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Abstract: One-bondJcacs scalar couplings, measured in the protein ubiquitin, exhibit a strong dependence
on the local backbone conformation. Empirically, the deviation from %kgcs value measured in the
corresponding free amino acid, can be expressettds.cs = 1.3+ 0.6 cosf — 61°) + 2.2 cos[2{) — 61°)]

— 0.9 cos[2¢ + 20°)] £ 0.5 Hz, wherep andy are the intraresidue polypeptide backbone torsion angles
obtained from ubiquitin’s X-ray structure. The relation betw&kpcs and backbone torsion angles is confirmed

by density functional theory (DFT) calculations on the peptide analogue Ace-Ala-NMe.

Introduction similar substituents (except glycine), aF@# substituents fall
in a small number of groups. Therefore, they offer a unique
opportunity to study the effect of conformation &jxc.

A previous experimental study &flc,r, Showed a strong
correlation between this coupling and the backbone torsion
anglesy and1, with the largest values observeddnhelices
and the smallest ones for residues in tight turns with positive
anglest®17 Here, we show that the opposite trend is observed

Structure determination of bacterially expressed proteins
commonly relies on the use of uniform isotopic enrichment with
13C and!®N.1=4 This has made it possible to meastf€ shifts
and many types of homo- and heteronucleeouplings in such
proteins and to establish extensive and highly accurate empirical
correlations between these NMR parameters and the local

1 i 11
confqrmatlon of the polypeptide. o for Ycacp. Recent advances in computational chemistry now
This study focuses on the variation in one-bofliucs make it possible to calculate quite accurate predictions of NMR
couplings observed in a small protein and its dependence ONparameters such akcouplingst®-25 We include results from
local geometry. It has long been recognized #ig¢ couplings  gensity functional theory (DFT) calculations, which confirm the
are dominated by the Fermi-contact contribution and can be strong dependence &lcycs 0N local geometry. The substantial
influenced by steric effects and interaction with lone-electron ,4riation observed fokJec in proteins is also of consequence

pairs!?~1> Nevertheless, relatively few data are available which ¢, experiments such as CCH- and HCCH-COSY and TOCSY
correlatelJcc with local structure in an unambiguous manner, experiment@8-28 where these couplings are used to transfer

because such comparisons usually are influenced both by Steri‘?nagnetization for resonance assignment purposes.

and substituent effects. In proteins, &lC* sites carry very
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Experimental Section

All measurements were carried out on a Bruker DMX-600 spec-
trometer, equipped with a pulsed field gradient triple resonance
probeheadJcqcs values in free amino acids were measured for Ala,
Asp, lle, Leu, Lys, Pro, Ser, Thr, Tyr, and Val, using a 2B—3C
HSQC experiment with a long (120 ms) &cquisition time. All
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measurements were done at pH 6.8 and at concentrations ranging froniTable 1. Values Used fofJcacs (HZ) at Neutral pH in Free

0.5 to 30 mM, depending on quantities available.

Amino Acids

eocp values in the small protein ubiquitin (76 residues) were residue type Ueacs
measured using a sample containing 1.3 Af@*N-ubiquitin (VLI Al 35,00
Research, Malvern, PA) in 95%,8, 5% DO, pH 6.5, 10 mM Ara 34'33
phosphate buffer, in a 25L Shigemi microcell. Couplings were As% 36.4
measured from a 3D HN(CO)CA experimehyith a relatively long Asp 36.4bc
acquisition time of 60 ms in th&*C* dimension. The spectrum was GIn 343
acquired as a 200* (t1°C) x 84* (tz, 1N) x 512* (t3, 'H) data matrix, Glu 34.3
with 8 scans per hypercomplex,t) pair. The total measuring time His 33.68
was 38 h. lle 33.7d

Spectra were apodized with B8hifted sine bell windows in all Leu 34.34d
dimensions, and data were zero-filled prior to Fourier transformation Lys 34.3b
to yield a digital resolution of 3.3 HAC%), 9.3 Hz (5N) and 8.3 Hz Phe 33.6
(*HN). Data were processed and peak-picked using the NMRPipe Pro 33.6
software packag®. _Is_ﬁ: 5’77 ;

DFT calculations were carried out on conformers of an alanine Tyr 33:6‘
dipeptide analogue, Ace-Ala-NMe, where thandy backbone angles val 33.6:¢

were constrained to values on a°3fid, with the remaining degrees
of freedom optimized using Hartreé¢ock theory and a 6-31G basis
set. Only fairly low-energyp,y pairs were considered, as documented
earlier3! Indirect spin-spin coupling constants were determined using
the deMon prograr%233We used the IGLO-III basis set of Kutzelnigg
and co-workers$? this is a relatively large basis set, with 11 s-type and
7 p-type Gaussians on first row atoms (contracted to 7s/6p) along with
two uncontracted polarization functions. All calculations used the
Perdew-Wang-91 (PW91) exchange functional with the Perdew
correlation functionat®36 The diamagnetic spirorbit (DSO), para-
magnetic spir-orbit (PSO), and Fermi contact (FC) contributions are
computed with this approach. For the Fermi term, a finite perturbation

aThis study.? From ref 37.¢ From ref 38.9 From ref 39.¢ Assumed
to be the same as LysAssumed to be the same as A8@\ssumed to
be the same as Tyr.
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approach is used, so that a separate calculation is needed for each
nucleus, although such a calculation then gives couplings to all other
nuclei in the molecule. The DSO and PSO terms are small and partially

00

cancel, so that the net coupling is dominated by the FC term. For
example, for the alanine dipeptide with,{)) = (—60,—60), the FC,
DSO, and PSO contributions tdc.cs are 29.3,—0.6, and 0.3 Hz,

respectively. For the alanine dipeptide, each calculation takes about

2.5 h of CPU time on a single processor of a 450 MHz Cray T3E.
Two such calculations were carried out (with the perturbation applied
at the H and @ positions) for each of 56 Hartred=ock optimized
structures.

Results and Discussion

Empirical Correlation between Jcqcsg and Torsion
AnglesJcqcs coupling constants measured for free amino acids
were found to be similar to those in the literatdfe3® Here,
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Figure 1. Strips taken from the 600 MHz 3D HN(CO)CA spectrum
of 3C/*N ubiquitin, showing the correlations between amides of residue
2—10 and the’*C* of the preceding residue. The splitting in tHe*
dimension corresponds dcacs.

we assume that the values measured at neutral pH in free amino
acids correspond to the “random coil” value fdgqcs. Values
measured in this study, together with those available from the
literature, are listed in Table 1. As can be seen from this table,
substantial variation exists in the free amino acid values, ranging
from 33.0 Hz for Pro, to 36.4, 37.3, and 37.4 Hz for Asp, Thr,
and Ser, which carry electronegative substituentsfat C

Figure 1 shows several small cross sections taken from the
HN(CO)CA spectrum, displaying the quality of the protein data
used in this study. Repeating the measurement yielded a pairwise
root-mean-square-difference (rmsd) of 0.1 Hz, indicating a
random uncertainty of 0.05 Hz in the averadég.cs values,
obtained from the two data sets. Measutdgl.cs values are
presented in the Supporting Information.

Inspection of thelJcacs values shows a distinct effect of
secondary structure on the deviatidttJcqcs, of the measured
coupling from that in the free amino acid. The averdggcs
value in ubiquitin’sa-helix is 33.7 Hz, the average value fin
sheet is 35.0 Hz, and their respectif&Jcqcs values are-0.9
+ 0.5 and+0.4 £+ 0.7 Hz. The largest\Jcqcs values (up to
4.9 Hz) are seen for residues with positivengles (Supporting
Information).
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Figure 2. Plot of AlJcqcs values predicted on the basis of empirical
eq 1 and crystallographi¢ and y angles, versus experimentally
measured\Jcqcs values. The correlation coefficierR, equals 0.92.

Ubiquitin’s crystal structur is in excellent agreement with
the solution NMR structure, except for residues-78, which
are not ordered in solutiof:*2 Fully analogous to the earlier
study of Jcqna,t"43 an empirical correlation betweektJcycs
and the backbone torsion anglegsand iy, obtained from the
crystal structure can be generated, yielding

A'Jgycs = 0.6 COS — 61°) + 2.2 cos[2() — 61°)] —
0.9 cos[2¢ + 20°)] + 1.3 Hz (1)

where the flexible C-terminal tail has not been included in the
fit. Adding an additional termA cosg + B), to this equation
does not yield a statistically meaningful improvement in the
quality of the fit. Figure 2 displays the correlation between
values predicted by eq 1, and experimental values. The
correlation coefficientR, equals 0.92.

Theoretical Calculations. The basic DFT results fodcacs
are shown in Figure 3; for comparison, results for the more
commonly studiedJcore coupling are shown in Figure 4. The
greatest dependence is on thebackbone angle, withdcacs
showing large values near = 60°, whereastJcqnq is large
neary = —60°. This implies thatJcqne Will tend to be larger
in helical regions (where is near—60°) than in extended or
sheet structures (wheng is positive). Roughly the opposite
should hold forlJcacs, Which is predicted to be smallest for
helical regions neapy = —60°, larger for sheets (wherg is
most often in the 98150 range), and largest for right-handed
helices (with¢ andy near+60°). All of these trends are in
full agreement with measurements reported abovelJgycs
and earlier forlJcene. The predicted spread in coupling
constants, about 6 Hz fddc.cs and about 18 Hz fok)cgha, is
also in accord with observed values.

Figure 3 also shows the results of the empirical fit of eq 1
for ¢ = 180 as a dashed line. It is clear that the basic
dependence o is very similar to the DFT results in the range
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Figure 3. DFT results for'Jcecs, in Hz. The solid line forp = 180°

is drawn to guide the eye. The dashed line shows the empirically derived
eq 1, also using = 180 after adding a random-collic.cs value of

31.3 Hz. Note that this random-cdilc,cs value is 3 Hz smaller than
the experimental random coil value (see text).
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Figure 4. DFT results fortdcyna, in Hz.

—60° < y < 18(°. Equation 1 predicts a second maximum
neary = —12C°, but this is in a high-energy region that is
rarely found in proteins and was not sampled in the quantum
results or in the experimental data. The discrepancy in Figure
3 between the theoretical and empiri¢adt,cs values in the
vicinity of i = —90° therefore is likely caused by the use of
eq 1 outside the region where it was calibrated and suggests
that care should be excercised when interpreting data for residues
with v angles in this region.

The calculated dependence upgncan most easily be
rationalized in terms of an interaction that increases the coupling
when the @—CF or C*—H®* bond is eclipsed by the adjacent
carbonyl bond, that is, when the*€Cf—C—0O or H*—C%—
C—0 torsion angle is near zero. Figure 5 shows four typical
conformers for the alanine dipeptide analogue. Wirés near
—60° (as in thea-helical conformation, shown at the upper left),
the C*—H* bond is eclipsed with the carbonyl bond in the same
residue. Similarly, wheny is near +60°, as in the two
conformations at the right), it is the*&C# bond that is eclipsed
to the carbonyl bond. While other geometric parameters must
contribute to some extent (so that for a givgnangle the
computed couplings vary by-12 Hz), the configuration of the
adjacent &0 bond appears to be the single most important
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- conformation. Variation due to theangle is 0.5-1 Hz for the
(-120, 60) Cf—C= coupling and 23 Hz for C*—H®. Hence, it is likely

that a precise interpretation of these couplings must consider
the side chain in more detail than we have done here;
nevertheless, the principal dependence onytlsackbone angle
appears to be reasonably independent of the side chain identity
or position.

(-60, -60)

Concluding Remarks

Although the calculated dependence on conformation for
Leacs andeqnq is in good accord with experiment, it should
be noted that the absolute values of the calculated couplings
are too small, by about 3 Hz fddcacs and 10 Hz forldcama.

This may be due to a variety of effects, including the use of
Hartree-Fock optimized geometries, neglect of vibrational
averaging and environmental effects, and deficiencies in the
basis set or density functionals. The present results are much
Figure 5. Four typical conformations of the alanine dipeptide analogue. more accurate than those of a previous study using the Hartree
Upper left: left-handeda-helix; lower left: S-sheet; upper right: Fock method and a 3-21G basis“4dtvhere computedJcynq
polyproline; lower right: right-handed-helix. The backbone torsion  values needed to be scaled by a factor of 2.5 to be in accord
angles ¢,y) for the center Ala residue are marked in brackets. with experiment), but there is still room for improvement in
our understanding of the theoretical origins of these couplings.

The scatter observed in Figure 2d.5 Hz) is considerably

Table 2. Calculated Values for Valine and Leucine Dipeptides

¢ ¥ "eacs Neata larger than the uncertainty in the experimental measurement.

Ala —60 —60 28.9 136.6 This indicates that factors other thanand y also have a

val 28.7 134.2 g nonnegligible influence oRJcacs. The same was previously
gg:g iggé tg noted forlJcunq.t*3Remarkably, the values_ folepacﬁPfed -

Leu 28.6 136.6 gt Acqcsm do not show a strong correlation with those for
28.3 133.9 g AlcoroPed — Allconoe™eS(data not shown), where the super-
28.3 137.1 t scripts “pred” and “meas” refer to the values predicted on the

Ala ~120 120 328 127.2 basis of the empirical equations and the measured values,

val 318 125.5 gt respectively. This indicates that these “other factors”, which may
31.8 125.6 g includey, andy» side chain torsion angles and the-g*—C'
32.3 127.8 t bond angle, are of very different relative importancefgq

Leu 32.8 128.1 g and cqcs couplings. Measurement 6flc,cs is expected to
g%g i%gg tg become more common in small proteins as this value is needed

for accurate measurement of the dipolar interaction betwisn

®Values in Hz.g%, g-, andt refer toy, angles near 60;-60, and and *3CP, Dcucp, When such proteins are aligned with the
1807, respectively. For leucing;, was near 180 magnetic field in a dilute liquid crystalline phase. Together with
Deuc @and*Degra, Deacs provides unique information to define
the orientation of a €site relative to the frame of a nonaxially
symmetric molecular alignment tensor.

feature influencing the computed values; this is consistent with
1 being a more important variable thanfor these couplings.
The chemical nature and conformation of the amino acid side
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