05 — o3)|.

bDihedral angle increments= §(HN-C*-N-G_;) — 18¢° and B = 6(CP-N-C*~C)) — 120°
account for possible distortion of ideal planar and tetrahedral bond geometry at N*asitt§;
respectively.

conformation. The analysis of th&-relatedJ cou-
plings in flavodoxin allows to adjust 18 Karplus co-
efficients and 122 torsion angles of non-glycine and
non-proline residues exhibiting at least 4 coupling

Jia Ji2 - J1y
Jo1 J22 . T2
J31 J32 ... J3; =

Je1 k2 o Ik constants each. These 140 independent variables were
simultaneously optimized in an iterative manner to
rCos O .. 01 minimize the difference between experimental cou-
0 Cpz.. O pling constants ®*Ptand values/ ¢@' back-calculated
by means of Equation 2. Agreement with experiment
TPy T0 Tiq o T T T | O 0w Coy Y K J ¥

: ’ was continuously assessed by the normalized residual
(S O SR A I o B e S B y y

S L | e IO ES U e S RO D) I
10, IO Ty o T T2 T2 ) [ oy 0 1 O o 2T — Cog — C1i cog oy + I7/3)
el — Cauc082(0x + I /3) 2 (4)
L0 0 - Coud wherei runs over alln observations. A uniform ex-
When establishing th& matrix, phase shifta\d perimental error in the coupling constants of =

on the heavy-atom torsiapare imposed by exploiting ~ 0-25 Hz was applied in the self-consistaatoupling

the relationship exip(d + Ad)} = explid) expii Ad) analysis. Qualitatively, the significance of the regres-
. . ! . . . . . 2

in a complex vector multiplication. Only the real part Sion manifests in a small residuale; on the order

of the exponential is required for function evaluation, Of the number of experimental observables or, more
while gradient computation takes advantage of the conveniently, in the derived quantity rmsdthe rms

imaginary component. difference between back-calculated and experimental
coupling constants.

Computational protocol At the expense of one additional parameter per
residue, local angular mobility is included in the ba-

The basic procedure of self-consistdigbupling eval- sic model by supplying each torsion angle with a

uation relies on the assumption of a single rigid protein Gaussian probability distribution. Within the frame-
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work of a Gaussian libration model, dihedral angles tion and 100 gradient evaluations, between which each
of only those 117 residues were fitted which exhibit torsion-angle value was swept through the complete
at least 5 known coupling constants. The extended 2x interval while evaluating its contribution t«f, in

variable set comprised additional spread parameters,order to escape from local minima due to possible

so that a total of 252 variables were simultaneously
optimized. The averaging effect on the Karplus re-
lations is conveniently computed by replacing the
Fourier components in Equation 2 Bgogm6)) =
exp(—m?203/2) cogm®) reflecting a Gaussian width
parameteiq (Brischweiler and Case, 1994), where
the brackets denote ensemble averagingsanalues
are given in radians.

Initial Fourier coefficiento; and C2; were set
to the means of the experimengatoupling constants
averaged for each coupling typeseparately, while
coefficientsC1; were initialized at—1 Hz. Dihedral
angle valuesp; were chosen at random from the 2
interval. In the context of Gaussian mobility, the dis-
tribution width parametersy were initialized at 20

using torsion angles and coefficients emerged from the

simpler rigid model.
While torsion-angle parameters were freely ad-

justable, Fourier coefficients were constrained to pos-

itive and negative ranges forpC, and G, respec-
tively, by adding a semi-parabolic penalzlye%onS =
KcondC? to the residuat? defined in Equation 4 that
drives the line search. The weighting factonswas

degenerate solutions.

Gradient computation at arbitrary points in the
multi-dimensional model space involves derivatives
with respect to Fourier coefficientsyJ/aCy,
cogmb), to torsion anglesy /06 = —{C1sin(0) +
2Cysin(26)}, and to distribution width parame-
ters, 9J/dog —oo{C1exp(—02/2) cogO) +
4Co exp(—2c;§) c0g20)}. The partial derivative of the
fit error with respect to any of the variables was con-
structed from a merger of Equation 4 and one of the
above mentioned functions accordingato’j/aP- =
9€2/0J; - 0J;/0P; = 231 67 2AJ; - 3J; /3 P; where
AJ is the current deviation from the target coupling
constant.

Results and discussion

Basic self-consisterdtcoupling analysis in flavodoxin

Accurate backbone torsion angles in the protein
D. vulgaris flavodoxin were determined on the ex-
clusive basis of] coupling constants related to all

chosen to represent the number of deviates consideredsix possible pairs of scalar coupled nuclei. Trans-
in the residual such as to consume one degree of free-formation of the spin-system properties into dihedral

dom upon a 1 Hz constraint violation. Gaussian distri-
bution parameters were fitted in the logarithm to avoid
the need of constraining their values to physically
meaningful positive numbers.

The refinement protocol included a repeatedly

angle parameters was achieved by a novel procedure,
termed self-consistent evaluation &fcoupling con-
stants, the main feature of which is to take advantage
of redundant structure information embedded in re-
latedJ coupling data sets. At the same time, iterative

restarted least-squares optimization based on the DFPnumerical optimization delivered sets of Karplus coef-

variable-metric method (Davidson, 1959; Fletcher and
Powell, 1963), which avoids direct calculation of the
inverse Hessian matrix required for minimization path
retrieval and therefore proved most efficient. Analyt-
ical first partial derivatives) J;/d P; of the coupling
constant/; with respect to each of the fit parameters
P; were provided to accelerate the mixed quadratic
and cubic line search algorithm. However, search di-
rection update in the course of gradient evaluation, i.e.
Hessian matrix recomputation, turned out to be the
time-limiting step. At 64 bit floating-point represen-

ficients, which are considered empirical descriptors of
the dihedral angle dependencelofalues. Optimized
Karplus coefficients and torsion angle geometries are
summarized in Table 1 and Table 2, respectively. The
global rms deviation between calculated and experi-
mental coupling constants was 0.35 Hz which reflects
the gross experimental precision btoupling deter-
mination. Individual rmsd values ranged from 0.25
to 0.44 Hz, with violations ofJ(HN,H%) coupling
constants being smallest (Figure 3).

The refined Karplus coefficients given in Table 1

tation, benchmarks on an Intel 486/50-based personalcan be compared to recent X-ray coordinate-based
computer required ca. 4 and 23 CPU seconds perparametrizations of thé torsional dependences of

gradient step for 140 and 252 fit parameters in the
flavodoxin application, respectively. Typically, the
procedure converged after a few cycles of 400 func-

all six possible couplingsJ(HN,H), 3J(HN,C),
3J(HN,C), 3(C_;, HY), 3J(C_,, C), and®J(C]_,,
Ciﬁ) as derived by Bax and co-workers (Wang and



Table 2. Optimized¢ torsion angles in flavodoxin as inferred from self-consistecupling analysi$

Residue ¢x—ray dRigid PGauss Residue ¢x—ray dRigid PGauss Residue ¢x—ray ORigid $Gauss

Lys-3 —107.0 —112.2 —112.44+ 5.0 Leu-52 —141.4 —152.0 —148.6+29.9 Phe-101 -63.5 -62.3 -60.3+ 5.0
Ala-4  —-120.3 —120.4 —121.5+ 9.8 Val-53 —-123.2 —117.8 —119.4+ 14.8 Cys-102 53.0 49.9 38428.2
Leu-5 —113.5 —-112.6 —117.8+21.0 Leu-54 —113.3 —117.6 —118.3+ 3.2 Ala-104 -61.3 -75.2 —-74.0+ 0.2
lle-6 —-119.2 —127.9 —-129.7+ 0.1 Leu-55 -112.2 —-110.7 (n.a.) Val-105 —-61.4 -69.9 -68.5+ 0.1
Val-7 —119.8 —119.5 —120.5+ 10.3 Cys-57 —159.0 —153.9 —153.7£17.0 Asp-106 —-60.4 —-63.7 —-59.8419.5
Tyr-8 —131.5 —125.8 —127.6+ 0.1 Ser-58 -854 -88.8 —-87.9+ 0.1 Ala-107 -64.3 —-60.1 -58.1+ 0.1
Ser-10 —-142.2 —140.5 —140.8+11.5 Thr-59 -109.2 —109.1 —108.0+ 0.3 lle-108 —-67.3 —-78.8 —-78.4+15.8
Thr-11 -93.3 -974 -96.3+ 0.1 Trp-60 -125.4 —130.2 —131.7+ 0.0 Glu-109 -59.5 -61.7 -58.3+ 14.6
Thr-12 -106.0 —109.1 —108.7+ 1.7 Asp-62 65.6 71.8 784 39.8 Glu-110 —-58.3 —-62.9 —-58.7+19.3
Asn-14 —-70.6 —-70.8 —-69.4+10.4 Ser-64 —-150.6 —155.2 —154.8+ 18.7 Lys-111 —-62.0 —-74.1 —-72.8+155
Glu-16 —-67.9 -755 -744+124 lle-65 —-91.3 -86.0 —90.5+29.6 Leu-112 -60.8 —64.0 —59.9+ 0.0
Tyr-17 —-60.5 —-62.5 -59.5+13.8 Glu-66 —120.0 —129.5 —131.2+ 0.1 Lys-113 -64.3 -66.5 —-62.7+22.0
Ala-19 -59.2 -66.1 -64.4+ 8.8 Leu-67 -794 -76.6 —-755+ 0.1 Asn-114 -735 -70.0 —-67.3+21.5
Glu-20 -68.7 -66.8 —62.8+23.3 GIn-68 —-49.4 -60.2 -57.7+ 7.6 Leu-115 -—-78.7 —-92.0 -92.8+14.1
Thr-21 -65.7 —-71.9 -70.3+16.9 Asp-69 -50.8 —-53.5 (n.a. Ala-117 —-67.5 —-79.0 —-78.3+11.2
lle-22 -615 -71.9 -707+ 8.0 Asp-70 —-69.9 -78.2 -772+ 0.1 Glu-118 —104.1 —-93.0 —-98.0+24.4
Ala-23  -56.3 —-59.9 —-54.2+20.3 Phe-71 -844 -—-86.2 -86.4+14.0 lle-119 -81.9 -83.3 —-84.8423.6
Arg-24 —64.2 —-68.9 —66.1+21.0 lle-72 —-479 -56.1 -52.1+11.8 Val-120 -78.7 -78.3 -78.3+26.3
Glu-25 —-65.3 (n.a.) (n.a.) Leu-74 —62.0 —-79.7 -79.1+13.0 GIn-121 —150.3 —158.3 —159.2+ 0.1
Leu-26 —67.2 -749 -73.7+25.3 Phe-75 -57.8 —-66.0 —-64.3+ 6.8 Asp-122 -64.2 —-67.4 —-64.0+225
Ala-27 —-65.8 —65.7 —62.4+18.1 Asp-76 —-68.2 —65.1 -61.7+18.4 Leu-124 —-85.0 -93.1 -92.3+ 0.1
Asp-28 —-66.4 —-70.1 —-66.4+26.7 Ser-77 —103.0 —112.9 (n.a.) Arg-125-114.1 —-112.6 (n.a.)

Ala-29 —-82.2 —-942 —-97.1+19.4 Leu-78 -59.1 —-44.6 -36.6+12.4 lle-126 —-94.1 —101.1 —100.1+ 0.1
Tyr-31 —-71.1 -854 -845+ 6.2 Glu-79 -59.5 —-61.2 —-55.7+20.8 Asp-127 —96.6 —102.7 —104.0+ 13.0
Glu-32 —-943 -984 -97.6+ 0.4 Glu-80 -96.8 —89.8 —-90.4+14.5 Asp-129 -63.4 —-67.3 —65.04+14.6
Val-33 -116.2 —114.4 —116.5+15.0 Thr-81 -78.9 -78.8 -79.0+26.2 Arg-131 -63.0 —-76.3 —-76.0+255
Asp-34 —-118.3 —117.8 —119.3+15.1 Ala-83 —-82.1 —-79.2 -79.4+245 Ala-132 -91.1 -92.3 -91.9+ 8.6
Ser-35 —-107.2 —113.1 —-114.8+13.6 GIn-84 -56.8 —-63.1 —-61.3+ 0.6 Ala-133 —126.7 —115.7 —117.6+ 14.6
Arg-36 —128.6 —131.9 —132.6+ 10.2 Arg-86 —-79.1 -86.8 —-86.8+12.9 Arg-134 -53.1 -42.3 -36.0+ 0.1
Asp-37 —-67.4 -83.1 -822+ 0.1 Lys-87 —-829 -851 -84.7+ 9.3 Asp-135 -64.8 —-68.2 —-65.5+19.5
Ala-38 —-61.4 -59.2 -55.1+15.4 Val-88 -133.4 —127.2 —129.0+ 0.1 Asp-136 —-68.7 —-78.7 —-78.2+15.7
Ala-39 -58.4 -67.3 —-66.0+ 0.1 Ala-89 -153.1 —158.5 —159.4+ 0.0 lle-137 —-68.9 —-74.7 —-73.6+18.2
Ser-40 —94.5 —105.3 —107.2+ 13.9 Cys-90 —120.6 —114.6 —114.7+ 0.1 Val-138 -59.7 —67.5 —65.3+14.7
Val-41 —112.1 —104.5 —107.0+ 15.5 Phe-91 —147.7 —143.0 —144.5+ 0.1 Trp-140 -66.7 —69.7 —67.9+15.3
Glu-42 —-110.5 —108.1 —114.84+421.9 Cys-93 —105.1 —108.4 —107.6+ 0.0 Ala-141 -61.3 -67.8 —-65.1+18.1
Ala-43 —-64.4 —64.2 —61.1+15.9 Asp-95 —149.3 —145.2 —145.9+ 9.4 His-142 -63.6 —-70.2 —-68.3+15.7
Leu-46 —-499 -519 -40.6+224 Ser-96 —-655 -73.2 —-70.7£27.0 Asp-143 —-63.4 —-74.1 -729+14.9
Phe-47 —-86.7 —-86.0 —-85.9+12.7 Ser97 -76.4 -86.1 (n.a.) Val-144 —-63.9 —-69.8 —67.0+22.3
Glu-48 -61.2 -659 -62.3+19.8 Tyr-98 —-883 -98.0 -97.0+ 0.1 Arg-145 -625 -77.6 —-77.6+27.2
Phe-50 —106.8 —101.8 —102.6+ 11.8 Glu-99 —-65.2 —-68.3 —-61.94+32.0 Ala-147 -98.0 —89.8 —-93.0+22.5
Asp-51 —-88.3 -—-87.6 —-86.5+ 0.0 Tyr-100 —105.9 —-97.2 —106.3+27.4 lle-148 —-113.2 —105.6 —110.1+ 19.2

aVaIues¢Rigid and ¢causs(in degrees) denote best fitting torsion angles as obtained in contexts of a rigid and a Gaussian-libration
molecular model, respectively. (n.a.) not sufficid¢rdoupling constants availabléx-ray are crystallographic results as taken from Walsh
(private communication).



J(HY,HY) J(C',H%) involving positive torsion angles, a fact attributed to
sparse experimental sampling.

Comments are due on the intraresidual coupling
constantJ(C',C?) for which divergent Karplus para-
metrizations exist. Two attempts by Hu and Bax (1997,
1998) led to coefficients that, maldevalues topping
at ca. 2.7 Hz, reflecting their experimental ubiquitin
data. These parameter sets disagree with our parame-
trization by A Jyms = 0.83 Hz andA Jyms = 1.08 Hz,
Je',e) respectively. However, our experimental (C',C%)
values in flavodoxin are as large as 4.06 Hz. Léhr
et al. (1997) reported significantly differeht(C’,C%)
coefficients for which better agreement with the cur-

- rent work is obtainedA Jims = 0.21 Hz, obviously
4;/‘\/ because the same sample protein and experimental
A methods have been used.

The ¢ torsional angles irD. vulgaris flavodoxin
as derived fromJ coupling constants were compared
with referencep values from X-ray diffraction studies
(Table 2). Figure 4 reveals strikingly similar confor-
mations in both solution and solid state, which was
not anticipated a priori. Half of the torsions (60 out of
122) agreed to withing another 41 residues exhibited
deviations between®fand 10, while only 21 torsions

exceeded 10deviation with the maximum at 17 Tor

-120 -60 0 60 120 -120 60 0 60 120 Leu-74.
(deg)

Figure 3. ?elf—consistent angular dependence of polypeptide ¢-torsion-angle dynamics in flavodoxin as inferred
¢-related “J-coupling constants. The optimized Karplus g ;

curves (solid lines) are compared with recent parameterizations frochoupllng information
(dot-dashed lines) ofJ(HN,HY), 37(HN,C), 37HN,CP), and _ _ )
3J(C/_,, HY) by Wang and Bax (1996), and 8f/(C/_,,C') and So far, J coupling analysis was based on the possi-

=3 - bly unjustified assumption of a single rigid molecular

3](0{_1,0?) by Hu and Bax (1996, 1997). The comparatively . | o
reduced scatter in violations &t/(HN,H*) coupling constants is conformation. Local intramolecular mobility and re-

rationalized by two facts: firstly?Juy values are larger than those ~ Ofientation processes makecoupling constants dy-
of 3Ji4c or 3Jcc on an absolute scale, and secondiytorsions in namically averaged parameters (Jardetzki, 1980), so
protein regular structure typically cover the markedly steep slope of qarivation of angular constraints becomes ambigu-
the3JyH curve, thus making the fit very sensitive to small changes D . . f . | d h
in the intermediate values 0. ous. Due interpretation of experimental data then
requires conformational flexibility be accounted for
in the model. Rapid angular interconversion aver-
Bax, 1995, 1996; Hu and Bax, 1996, 1997, 1998). ages the experimentdktoupling constant of (distinct)
As pointed out elsewhere (Blimel et al., 1998), the dihedral-angle state® weighted by individual prob-
difference in either two sets of Karplus coefficients gpjiities, i.e. (J) = 027f p(9)J (9)do. The dihedral-
quantifies an average discrepancy in the (calculated) angle distribution profilg)(6) was considered to obey
coupling constants to be expected upon complete dihe-5 simple Gaussian normal distribution (Karimi-Nejad
dral angle revolution through therdnterval, as given et al., 1994; Schmidt, 1997b). With respect to both
by AJims = (0.375AA)% + 0.5(AB)” + (AC)® + transparent implementation and computational speed,
AAAC)Y2. Accordingly, rms deviations between the  the convolution integral was approximated in terms of
reference curves and ours amount to 0.78, 0.43, 0.25,appropriately modified Karplus coefficients (Brusch-
0.48, 0.16, and 0.83 Hz, respectively, significantly ex- weiler and Case, 1994).
ceeding experimental sensitivity. As showninFigure 3 self-consistent calibration of Karplus coefficients,
all of the Karplus curves differ most for conformations - mean torsion angles, and Gaussian fluctuation widths

J(HN,CP) J(c',ch
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Figure 4. Torsion angles in flavodoxin as obtained from self-consisiergupling analysis. In the upper panel, NMR-derived torsions (heavy
line) are superimposed on reference values from high-resolution X-ray coordinates (light line). The lower panel shows (five-fold enlarged)

the differenceshnmr — dx-ray, the mean deviation and rms difference beirg & and 7.0, respectively. A secondary-structure-depending
deviation is not perceived.
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Figure 5. Amplitudes of Gaussian random fluctuation in the backbone of flavodoxin as inferred3ﬁom)upling information. Sec-
ondary-structure elementshelices ang3-sheets are indicated by the respective symbols. Fluctuatiopsstirands turned out to be smaller
than ina-helical regions. The FMN-binding loops exhibit larger mobility.

revealed significant molecular mobility being present 1993, 1996). The lack of observable intraprotein NOE
along the flavodoxin main chain. Mean torsions of cross peaks for the respective residues is likely to be
both the rigid and the flexible model are found to a consequence of the bound FMN molecule and/or
agree within 3.3 on average. Figure 5 correlates mo- local internal mobility. In fact, rigorous evaluation of
bility effects with secondary structure in the protein. localJ-coupling information delivered conformational
In flavodoxin, residues 3-9, 32-36, 52-58, 86-93 restraints on the accessible dihedral angle space, and
and 124-127 are involved prsheet structures, while  at the same time hinted at comparatively large mobil-
residues 13-28, 69-76, 104—114 and 134148 patrtici-ity of backbone torsions in the FMN binding loops
pate ina-helix conformations. On averagg;angular (Table 2).

fluctuation turned out to b&13.C with a-helices ap-

pearing to be more flexible(14.8) than g-sheets Global distortion from ideal bonding geometry
(£7.7). In flavodoxin, two loop regions (59-68 and

94-103) make up the FMN binding site which is The dependence of thlecoupling constants on bond-
ill-defined in the NOE-based NMR structure due to angle geometry was studied within the framework
insufficient NOE distance information (Knauf et al., Of rigid conformation. The prerequisite for associ-



10

ating distorted bond angles at N and Gites with J-coupling information unit per residues was removed
a single global parameter each is met in so far as from the set. The summed residual and discrepancies
their first-sphere substituent pattern is identical in all in the Karplus coefficients and torsion angles leapt to
amino acid types treated, except glycine and proline 1812.4,+1.39 Hz, and 23.2 respectively. Although
which were anyway excluded from the analysis. In results might vary with random segmentation, they
a first trial, bending of the bond angle'-@*—C’ efficiently demonstrate both the extent and utilization
was parsed to the dihedral angkedy adding incre- of redundance being present among the experimental
mentsy$ as defined by Figure 1 and Table 1. The re- observables.

sults showed only marginal deviation from tetrahedral An alternative way of partitioning has been
geometry at the €atom. The optimized value a@f = adopted by Hu and Bax (1997) when keeping aside
—1.914-2.83 agrees well with the mean torsion differ-  one out of six coupling constant types and predicting
ence 3 = (6(C|_,-N-C*- clﬁ) —6(C_,;-N-C-C)) the omitted values, however, requiring Karplus co-
+ 120) in the X-ray conformations grand averages €fficients for the latter be known. Such non-random
of which amount to-2.45+ 5.63 (2FX2, Wattetal.,  partitioning is hardly applicable in our study because
1991) and—0.69+ 3.93 (Walsh, unpublished). Sim-  Karplus coefficients and torsion angles are iterated
ilarly, amide nitrogen out-of-plane bending converged jointly. Trial analyses based on sets of only fike

atg = 3.8243.02°. However, comparison with X-ray ~ coupling types, leaving out in turn each single column
data is impossible here due to the lack of hydrogen of theJ matrix, worked fine in the flavodoxin case only
coordinates. Activating both fit parameters simulta- if CP-related coupling constants were omitted, but
neously revealed an even smaller bending tendencywere found to depend on parameter initialization oth-
resulting ing = —0.97+2.75° andg = 3.4443.02. erwise. Not surprisingly, unambiguous torsion angle
Our data agree with the results of a recent investigation determination indeed requires the maximum number
by Hu and Bax (1997) differing in both the method of J-coupling types (Blimel et al., 1998). In con-
applied and the molecule studied. In conclusion, the trast, stripping complete rows off th& matrix is
assumption of perfect planar and tetrahedral geometry readily tolerated, while computations are made on a
at N and C sites is justified. smaller number of residues, eventually reverting all
the advantage gained by imposing the concept of self
consistently treating all available data.

By their very nature3J-coupling constants, in par-
Redundant data sets qualify for consistency tests us-ticular heteronuclear ones, are confined to a narrow
ing the procedure of cross-validation (Stone, 1974). range of values and it is usually not possible to spot
The experimental set is partitioned at random into experimental outliers unless dealing with severely cor-
S distinct segments and processing using data from rupted spectrum peaks. In a way, the robustness of
S — 1 segments is repeated for each of ghpossi- our method is demonstrated by discerning those ex-
ble choices for the segment being omitted from the perimentall values which violate the back-calculated
calculation. Values of the error function are collected J values by more than three standard deviations, i.e.
separately for the included data as well as for the re- 0.75 Hz, as marked by triple asterisks in the supple-
maining segment and both test errors averaged overmentary Table S1 (to be obtained from the authors). In
all Sresults. Data consistency is indicated when the the set of 705 experimental values, there are 22 such
combined residual does not significantly exceed the violations accounting for 25% of the squared residual
minimum error returned by the full target function, re- €2 but obviously they had no adverse effects on the
ferred to ag2 = 12842. Three cross-validation tests torsion angle results.
were carried out with partitioning (segmentlement
numbers) of 141x 5, 47 x 15, and 15x 47. The for-
mer two showed very good consistency with averaged Conclusions
summed residuals of 1303.0 and 1356.3, respectively.

Cross-validation and robustness of the method

Karplus coefficients were withi#0.06 and+0.14 Hz
of the optimum solution (Table 1), respectively, while

In the context of NMR structure analysis, self consis-
tency entails the joint interpretation of all structure in-

rms deviations between reference and cross-validatedformation available for the majority of the macromole-

torsion angles were only ®4nd 1.2. Segment size
was found too large in the third run, as about half a

cular subunits, for example all amino acid residues
in a protein. The concept involves simultaneous least-
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squares optimization of a series of model parameters Curley, G.P., Carr, M.C., Mayhew, S.G. and Voordouw, G. (1991)

persistent to all residues while abandoning a priori
assumptions on molecular properties usually inferred
from either X-ray crystallography or other spectro-

scopic methods. By exploiting the data redundance

the entirety of thep-related®J-coupling constants in-
heres, self consisteritcoupling evaluation applied
to recombinanDesulfovibrio vulgaridlavodoxin was
shown to deliver both accurate locél torsion an-
gles as well as reliable Karplus-type parameterization

of the angular dependence of the spin-spin couplings

Eur. J. Biochem.202, 1091-1100.
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self-consistency of the procedure. As long as a fun-
damental theory of predicting-coupling constants
from molecular conformation is lacking, the calibra-
tion method outlined is expected to profit from the
rapidly increasing amounts dfdata and is likely to
help improving the molecular models emerging from
high-resolution conformational NMR studies.
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