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Abstract: Vicinal scalarJ-coupling constants in polypeptides are analyzed using density functional theory
(DFT) in combination with molecular dynamics (MD) computer simulations. The couplings studied are the
six 3J-coupling constants that involve tgebackbone torsion angl&)(HN—H®), 3J(HN—-CP), 3J(HN—-C"), 3J(C'—

H®), 3J(C'—CF), and3)(C'—C'), and two3J-coupling constantJ(H*—N) and3J(N—N), that involve they
backbone torsion angle. The dependence of these couplings on their main torsion angle as well as other degrees
of freedom are investigated by computations performed on two different versions of the alanine dipeptide,
Ala-Ala-NH; and Ace-Ala-NMe, with sets of coordinates obtained by different structure optimization schemes
and from snapshots extracted from a MD trajectory of ubiquitin. In this way, assumptions that underlie the
widely used Karplus relationships can be independently tested. Static Karplus curves, which are fitted to the
computed couplings as a function of tgetorsion angle, are generally in good agreement with empirical
Karplus curves reported for several proteins if substantial motional averaging effects are taken into account.
For ubiquitin, the average-angle fluctuation amplitudes are24°, which is somewhat larger than what has

been found from NMR relaxation measurements and MD simulations, presumably because these latter techniques
predominantly reflect motions on the ns and sub-ns time-scale range. Systematic differences in the backbone
@ angles between the solution-state and the crystalline structure are found to play a minor role. The two
couplings involving thep angle are sensitive not only to their main torsion angle, but also to other degrees of
freedom, which may complicate their interpretation. The emergence of DFT as a quantitative tool for the
interpretation of scalad-coupling constants enhances the powed-cbupling analysis as a unique probe of
structural dynamics of biomolecules.

1. Introduction For peptides and proteins, backbotHN—H*) coupling
) o o ) constants have been measured extensively for the purpgse of

The potential of indirect spiaspin coupling constants for  torsjon angle characterization, and thereby to distingeisteli-
conformational analysis using NMR data has been recognizedcg| from -sheet secondary structure. More recently, attention
in the early days of liquid-state NMR. The establishment of & ha5 turned to measurements of coupling constants invokg
formal relationship by Karplds between a vicinal scalar 15 spins, providing independent information gny, and
coupling constant of two spins and their intervening torsion ., orsion angle§-15 Extensive measurements on two proteins,
angle stimulated a large number of methodological and applied ypiquitin and flavodoxin, whose X-ray structures are known
work that continues today. In practice, Karplus relationships paye lead to empirical calibrations of all six of the “Karplus
are empirically parametrized usirdgcoupling constants mea- ¢ rves” of 33 couplings involving theg backbone torsional
sured for systems with known structure, and are subsequentlyangleé-8.16 These data provide a unique basis for comparison

used to interpret couplings in systems with less well character- ot measured and computed NMR parameters.
ized or unknown structur&:
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The ab initio prediction of vicinal-coupling constants and
of the associated Karplus parameters by gquantum chemical
methods has been for decades a major challenge. In the past,
general features, such as the locations of minima and maxima
of Karplus curves, have been well reproduced, while the
magnitudes of the couplings could substantially deviate from
experimentally extracted curvés!®Only recently the situation
has started to change, mainly due to progress in density
functional theory methodolodg§ and the increase in available
computer power. As a consequence, quantitative computation
of vicinal couplings and other useful couplings, including

trans-hydrogen bond couplings as well as one- and two-bond &,@4)
couplings, has been achievé&d4 b C @

The quantitative prediction of Karplus curves by using © T }\ Q
guantum-chemical methods is of interest for both theoreticians C,(@Q/{ENS‘QQ ®
and experimentalists for a number of reasons. First, the @ ¢ \N%
empirically derived Karplus curves neglect structural differences N

between the crystalline and solution structures, which can make C b

it difficult to transfer them from one system to another. Second, _. hree-di ional ies of th del

differences between experimental and theoretically predidted Figure 1. Three-dimensional geometries of the two model systems
for which scalar®J-coupling constants were calculated using density

couplings can provide qualitative and quantitative information ¢, ctional theory (DFT) methods as a function of themain-chain
on motional fluctuations of torsion angles taking place on a wide torsjon angles for differently optimized geometries: (a) Ace-Ala-NMe
range of time scales (fs to ms) that otherwise are difficult to and (b) Ala-Ala-NH.
monitor by NMR experiments. Third, experimendaiouplings
extracted by different NMR pulse sequence schemes sometimesf conformers of two different versions of the alanine dipeptide,
exhibit systematic differences. The availability of independent Ace-Ala-NMe and Ala-Ala-NH, shown in Figure 1. The
information on such couplings may lead to a better understand- ¢-dependences of six different homo- and heteronuciéar
ing of systematic experimental errors. Foudigoupling calcu-  coupling constants are computed and the corresponding Karplus
lations as a function of various degrees of freedom (other than parameters are extracted and compared to empirical parametri-
the intervening torsion angle) help to define the validity range zations reported in the literature. The effects of structure
of one-dimensional Karplus relationships. Finally, demonstrating optimizations and of thermal molecular motions¢etiihedral
that calculations can reliably reproduce experimental parametersangles and other degrees of freedom are discussed. By compar-
of well-studied systems supports the use of calculated Karplusing theoretical and experimentdl couplings of the protein
parameters for the interpretation &toupling data of systems  ybiquitin uncertainties and fluctuation amplitudesyeélihedral
for which empirical Karplus parameters are not (yet) available. angles are determined.

We present here quantum calculations3afcouplings of
proteins involving thep and y backbone torsion angles by 2. Methods
density fun_Ctional theory (D_FT) using th(—_:‘ programs del’cﬁéﬁ 2.1. Construction of Alanine-Dipeptide Conformers. For the
and Gaussiaff: The calculations are carried out on a multitude computations carried out on the conformers of Ace-Ala-NMe (Figure
la) theg andy backbone angles were set to fixed values that are
multiples of 30, and restricted to low-energy regions, as described

(16) Schmidt, J. M.; Blmel, M.; Lohr, F.; Rierjans, HJ. Biomol. NMR

1999 14, 1-12. . L -
(17) Edison, A. S.; Markley, J. L.: Weinhold, B. Phys. Chem1993 earlier?” The remaining internal degrees of freedom were optimized
97, 11657-11665. Edison, A.' S.; Markley, J. L.; Weinhold, . Biomol. with either the CHARMM-22 all-atom force fietd or the Hartree-
NMR 1994 4, 519-542, Fock method with a 6-31G* basis set as implemented in the Gaussian94
(18) Barfield, M. InEncyclopedia of Nuclear Magnetic Resonagriseant, progran?® As expected, there are minor differences in the bond lengths

D. M., Harris, R. K., Eds; Wiley: London, 1996; pp 2520532.

(19) Malkin, V. G.: Malkina, O. L. Casida, M. E.. Salahub, D. R. a_nd _a_ngles qbtamed frqm these optlmlzatlon proced_ures, with potentially
Am. Chem. Socl994 116, 5898-5908. S|gn|f|9ant d_|fferences in the deviations of thetorsion angles from
(20) Dingley, A. J.; Masse, J. E.; Peterson, R. D.; Barfield, M.; Feigon, Planarity, with the gas-phase Hartreeock results showing larger
J.; Grzesiek, SJ. Am. Chem. Sod.999 121, 6019-6027. deviations than the empirically derived CHARMM force field. However,
(21) Scheurer, C.; Bachweiler, RJ. Am. Chem. So¢999 121, 8661 as is shown below, these differences have no important consequences
8662. , . . for the 3J-coupling constants.
Zléég)zcll%mlescu, G.; Case, D. A; Bax, 8. Am. Chem. S0€00Q 122 The conformations for Ala-Ala-NH(Figure 1b) were constructed
(23) Podlasek, C. A.; Stripe, W. A.; Carmichael, I.; Shang, M.; Basu, Starting from the X-ray structure of the Ala-Ala dipepfiiaith local
B.: Serianni, A. SJ. Am. Chem. Sod.996 118 1413-1425. Cloran, F.; geometries adjusted in accordance to the CHARMM-22 force field and
Carmichael, I.; Serianni, A. Sl. Phys. Chem. A999 103 3783-3795. as described previous.The N-terminal NH* group was replaced
(24) Case, D. ACurr. Opin. Struct. Biol.200Q 10, 197-203.
(25) St-Amant, A.; Salahub, D. RChem. Phys. Lettl990 169, 387— (27) Sitkoff, D.; Case, D. AJ. Am. Chem. Sod997 119 12262~
392. Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, |.; St-Amant, A.; 12273.
Ushio, J. InDensity Functional Methods in Chemistriyabanowski, A., (28) MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L.,
Andzelm, J., Eds.; Springer: New York, 1991; p 77. Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S;

(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;  Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K; Mattos, C.;
Johnson, B. G.; Robb, J. A;; Cheeseman, J. R.; Keith, T. A.; Petersson, G.Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E., IlI;
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; M.; Wi6rkiewicz-Kuczera, J.; Yin, D.; Karplus, M.. Phys. Chem. B998
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; 102 3586-3616.

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; (29) Fletterick, F.; Tsai, C.; Hughes, R. E. Phys. Chem1971, 75,
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- 918-922.
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision B.2; Gaussian, (30) Scheurer, C.; Skrynnikov, N. R.; Lienin, S. F.; Straus, S. K,

Inc.: Pittsburgh, PA, 1995. Briuschweiler, R.; Ernst, R. RI. Am. Chem. S0d.999 121, 4242-4251.
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Figure 2. Computed scalaiJ-coupling constants between spins X and Y for (a) Ace-Ala-NMe and (b) Ala-Ala{see Figure 1) involving the
X—N—Ce—Y torsion angle. Spin X belongs either td'lar C and spin Y either to K C#, or C. In panel a, the circles give comput&Hcoupling
constants against the angle- 6, wherer is the X—N—C®-Y torsion angle and the offset angles given in Table 1€ — 6 is approximately the

@-torsion angle): filled circles correspond to CHARMM-optimized structures, while open circles belong to structures optimized by HF/6-31G*. In

panel a, empirical Karplus curves based on data from ubi§uitiare given by solid lines, and the ones based on data from flavodcxia
indicated by dashed lines (plotted agaip3t In panel b, the same couplings are given as in panel a for Ala-Ala-Nke open circles correspond

to the calculated couplings, the dotted lines indicate the best fit of Karplus curves of the form of eq 1 to the calculated couplings with fit parameters

given in Table 1, and the solid lines are the empirical curves for ubidfuitin.

by a NH; group and a NHgroup was added at the C terminus leading
to a charge neutral molecule. Theangle was kept fixed at the original
value of —165° and theg angle was varied from*to 360 in 10°
increments.

2.2. J-Coupling Calculations by DFT. The quantum chemical
calculations of the scalal-coupling constants were performed using
the sum-over-states density functional perturbation theory (SOS-
DFPT)® as implemented in thedeMon NMRprogran?® All major
J-coupling contributions were calculated including the Fermi contact
(FC) term, the paramagnetic spiorbit (PSO) term, and the diamag-
netic spin-orbit (DSO) term, while the spindipolar (SD) term, which
is usually only a small fraction of the leading FC term, was neglected.
The couplings were calculated using the SOS-DFPT approxintétion
with the Loc.1 energy correction for the denominators and with the
molecular orbitals localized by the method of B&y$-ull details of
the method are given elsewhéPel-or all calculations the Perdew
Wang exchange functional with the Perdew correlation funct®mals
used, which was previously found to yieldcoupling constants that
are in good agreement with experimental fag&:3'®0ther choices for

exchange and correlation functionals can have a significant effect on

the J-coupling constant as is illustrated in Supporting Information.
Numerical quadrature was carried out on FINE RANDOM angular
grids®1¢25 with 64 radial shells. Approximate gauge invariance is

(31) (a) Malkin, V. G.; Malkina, O. L.; Salahub, D. Rhem. Phys. Lett.
1994 221, 91-99. (b) Malkina, O. L.; Salahub, D. R.; Malkin, V. G.
Chem. Phys1996 105 8793-8800. (c) Malkin, V. G.; Malkina, O. L.;
Salahub, D. RChem. Phys. Letfl996 261, 335-345. (d) Malkin, V. G.;
Malkina, O. L.; Casida, M. E.; Salahub, D. B. Am. Chem. Sod.994
116, 5898-5908.

(32) Foster, S.; Boys, Rev. Mod. Phys196Q 32, 303—304.

(33) Perdew, J. P.; Wang, Phys. Re. B 1986 33, 8800-8802. Perdew,
J. P.Phys. Re. B 1986 33, 8822-8824; Perdew, J. P.; Wang, Phys.
Rev. B 1992 45, 13244-13249.

obtained using the individual gauge for localized orbitals (IGLO)
approach of Kutzelnigg and co-workefsThe DFT calculations used
the IGLO-IIl basis se#! which contains 11 s-type and 7 p-type
Gaussians on first row atoms (contracted to 7s/6p) along with two
uncontracted polarization functions. For comparison, some calculations
were repeated with a smaller IGLO-II basis, which has 5s and 4p
contracted basis functions and a single polarization function on first
row atoms. For the Fermi contact term, a finite perturbation approach
is used involving a separate calculation for each nucleus. Such a
calculation then gives couplings to all other nuclei in the molecule.
For the Ace-Ala-NMe dipeptide, each calculation takes about 2.5 h of
CPU time on a single processor of a 450 MHz Cray T3E and for the
Ala-Ala-NH; 2 h on a DEC-Alpha (600 MHz) processor and 2.85 h
on a Sun SparcUltra 60, respectively. Four such calculations were
carried out for each conformer with the perturbation applied at the H
H*, Cf, and C positions, respectively.

3. Results and Discussion

3.1. ¢ Dependence of3J-Coupling Constants in the
Absence of Motion.There exist si¥J-coupling constants that
involve thep backbone angle, connecting the carbonyatom
of the previous residue or theNratom of the same residue to
any of the K, CP, or C atoms of the same residue. Traditionally,
the most extensively studied coupling has been the proton
proton3J(HN—H®) coupling, but experimental results are now
available for two proteins for all the other combinations as well.
Figure 2 shows computed results for each of these couplings

(34) Kutzelnigg, W.; Fleischer, U.; Schindler, M. INMR: Basic
Principles and ProgresDiehl, P., Fluck, E., Kosfeld, E., Eds.; Springer:
Berlin, 1991; Vol. 23, pp 165262.
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Table 1. Coefficients for Karplus Curves of Figure 2 Based on
Eq1

0 A B C o
3Jcoupling [deg] [Hz]! [Hz) [HZz]! source [degP
8J(HN—H%) —60 9.44 —1.53 —0.07 DFT 2

—64.51 9.14—-2.28 —0.29 DFT 2

—60 7.09 —1.42 1.55 ubiquitif 21.7/21.6

—60 7.90 —1.05 0.65 flavodoxih 17.5/17.5

—60 95 —-1.4 0.3 “zero-motion®
3J(HN-CF) 60 515 0.01-0.32 DFT 2

58.18 4.58 —0.36 —0.31 DFT 2

60 3.06 —0.74 0.13 ubiquitif 29.2/25.3

60 2.90 —0.56 0.18 flavodoxinh  30.7/27.1
3J(HN—-C) 180 5.58 —1.06 —0.30 DFT ®

172.49 5.34—1.46 —0.29 DFT 2

180 4.29 —1.01 0.00 ubiquitif 20.8/20.1

180 4.41 —1.36 0.24 flavodoxih  18.9/17.8
3)(C—-C) 0 239 —1.25 0.26 DFT &

—2.56 2.71-0.91 0.21 DFT2

0 1.36 —0.93 0.60 ubiquitif 32.7/32.2

0 1.51 —1.09 0.52 flavodoxih 27.8/28.6
3)(C—-Cf) —120 2.49 —0.64 0.28 DFT &

—117.55 1.86—1.20 0.27 DFT2
—120 1.74 —0.57 0.25 ubiquitif 24.3/24.4
—120 2.72 —0.31 0.39 flavodoxih 0.0/0.0
3J(C—H® 120 4.38 —1.87 0.56 DFT 1
118.61 4.77—-1.85 0.49 DFT2
120 3.72 —2.18 1.28 ubiquitif 14.0/18.1
120 3.76 —1.63  0.89 flavodoxih 16.9/20.3
3J(H—N) 60" 558 —1.06 —0.30 DFT

60

a parameter fits for Ace-Ala-NMe of Figure 2aParameter fits for
Ala-Ala-NH, of Figure 2b.c Extrapolated “zero motion parameters”
of ref 40.9Dependence with respect tp angle (see Figure 6b).
e Empirical Karplus parameters for ubiquitin from refs &. f Empirical
Karplus parameters for flavodoxin from ref 18Empirical Karplus
parameters for ubiquitin from ref 18Average uncertainty inp
determined by comparison of the experimental Karplus relationship
with the two DFT (DFT 1/DFT 2) curves using egs 1 and Qffset
such that the torsion angle between the two coupled spins is=
@) + 6 (eq 1). For DFT 16 was kept fixed at standard values.
I Karplus parameters of eq 1.

429 —1.01 0.00 ubiquitif

for Ace-Ala-NMe (Figure 2a) and Ala-Ala-NH(Figure 2b),
together with empirical Karplus curves derived from experi-
mental measurements on ubiqufitihand flavodoxint-16Figure
2a combines the results for all of the low-energyy points in
the Ramachandran plot, as described eatfli@hereas Figure
2b usesy = —165°. The close agreement of the two sets of
calculations reflects the fact that the-dihedral angle is
relatively unimportant for these coupling constants.
Assuming that all couplings follow general Karplus relation-
ships of the forrh

J=Acos (¢ +6)+Bcosp+6)+C (1)
for each type offJ coupling the parameterd, B, C, and an
offset angle® were individually extracted by a least-squares fit
to the J couplings computed using DFT and shown in Figure
2. The values foA, B, C, and@ are given in Table 1. In the
original derivation of eq 1 only the Fermi contact term was
considered. While the present calculations show that the
paramagnetic and diamagnetic sporbit terms can have

J. Am. Chem. Soc., Vol. 122, No. 42, Z0R&8

circles in Figure 2a) lie on essentially the same curves indicating
that the couplings do not significantly depend on the method
chosen for geometry optimization. Moreover, the results ob-
tained for Ace-Ala-NMe are for mosp regions rather similar

to the results obtained for Ala-Ala-NHsee Table 1) indicating
that these computations are generally not very sensitive to the
size of the selected fragment. Exceptions can be found in Figure
2 concerning mainly th&J(HN—CF) coupling aroundp = —60°,
where the computed couplings for Ace-Ala-NMe are about 1
Hz larger than those for Ala-Ala-NgHand for the3J(C'—C')
coupling aroundp = 0°, where the computed coupling for Ace-
Ala-NMe is about 1 Hz smaller than for Ala-Ala-NHFor Ala-
Ala-NH, with thew angle fixed at-165 pronounced deviations
from Karplus-type behavior occur for th&(C'—C') curve
aroundg = 0° and for the3J(C'—CF) curve for 30 < ¢ <

12(°. These are due to close sterical contacts between the two
carbonyl oxygens and between the first carbonyl oxygen and
C#, respectively. Both curves exhibit the expected Karplus
behavior ify is allowed to change during energy minimization
relaxing the sterical interaction. Since the changeg ithat

are introduced by this procedure can be rather large, the DFT
calculations with fixedy = —165° have been chosen as the
basis for the Karplus parametrizations.

(2) The quantum-chemically determingdoupling constants
generally exhibit a smooth dependence on the intervening torsion
angle, as shown in Figure 2. This torsion angle is approximately,
but not precisely, related to the conventional backbone dihedral
angleg defined by the atoms'€N—C*—C'. Particularly for
the 3J(HN—H%) coupling, this distinction is important: a plot
of coupling constant vg is less than smooth the one of Figure
2a. Almost all®J-coupling constants are predominantly deter-
mined by thep angle. The most noticeable deviation from this
behavior is for the C-H% coupling (Figure 2a), where
conformations with the same value @fbut different values of
1 have a range of couplings with a spread of nearly 2 Hz.

All curves can be rather well parametrized by the general
expression of eq 1 with the restrictions mentioned above. The
latter indicates that geometric features other than the intervening
torsion angle may in some cases significantly contribute to the
3J coupling. For the other couplings, the spread in computed
results for structures with a fixeg value is less than 0.5 Hz.
With the exceptions noted, this means that the conventional
interpretation ofJ couplings in terms of the intervening torsion
angle is justified and that the influence of other geometrical
parameters is minor. Thus, these computations provide an
explicit quantum-chemical foundation for the validity range of
Karplus relationships forfJ couplings between spin pairs
connected by the backbong angle. The situation is more
complicated forrJ couplings withy as the major intervening
torsion angle, as discussed in Section 3.5.

(3) The largest discrepancy between the quantum-chemical
and the empirical Karplus relationships are found for’gelN—

CF) coupling atp around—60°, where the calculated couplings
are 2-3 Hz larger than the measured ones. This discrepancy is
caused in part by motional averaging effects, as discussed in
the following section, but interestingly the computed couplings
for Ace-Ala-NMe and Ala-Ala-NH do also differ (compare

absolute magnitudes exceeding 1 Hz, their sum, however, isFigure 2a,b). This may indicate that in this range ¥@iN—
generally below 0.1 Hz. Thus, the results presented here C%) coupling is more susceptible to the size of the fragment

predominantly reflect the FC term.

and possibly also to the identity of the side chain. For example,

Several interesting features become apparent from Figure 2replacement of Ala in Ace-Ala-NMe by a serine and use of a

and Table 1:
(1) Results arising from CHARMM-optimized structures and
from Hartree-Fock 6-31G*-optimized structures (open and solid

larger basis set leads to a reduced coupling constant of about 4
Hz. Further studies on the side-chain dependence Gi(H&'—
CP) coupling will be useful.
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ideal geometries lead to a clear increase of this coupling. The
figure demonstrates that for fixgdangle, the thermal averages
of these3J couplings are quite insensitive to the details of local
atomic fluctuations. ThusJ-coupling averaging ovep-angle
distributions can be carried out independently of the averaging
over other degrees of freedom.

3.3. Averaged3J-Coupling Constants in the Presence of
Motion. At the local maxima of the Karplus curves of Figure
2, the computational results are generally somewhat higher than
the empirical curves. This is an expected result, which is related
to the nature ofJ-coupling averaging due to local torsional

‘ ! fluctuations3%=4° Since each quantum-chemical computation
e T o eg 0 assumes a fixedp-torsion angle, the resulting-coupling
Figure 3. DFT results (open circles) of ta(HN—H=) coupling for dependences correspond to static Karplus curves, that is, curves

Ala-Ala-NH; fragments with geometries taken from atom coordinates n the_ abselglce Olf. molecular I’SOIIOI’]. On the other . hant_j,
along the backbone of ubiquitin of a molecular dynamics snapshot after experimental couplings measured at room temperature invari-

1 ns. Superimposed are computed Karplus curves of Table 1 for Ala- @bly contain some amount of averaging of the torsion angles

Ala-NH; (DFT 2, solid line) and the “zero motion” cur{fe(dashed about the mean positions. In particular, near the maxima of the

line). Karplus relationship, such averaging will lower observed

couplings compared to an idealized static case. The effect of

3.2. Instantaneous’J-Coupling Constants in the Presence ~ Gaussian fluctuations of the backbone torsion argleith a

of Motion. The quantum calculations described in the previous varianceo? on the 3J-coupling constant can be analytically

section were performed on geometry optimized structures. In described: the averagéd-coupling constant still follows eq 1

reality, however, observed scafdrcouplings correspond tothe  as a function of the average torsional angl€instead ofp),

time- and ensemble-average over structures that exhibit localbut with modified coefficientsA’, B, C' depending on the

fluctuations (bending, stretching, etc.) and fluctuations of the original coefficientsA, B, C, and the variance?:

@-torsion angle itself. To assess these two effects, DFT

calculations were performed on snapshots taken from a molec-A' = A exp(—202), B =B exp(—02/2),

SIHN Y [Hz

ular dynamics (MD) simulation of ubiquitin at room temperature C =C+ Al — exp(=252)2 (2
in explicit water solvent using CHARMM 2435 (for more ( PC20))12 (2)
details on the simulation see ref 36). 40 whereo has units of radians. On the basis of MD res#fts,

First, instantaneoudJ(HN—H®) couplings were calculated  this motional model is expected to be realistic for most parts of
from a single snapshot after 1 ns by converting the Cartesianthe protein backbone of ubiquitin. For tdecoupling analysis
coordinates of the backbone and &oms of pairs of adjacent  of mobile side chains additional averaging over different
amino acids from the snapshot to Ala-Ala-NHlipeptide rotamers would be required.
structures. Effects of the protein environment were included in  Uncertainties in the averagedangles can lead to a similar
terms of partial point charges using the charge field perturbation effect. If an X-ray structure is taken for reference such
approacl¥’ In Figure 3, the resulting couplings are plotted uncertainties can arise due to discrepancies between the X-ray
against the instantaneoys torsion angles. The points are and the solution structure. On the other hand, if a NMR structure
scattered around the Karplus curves given in Table 1 indicating is taken as a reference, experimental errors of the backipone
that for the*J(HN—H®) coupling and for these ranges of torsion  dihedral angles can cause the same type of effect. If motional
angles thermal motions causing non-ideal local geometries of effects are independent of structural uncertainties and if both
degrees of freedom other than theangle do not introduce a  are assumed to be Gaussian distributed, the t8taf eq 2 can
significant systematic bias with respect to the underlying Karplus be decomposed into
curve.

Using a procedure analogous to the one developed for the Ofot = gﬁyn + o‘gtmct 3)
assessment of local fluctuations of chemical shielding anisotro-
pies in proteing? the time-evolution ofJ couplings can be  here g4y, denotes the standard deviation of dynamics
studied in some detail (Figure 4). All sk couplings involving averaged over the whole protein backbone aggc denotes
the ¢ angle were computed by DFT applied to Ala-Ala-NH  the average error itp.
fragments with geometries taken from ubiquitin snapshots for | yef 40 a large set of empirically parametrizZ&gHN—H®)

(a) Lys 29-lle 30 (a-helical region) and (b) Arg 42Leu 43 Karplus curves reported in the literature for different proteins
(8 strand region) and plotted against the respective instantaneousyas explained by differential angular averaging and an extrapo-
¢ torsion angle (Figure 4). A total of 50 snaphots of the MD |ated “zero-motion” Karplus curve was determined. As can be
trajectory were selected starting at 500 ps with a time incrementseen jn Table 1 and Figure 3, the static Karplus curves for
of 16 ps. The points generally scatter uniformly a}round the 33(HN—H%) found here by quantum-chemical computations
computed Karplus curves of Table 1 introducing little to no  ¢losely match that extrapolation, particularly for negative
bias with respect to the theoretical curves (solid lines). An angles, supporting both the basic idea of motional averaging
exception is thg-region of the’J(C'—C') coupling where non-  and the quantitative accuracy of the present calculations.

(35) Brooks, R. B.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J,; (38) Hoch, J. C.; Dobson, C. M.; Karplus, NBiochemistry1985 24,
Swaminathan, S.; Karplus, M. Comput. Cheni983 4, 187-217. 3831.

(36) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bsohweiler, R.; Ernst, R. (39) Karimi-Nejad, Y.; Schmidt, J. M.; Rarjans, H.; Schwalbe, H.;
R.J. Am. Chem. S0d.998 120, 9870-9879. Griesinger, CBiochemistry1994 33, 5481.

(37) deDios, A. C.; Pearson, J. G.; Oldfield,%tiencel 993 260, 1491 (40) Brischweiler, R.; Case, D. Al. Am. Chem. So&994 116, 11199~

1496. 11200.
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Figure 4. Time dependence of scal&tcouplings determined by DFT calculations applied to Ala-Ala,Nitdgments with geometries taken from

ubiquitin snapshots for Lys 29le 30 (filled triangles), located in the helix, and Arg 42-Leu 43 (open squares) located irfatrand. A total

of 50 snaphots of the MD trajectory were selected starting at 500 ps with a time increment of 16 ps. The superimposed curves correspond to the
“DFT 2" Karplus parameters of Table 1.

Standard deviationsy were determined by comparison angles for which less than four experimentalcouplings are
between the experimentally derived Karplus relationships of available were not included in the analysis. Theseg@egio,
ubiquitin®~8 with the ones of the present DFT calculations. The @24, ¢35, @37, P38, @47, P53, P72, P75 aANdeze. FOr the remaining
results are given in Table 1. For ubiquitin the largestalues 64 residues the minimaf? varies between 0.25 and 1.53Hz
are found for theéJ(C'—C') coupling (32.7) and the smallest  with an average of 0.6& 0.32 HZ. A »2 of 0.68 HZ typically
one for3J(C'—H%) (14°—18°), while for flavodoxino varies corresponds to an average difference between experimental and
between 30.7for 3J(HN—CF) and O for 3J(C'—CF). ¢ = 0° is back-calculated couplings of about 0.33 Hz. The average value
the result of the notably large dynamic range of the experimental of ogyn for these residues is 24.With a standard deviation of
3)(C'—CP) couplings of flavodoxin exceeding the ones of both +8°. The optimizedy values can be compared with theangles
DFT calculations as well as the experimental range for ubiquitin. of the X-ray structuré
For ubiquitin the averager value is 23.7 + 5° and for
flavodoxin 22.3 + 5°. These values are protein specific, 18 L\
reflecting both the protein’s backbogeangle dynamics and Ostruct = 6_21(% - ‘50X—ray,i) )
the accuracy with which its backbone structure is known. 4=

3.4. ¢ Fluctuations of Individual Amino Acids of Ubig-
uitin. To discriminate between dynamic and structural contribu-
tions, ogyn and o were determined for individuap angles of
ubiquitin by using the following procedure: starting from the
DFT Karplus parameters for the sicouplings (DFT 2 values
of Table 1)ogyn and @ were adjusted in egs 1 and 2 until the
experimental scalaf) couplings of ubiquitif® were best
reproduced by minimizing thg? function in the least-squares
sense

yielding a value ofrsyucet= 8.0°. Thus,oest = (aﬁyn + 022
= 25.3, which is in good agreement with the global analysis
described in the previous sectioteg = 23.7°). For ubiquitin
oaynlosruct = 3. thus the differences between the backbgne
angles in the crystalline and the liquid state of ubiquitin are on
average a factor of 3 smaller than the fluctuation amplitudes of
the ¢ angles due to thermal motion.

For residues Ala 46, Asn 60, and Glu 64, which are the only
residues with positive angles, the fittedqy, values are notably

4-6 low (below I°) with |§ — @x—rayl < 4° and withy? errors of

v = ;‘(SJKDFT(@, Oﬁyn) — 3\]k’exp)2 (4) 0.28, 0.95, and 0.46, respectively. This may indicate that these

(41) Alexeev, F.; Bury, S. M.; Turner, M. A.; Ogunjobi, O. M.; Muir,
. ) ) ) T. W.; Ramage, R.; Sawyer, Biochem. J1994 299, 159-163 (PDB file
wherek numbers the availablél couplings involvingg. ¢ 1UBI).
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50 , , 3.5.3 Dependence ofJ-Coupling Constants.The dominant
dependence of & coupling on a single torsion angle does not
necessarily apply for other types of backbddeouplings. For
40+ ] example, the characterization of tiiebackbone angle byJ
couplings, such a&l(H*—N) and3J(N—N), is more complex.
As an illustration, results for th&(N—N) coupling as a function
of v for two values of thep backbone torsion angle(= —60°
andg@ = —120) are plotted in Figure 6a. These calculations
20 - . are based on the HF/6-31G*-optimized structures of Ace-Ala-
NMe. Similar to Figure 2a, there is a spread of about 0.3 Hz
among structures optimized by different methods, or with
different values ofp. This uncertainty, which is a significant
fraction of theJ-coupling magnitude ranging from0.8 to+0.6
0 , , . Hz, suggests that tH8(N—N) coupling does not obey the usual
1 20 40 60 one-dimensional Karplus-type relationship, but rather needs to
amino-acid number be parametrized in a two- or even higher dimensional parameter
Figure 5. Fluctuation amplitudesqyn of backbonep-torsion angles  space. On a qualitative level it appears that negative couplings
of ubiquitin determined by a least-squares fitgohndoay, Using eds  are associated with negative valuesotthat is, primarily with
1,2, 4, and DFT Karplus curves of Table 1 to experimefitaioupling helical regions, whereas positive couplings correlate with

, \ s
constants involving the angles® positivey values found ing sheets and turns.

@ angles are motionally quite constrained or that the DFT _ Similar effects arise foPJ(H*—N) couplings as shown in
Karplus parameters for positive angles may require further Figure 6b. As foﬁJ(N—N), itis cilear tha}t geometric parameters
refinement. The other fittedy, values, which are displayed in  Other than the primary interveningtorsion angle are important
Figure 5, vary between 17.80r g3 and 47.8 for ¢74. Since3J in det_ermmlng the coupling: structures with tht_e saynangle
couplings reflect motions on a larger range of different time Put different values ofy have computed couplings that vary
scales, it is not unexpected that g, values are larger than by as much as 0.7 Hz, which is a substantlgl fraction of the 2
what was previously found based &N and13C' relaxation Hz range (from_—1.5 to +0.5 Hz) of th(_e entire dgta set._As
data of ubiquitin®® Since the latter probe only motions on deduced experimentafly315 structures in the helical region
femtosecond to nanosecond time scales, torsion angle fluctuationeary = —60°) show negative .Coupllngs o%l.Q to—15
amplitudes derived from scalar couplings provide an upper limit HZ, whereas conformers in tifiregion of conformational space
for motional amplitudes extracted from relaxation parameters. Will be closer to zero or slightly positive.

Interestingly, the centrab. helix (residues 2334) shows
consistently highogyn values with an average of 27.2t 3°,
which is significantly higher than what has been deduced from  Increasingly accurate experimental and theoretical scalar
relaxation experiments and MD simulatiof¥$® This result couplings offer interesting new possibilities for the assessment
suggests that on time scales slower than what can currently beof uncertainties and molecular motion of backb@néorsion
monitored by heteronuclear relaxation and MD simulation angles and other dihedral angles. Since the aveiagepling
techniques, that is, slower than about§, the helix backbone is sensitive to the amount of motion but is largely insensitive
experiences additional local motions. In contrast, the N-terminal to the motional time scale (coalescence effects excluded),
S sheet with the exception of the mobile loop shows fluctuations information on the effect of torsion angle dynamics ranging from
around 20, which is closer to what one expects from nuclear femtosecond to millisecond time scales can be gained that is
spin relaxation and MD. otherwise difficult to obtain. Such information is complementary
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Figure 6. y-Torsion angle dependence W{N—N) and3J(H*—N) couplings of Ace-Ala-NMe. (a}J(N—N) plotted for two differenty torsion
angles,p = —60° (solid line) andp = —120C° (dashed line), against the-backbone torsion angle for the CHARMM optimized structures. (b)
3J(H*—N) couplings computed for CHARMM optimized structures (filled circles) and HF6-31G* optimized structures (open circles) as a function
of the H*—C®—C'—N torsion angle € ~ i — 120°). The solid line is the empirical Karplus curve proposed by Wang and'Bax.
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to motional information extracted from dipolar and CSA spin the MD/DFT approach is capable to further enhance the
relaxation experiments, which sensitively probe picosecond to information content ofJ couplings as unique probes of the
nanosecond motiorss. structure and dynamics of biomolecules.

Empirically derived Karplus curves fotJ couplings along )
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