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Abstract: HomonuclearJ(C,,C,) and heteronuclead(C,,HY) coupling constants have been determined in
the protein ubiquitin. Despite the fact that all amide bonds in ubiquitin harsnaconformation, considerable
spread in the size of the coupling constants can be observedJ{iegHV) coupling constants vary from 0.0

to 1.0 Hz, and théJ(C,,C,) coupling constants that could be determined vary from 1.1 to 2.2 Hz. Interpretation
of the coupling constants reveals a non-Karplus-type dependence and suggests that vicinal hord(@c&ar

and heteronucle&d(C,,HV) depend on the;_; torsion angle. The proposed sensitive E.COSY-type HNGD[C
experiment for the measurement of viciR#(C,,HV) coupling constants can be used in protonated and deuterated
proteins, and the quantitativkcorrelation experiment HN(COCA)CA can be carried out on perdeuterated
proteins for the measurement3{C,,C,) that provide unique torsion angle information in these proton sparse
proteins.

Introduction mol~1.23 The peptide bond in proteins occupies predominantly
Al ber of diff i . ts for the determinati thetransconformation. Out of 72,56@ torsion angles in a set
arge number ot difierent experiments for Ine determinalion ¢ 591 non_redundant protein crystal structures with a resolution

.Of vicinal coupling c_onstant_s have been. developed t.o Charac’[er'better than 2.0 A taken from the Brookhaven protein database
ize backbone and side chain conformations of proteins by NMR only 232 (0.32%) were found to be in the disfavoreis

spectroscopy. For the backbone torsion anglor example,
methods are available to determine all six different vicinal
coupling constants. The quantification of the experimental
coupling constants relies on Karplus relationsHips= A cog
¢ + B cos¢ + C. Integrating torsion angle restraints derived
from vicinal coupling constants has become a routine step in
three-dimensional structure determination of proteins by NMR.
In contrast, the anglg is characterized only by three vicinal
coupling constant$J(N,N), 3J(N,Cs) and3J(N,H,). A compa-
rable analysis of the torsion angjeis hampered by the rather
small values of vicinal couplings observed whenevefs
nucleus with a low gyromagnetic ratio is one of the coupling

pa””e'_‘s' — dh imulated by ob different ¢ related vicinal coupling constants provide further
Our investigations reported here were stimulated by observa- o, ijence for small average deviations from planarity of less

tion of varying *J(C,Cq) couplings in spectra originally .0 g petween planes defined by atof€’;_1,25N;,13C,; and
designed for thg determination @K C,,Cys) cou_pllng const_ants_. 1HN, 15N, 13C,;.7 The analysis of-J(HN,N) coupling constant
*J(Co,Co) coupling constants should to a first approximation ,ayes determined for ubiquitin indicate an OUEE 1, 15N, 1%C,-
only depend on the torsion angle. The variation was 306 angle for the amide proton of no more thaf Bhis small

unexpected since in proteins, the torsion anghearies in very dedaree of nonplanaritv expressed by the torsion analeas
narrow ranges due to the planarity of the peptide borie-{Q d B y &P Y ™

which is maintained by a rotational barrier of about 80.0 kJ  (2) Ramachandran, G. N.; SasisekharanAudy. Protein Chem1968

conformation’

Further statistical analysis of protein crystal structures
revealed mean angles @ = 179.8 (4+0°) for the trans
conformer andw = —2.9° (+£24.1°) for the cis conformer,
respectively® A similar statistical study was carried out by
MacArthur and Thornton using the Cambridge Structural
Database of small moleculésTheir analysis of a dataset
containing 492ranspeptide bonds in small peptides with their
respective structures determined mostly by X-ray crystallography
under favorable conditions to atomic resolution revealed an
almost identical mean angle of= 179.7 (+5.9°). In addition,
NMR studies carried out for the protein ubiquitin using six
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confirmed for ubiquitin from molecular dynamic (MD) simula-
tions? Consequently, detectable variations in associ&lgz},C,)
and3J(Cy,HV) coupling constant values that were determined

J. Am. Chem. Soc., Vol. 122, No. 26, 26269

to yi-1 = 123.0 typical for ap-sheet secondary structure,
whereas the geometry of tRéC, atom of residue is far less
sensitive to variations of the torsion angbeassociated with

in the present study should be of vanishing magnitude for the the regular secondary structure elemegis; —64.7 (a-helix)

individual trans andcis conformations, but methods should be
suitable for the differentiation of both conformers.

While 3J(C,,HN) coupling constants are readily determined
in protonated and deuterated proteif¥C,,C,) can only be
determined in proteins with favorab¥éC, relaxation properties.

It is shown, however, that the size @KC,,C,) and3J(Cy,HN)
coupling constants depends on variation in backbone apgle
and can be used to differentiate between valueg dypical
for a-helical andg-sheet structures.

Results and Discussion

The experimental schemes, which we refer to as HN(COCA)-
CA and HNCOIG] are of the quantitativa-correlatior® and
of the E.COSY typé} respectively. The first pulse scheme is
closely related to the HN(COCA)gE? previously published and
relies on a rather long transfer delay witfiC,, nuclei being
transverse thus requirintiH substitution for the investigation
of proteins. The quantitativé&correlation experiment used here
employs a modified homonuclea®C decoupling scheme
previously publishished by Kuecand Wagnets

andg; = —112.6 (B-sheet)® In contrast to what one expects
from a Karplus-type dependence on the backbone torsion angle
w, the experimentally derived values for the respective vicinal
couplings cluster in distinct regions, reflecting a strong depen-
dence on the neighboring backbone torsion agglBoth vicinal
coupling constants under investigation involving @, nuclei,
3J(Cy,Ca) and3J(Cy,HV), are well suited to qualitatively define
the y torsion angle.

Experimental Section

A sample of commercially available uniformf,*3C *N-labeled
human ubiquitin (VLI Research, Malvern, PA) was used without further
purification. Ten milligrams of the protein were dissolved in 500
of 95% H0, 5% DO containing 30 mM sodium acetate buffer, pH
4.7. All spectra were recorded on a four-channel BRUKER DRX600
spectrometer equipped with an actively shieldegradient triple-
resonance probe at a temperature of 303 K. Sequential assignments of
the *H, 3C, and!*N chemical shifts of perdeuterated ubiquitin were
verified using through-bond heteronuclear correlations: CT-HNCA
and HN(CA)CB®

All experiments involving *HN detection utilized pulsed field
gradients for coherence order selective coherence trafigfenaking

The second experiment is derived from a conventional and Use of an enhanced sensitivity apprcdcehith minimal water satura-

sensitive HNCO experimeit,the E.COSY requirement can
easily be fulfiled by leaving the'3C, nuclei untouched
throughout the sequence. The measddéd,,C,) and3J(C,,HV)

tion2223Quadrature detection in all indirect carbeadimensions was
achieved via the States-TPPI mettféd’he HN(COCA)CA and the
HNCOIGC,] data sets both compromised 24 complex points with an
acquisition time of 14.7 ms fdfN (w:) and 1024 complex points with

coupling constant values in human ubiquitin show a considerable 5, acquisition time of 140.4 ms f8HN (ws) at a*H frequency of 600
spread along the sequence despite the fact that all 76 peptidayHz. The following numbers of complex points and acquisition times

bonds taken from the crystal structure are in ttnans
conformationt® Ubiquitin is among the best available test

were employed in the experiments for carbon evolution times used in
this study: HNCO[G],*3C' (w.) 64, 36.1 ms (four transients) and HN-

systems because a large consistent set of structural parametef€OCA)CARC, (w2) 48, 14.7 ms (eight transients). A repetition delay

derived from different methods such as X-ray crystallograghy,
heteronuclear NMR spectroscdgyas well as MD computer
simulation8 is available for comparison. The observable homo-
nuclear3J(C,,C,) coupling constants for ubiquitin fall in the
range from 2.2 to 1.1 Hz with a mean value of 1460(2) Hz.

For a number of residues located in the regions of ubiquitin
with helical conformations, the coupling constant is apparently
too small to be observed. The heteronucf8ét,,HY) coupling

between transients of 2.0 s was used. The resulting total measuring
times were 14.6 and 22 h for the HNCQJGind the HN(COCA)CA
experiment, respectively.

Spectra were processed and analyzed using the program Felix 95.0
(Biosym/MSI, San Diego, CA). A solvent suppression filter was used
in the ws dimension to eliminate distortions from residual wéterior
to apodization with a 72shifted squared sinebell window function.
Data sets were zerofilled twice and Fourier transformed, retaining only
the *HN region of the spectra. For constant tirf#l evolution times

constant values vary between 0.0 and 1.0 Hz with a mean value(w), mirror image linear predictidh was used to double the time

of 0.5 *0.3) Hz.

domain signal prior to apodization with a 7&hifted squared sinebell

These significant variations cannot be explained on the basijsWindow function. Thew, dimensions were zerofilled and apodized with

of a Karplus-type dependence on the backbone torsion angle
as large differences in measuréd(C,,C,) and 3J(Cy,HN)

a 72 shifted squared sinebell window function prior to Fourier
transformation. The absorptive part of the final 3D matrixes consists
of 1024 x 256 x 128 for the HNCOJ[G] experiment and of 1024

coupling constant values are observed for residues with very 155 . 128 for the HN(COCA)CA experiment, respectively.

similar backbone angles.

Considering the atomsSCy;—1,13C'i—1,1°N;,13C,;, the geometry
and the electron distribution of an adjacéi@, atom of residue
i — 1 changes dramatically upon rotating the torsion angle
from y;—1 = —39.8 typical for ana-helical secondary structure
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Figure 1. Pulse sequence of the quantitative HN(COCA)CA experiment. Carrier positions in the present work were 119.9'f#ni 7&r5 ppm

for 13C', 55.5 ppm for'3C,, 4.5 ppm for?H, and 4.7 ppm forrHN, respectively. All*H pulses were given on resonance on the water signal.
Water-selective pulses were 2 ms rectangular pulses (125H4Yz0ecoupling was achieved using a 3.5 kHz WALTZ®86ecoupling field with

3.5 kHz flanking pulses on either side of the decoupling field, while high power proton pulses were applied with a field strength of*B6 kHz.
decoupling during acquisition employed a 1.1 kHz GARIfreld, while high power'>N pulses were applied with a field strength of 7.3 kPd.
decoupling during; is achieved with WALTZ-16 at a field of 926 Hz. AIFC' excitation pulses were G4 Gaussian casc&deish a duration of
409.6 us. Every second G4 was applied time-reversed.'&l}, excitation pulses were rectangular and applied with/2z = 4675 Hz. Off-
resonant selective G3 inversion pulses of durations 512 andu&5#uring *3C,—*C’ INEPT transfers were implemented as phase modulated
pulses®® The carbon carrier frequency was 175.5 ppm'#@. It was changed during the pulse sequence to 55.5 ppm prior to the pulse labeled with
phaseps and returned to 175.5 ppm after the pulse labeled with ppasgandselectivé®C, inversion pulses in the middle of the de- and refocusing
delayst” and duringt, had the Q3 shape and a length of 1 #hAsynchronous homonucle&iCs decoupling with {By/27)ma = 1691.5 Hz uses

HS2 adiabatic pulsé%®” of duration 4 ms expanded according to a nested combination of théQ 15C°, 60°, 0°) cycle proposed by Tycko et

al® and the MLEV-4 (0, 0°, 18C°, 18C°) schem& leading to a 20-step supercycle. See text for further details. Phase cygling:x, —x, ¢> =

4(y), 4(—Y), p3 = 2(X), 2(—X), pa = X, 5 = —Y, ¢s = X, receiver= x, —x, —X, —X. Quadrature detection in thedimension was obtained by altering

2, ¢3, andee according to States-TPPI. For edglvalue, echo- and antiecho coherences were obtained by recording data sets where the phase
and gradient @were inverted. Delay durationsA = 5.5 ms,7 = 25.6 ms,7’ = 4.55 ms,t"" = 28.2 ms,{ = t,(0) ande = 1.2 ms. Sine-shaped
gradient durations and amplitudes wei@; 2 ms (25 G/cm)G; 1 ms (6.5 G/cm)G3 0.75 ms (11.5 G/cm)z, 0.5 ms (5.5 G/em)Gs 0.5 ms (4
G/cm); Gg 0.5 ms (2.5 G/cm)G7 0.75 ms (8.5 G/cm)Gg 1 ms (40 G/cm)Gg 1 ms (4.05 G/cm).

Determination of Homonuclear 3J(C,,C,) Coupling Constants.
The pulse sequence for the determination of homonudl&&x,C,)
coupling constants is similar to the quantitativeorrelation HN-

and the line shape in the, (**C,) dimension is limited by digitization
sincet;,™ s kept short compared to the relevant relaxation times, values
of 3J(C,,C,) can be derived from the intensity rati¢°sylf = —tar-

(COCA)Cii scheme previously published for the determination of (27Jcaicaiz1T")-

3J(C,,Cs) coupling constants related to the side-chain anglé The

Relaxation Effects.For reliable quantification of coupling constants

employed HN(COCA)CA sequence is based on a regular “out and back” from quantitativeJ-experiments, in-phase and antiphase coherences,

HN(CO)CA experiment combined with homonuclé&E; decoupling

giving rise to the reference and the cross-peak intensity, respectively,

and?H decoupling. The magnetization transfer has been discussed inhave to relax at identical rates which is usually not v&i# Differential

detail in the literatur@’ We will therefore focus on the experimental
aspects important for the quantification of the homonucié@.,,C.)

relaxation of'3C, in-phase and antiphase magnetization results in a
decrease of the apparent coupling constaensidering finite'*C,

coupling constants and the corresponding pulse sequence elementsT, relaxation times compared to the lengthy de- and refocusing delays

Figure 1 depicts the pulse scheme for the determinatioid(af,,C.)
couplings. The created transverS€, magnetization defocuses with
respect to its long-rangé€C, coupling partners during a period'2=
57.2 ms (2/*)(C,C)). The fraction of magnetization giving rise to the
reference peak intensity is proportional to cosl@ijcai+17"")I1kCOS-
(2dcuickt"), k #= Cqi,Cuiz1, While the transfer efficiency for the cross-
peak intensity is proportional to sin{2caicei+17")I1kc0S(2tIchickt”).

27"". Because nd; values for deuterateC, have been reported, no
correction is made. However, Wand et al. studied the dynamical
behavior of3C, carbon atoms in a randomly and fractionalC
enriched sample of human ubiquifihThey reported extensive varia-
tions for the longitudinal’; times of protonateéfC, spins in the range
between 0.25 and 0.50 s at a carbon frequency of 125 MHz. Correcting
for this finite 3C, T, relaxation rate following Hu and Bax would

The combined effect of the chosen defocusing delay duration and thejncrease appare?ﬂ(cmcu) coupling constant values by10% for13C,

13C,, band selective refocusing @ulse of duration 1 ms in the middle
of the delay 2" ensure the minimization of unwanted,;&y correla-
tions. After chemical shift evolution of th€C, magnetization during

t, the same fractions are refocused following the reverse pathway. Thus,'H by 2H according to Ty(*3Cq,Ho)/To(*3Ce,Ds) ~

T, = 0.25 s’ Because of the approximately 6.5-fold lower gyromagnetic
ratio of 2H compared to that ofH, dipolar contributions to the
longitudinal relaxation time3; scale as a result of the substitution of
]/CZ}/H2|(|+1)/

the ratio of the transfer amplitudes of the reference and the cross-peak

intensity equals—tar’(27Jcqicqiz17’"). Because the line shapes of the
cross and the reference signaldgn (**N) andwz (*HV) are the same

(27) Matsuo, H.; Kupe, C; Li, H.; Wagner, GJ. Magn. Reson., Ser. B
1996 113 91-96.

(28) Emsley, L.; Bodenhausen, G.1.Magn. Reson1992 97, 135—
148.

(29) Harbison, G. SJ. Am. Chem. S0d.993 115 3026-3027.

(30) Norwood, T. J.; Jones, K. Magn. Reson. Ser. 2093 104, 106—
110.

(31) Rexroth, A.; Schmidt, P.; Szalma, S.; Geppert, T.; Schwalbe, H.;
Griesinger, CJ. Am. Chem. S0d.995 117, 10389-10390.

(32) Wand, A. J.; Urbauer, J. L.; McEvoy, R. P.; Bieber, R. J.
Biochemistry1996 35, 6116-6125.
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Figure 2. Experimental performance of the HS2 homonuclear decouplif§®fvhile observing proton magnetization of a labeléd-MeOH

sample in DMSO. The pseudo 2D profile is recorded as a function of the offset sweptft@md kHz to 17.5 kHz in increments of 250 Hz. The
decoupling RF amplitude ig/Bi/27)™& = 6720 Hz, the basic HS2 inversion pulses of duration 4 ms are expanded with a nested combination of
the (@, 60°, 15C°, 60°, 0°) cycle proposed by Tycko et &.and the MLEV-4 (0, 0°, 18C°, 18C0°) schem#& leading to a 20-step supercycle.

[yc?yp®S(St+1)] ~ 16. Contributions from dipolar coupled adjacéi@

and®N spins and contributions due to tM€, CSA, all of which are
of considerably smaller magnitude, remain unchangediecoupling
throughout pulse sequence elements whE&@, magnetization is

four-band adiabatic decoupling scheme proposed for the HNCA
experiment by Wagner and co-work&with individual bands covering
the backboné3C', the threoninéCg, the main region in which3Cg
resonate, and finally the alaniféC; regiort® is replaced by a three-

transverse ensures suppression of scalar relaxation of the second kindpand decoupling scheme. The last two regions, the A#@jpand the

consequently, the effect dfC, spin flip rates leads to negligible
underestimation of the true vicin&l(C,,C,) coupling constants. All
reported vicinal coupling constant values were not corrected@r
spin flips.

Homonuclear **C; Decoupling. The homonucleat®Cs decoupling
during the'3C, chemical shift evolutiontf) pioneered by Wagner and
co-workerg®turned out to be essential for the quantification of reliable
3J(C4,Cy) coupling constant values. Prior attempts assuming uniform
values of one-bonél(C,,Cs) coupling constants and recording tH€,
chemical shifts in a constant time manner choosing a CT-delay of
1/3(C,,Cp) did not allow the quantification ofJ(C,,C.) coupling
constants. A number of the backbortéC, chemical shifts are
sufficiently resolved to measure thA#C,,C,) coupling constant values

alanine *Cs region, respectively, are combined yielding a total
bandwidth of approximately 30 ppm. Evolution 6€, magnetization
components due t&J(C,,C,) couplings potentially attenuates the cross
and reference peak intensities in an unfavorable manner, the slightly
enlarged high-field aliphatic band effectively eliminates these passive
couplings. The decoupling field at the high-field end of tH#€;
chemical shift range with an offset 6f3900 Hz, the threonin&Cg
region with a bandwidth of approximately 6 ppm and a corresponding
offset of 2270 Hz, as well as the backbd€’ decoupling field with

a bandwidth of approximately 30 ppm and an offset of 18200 Hz are
mixed together following the vector addition procedéi&imulations
carried out with NMRSim (Bruker Analytik GmbH, Rheinstetten)
indicated a moderate increase of approximately 16% for the average

twice, once starting fror#C,; and detection of the cross-peak intensity RF decoupling field strength required for the three homonuclear
at the frequency ofC,i—1, and once vice versa. When using a constant decoupling bands with respect to the four-band adiabatic decoupling
time approach to measure the coupling constants, the pairwise root-scheme with separate matfC; and alanine**C regions published
mean-square (rms) difference between these measurements wer@reviously:®* We use adiabatic HS2 inversion pulsé¥’ flattened
unusually high which can mainly be attributed to the small variations versions of the well-known hyperbolic secant pulsef duration 4
in one-bondJ(C,,Cs) coupling constants of adjacent residues. This ms with frequency sweeps of 5008 and aliphatic*C; bands) and

results in differential attenuation of reference and cross-peak intensities.1125 Hz (threoniné*C, band), respectively. First, the individual pulses

Utilizing a modified homonuclea¥C; decoupling scheme during the
t, evolution period, the pairwise rms difference drops significantly to
values comparable to measurements of homonu#léar,C') coupling
constants (see Supporting Informatiéh).

Homonucleat*C; decoupling allowed incrementation of the indirect
13C, dimension () in a nonconstant time manner, thereby increasing
both the sensitivity of the HN(COCA)CA sequence and eliminating

the differential attenuation of reference and cross-peak intensities caused

by nonuniform?J(C,,Cs) coupling constants. It should be noted that

glycine 3C, resonances are perturbed due to the decoupling scheme

and that'3C; resonances of serines are not sufficiently separated from
the3C, region to allow effective homonuclear decoupling. The original

(33) Matsuo, H.; Kupe, C; Wagner, GJ. Magn. Reson., Ser. B39
113 190-194.
(34) Hu, J.-S.; Bax, AJ. Am. Chem. Sod.996 118 8170-8171.

were optimized with respect to an adiabaticity factor & Gsually
ensuring 100% inversion of a two-level system by calculating spin-
inversion profiles(M,[Cas a function ofyB./27. The experimental
decoupling profile of the three homonuclear decoupling bands with an
optimized yBy/27™¥ = 6720 Hz is shown in Figure 2. The recom-
mended adiabaticity factor of 5 for individual adiabatic inversion pulses
is too conservative for decoupling schemes where these pulses are

(35) Kupte, E; Freeman, RJ. Magn. Reson., Ser. 2093 105 234
(56) Kupe, E; Freeman, RJ. Magn. Reson., Ser. 2995 117, 246—
25%7) Tanns, A.; Garwood, MJ. Magn. Reson., Ser.¥996 120, 133~
:jgéS) Silver, M. S.; Joseph, R. |.; Hoult, D.J. Magn. Resorl984 59,

(:":9) Baum, J.; Tycko, R.; Pines, Rhys. Re. A 1985 32, 3435-3447.
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expanded in suitable supercycles. Therefore, we reducedBii2zma* X C [ppm]
of 6720 Hz stepwise down to 4240 Hz and experimentally verified the

clean and effective decoupling performance as depicted in Figure 2. @ o X o -56.0
Two further effects associated with HS2 homonuclear decoupling i P

require special attention. Bandselective decoupling schemes cause \

measurable Bloch-Siegert shifts. The employed decoupling scheme © o o © [60.0
leads to downfield Bloch Siegert shifts of théC, resonances because : ’

of off-resonance effects from the decoupling field. However, these shifts @ , 640

are rather small, ranging from 0.362 ppm at the high field end (48.25
ppm*C, resonance frequency) to 0.103 ppm at the low field end (61.25
ppm 3C, resonance frequency) of tRéC, chemical shift range at a (5
proton resonance frequency of 600 MHz, and can be calculated onthe  T22 123 E24 N25 V26 K27 A28 K29
basis of known theor¥. The second effect presented a serious drawback
of the homonucleaf*C; decoupling as decoupling sidebands are T
associated with each signal hampering the interpretation of relatively ¢

weak cross-peak intensities in close vicinity to the intense reference @
peaks. These decoupling sidebands are due to modulations of the b L 48.0
effective field by the adiabatic inversion pulses durtagThis gives

rise to characteristic sideband patterns at resonance offsets that are

multiples of the inverse of the pulse duration. As previously reported o L52.0
by Weigelt et al. we observed a correlation between the intensities of o - ¢ »

the decoupling sidebands and the employed decoupling field strength, ) B 0] o
yBy/272m2x40 To scale the sideband intensities to a tolerable level the | @ & [56.0
decoupling field strength was further reduced, finally reachind®d © 5| € ,? ¥

2zmax of 3360 Hz (Figure 1, Supporting Information, illustrates the s | @ = ! 60.0

effect of reducingyBy/2z™ from 6720 down to 3360 Hz, thereby
scaling the relative sideband intensities from 32.8% to 9.5%). Further Q41 R42 143 144 F45 Ad6 G4T K48

reduction of the decoupling sidebands at the expense of incréased Figure 3. (w1, ws) strips from the HN(COCA)CA experiment of
noise in the indirecto, dimension was achieved by averaging out the perdeuterated ubiquitin, taken at tH& (w3) and>N (w1) frequencies
modulation of the effective field using asynchronous instead of of lle23, Glu24, Asn25, Val26, Lys27, Ala28, and Lys29 for the first
synchronous homonucle#C; decoupling as shown in the Supporting  region and Arg42, Leu43, lle44, Phe45, Ala46, Gly47, Lys48, and
Information (Figure 1, Supporting Information). It should be noted that GIn49 for the second region, respectively. Correlations due to sequential
RF power requirements are further reduced for the proposed HN(CO)- 3J(C,,C,) coupling constants are negative (dashed contours). Positions
CA like experiment because only two of the three discussed homo- from residues wittHN (ws) and>N (w1) chemical shifts in the vicinity
nuclear decoupling bands covering the &#@; region are applied while of the selected amide strip are marked X. The relatively weak reference

the 13C' region is decoupled using shaped bandselective péilses. peak intensity of lle23 is due to exchange broadening of the succeeding
Determination of Heteronuclear3J(C,,HV) Coupling Constants. Glu24 amide. The Gly4¥C, resonance is perturbed due to the main

The pulse sequence for the determination of heteronué¢@g,HV) 13C4 decoupling band. The employed HS2 decoupling scheme provide

coupling constants is based on the well-known HNCO schémd. clean and efficient decoupling for the mafic,, region, almost effective

RF pulses or*C' are applied in a bandselective way, G4 Gaussian homonuclear decoupling combined with moderate spectral distortion
cascades of duration 409:6 were used for excitation, while inversion  is achieved at the low-field end of tH#éC, region as can be verified
was achieved using Q3 Gaussian cascades of duration$32To by inspection of residue Val26 with(*3C,) = 66.95 ppm.

avoid long-range heteronuclea(H",C') coupling modulation during  and arginine residues further cross-peaks arising fR3(C,,Cs)
the acquisition a bandselectivéC' decoupling using Q3 inversion  correlations can be observed. These unwanted correlations cannot be
pulses of duration 1024s expanded according to MLEV-16 was uséd.  syfficiently suppressed because th&(E; chemical shift range falls
The evolution of the uniform one-bond(C,,C’) coupling of 54 Hz well inside the mairt°C,, region. The quality of the data that we have
leads to a splitting of the cross-peaks in the indirecf**C’) dimension. obtained from the HN(COCA)CA experiment (Figure 1) described
Thus, the"*C'i-; and*H" nuclei are correlated without disturbing the  apove is illustrated in Figure 3. Two distinct small regions extending
passiverC,i—1 spin resulting in E.COSY like multiplets corresponding  from Thr22 to Lys29 and GIn41 to Lys48 are shown,ws strips are
to thea andj spin states 0f°Cy;—1 which allows the smaftj(Cq,H") taken at théHN 15N frequency of the succeeding residue. The secondary
couplings to be measured as their displacement in dge(*H") structure elements of the small protein ubiquitin, consisting of 76
dimension. As discussed before possible underestimation of the vicinal residues, are a five-strandg@dsheet, aro- and two 3¢-helices. The
*J(Ca,HY) coupling constants due t8C, spin flips is negligible. The st region shown in Figure 3 includes residues being part of an
values of the coupling constants have been determined by taking o-helical secondary structural element, starting at 1le23, while the
appropriatavs traces, displacing the two extracted traces with respect second region between GIn41l and Phe45 forms the third strand of the
to each other and forming the integral of the power difference spectrum B-sheet followed by a tight turn formed by Ala46 and Gly47 according
as a function of the displacement. The coupling constant is determinedtg the crystal structur.Within the o-helical segment spanning residues
at the minimum of the integrdf. This provides a method for the  |je23 — Glu34, we cannot observe any visible sequential connectivities
quantitative investigation of vicinald(C,,H") coupling constants in due to vicinal3)(Cy,Cy) couplings. In contrast, strong cross-peaks
uniformly 13C,*>N-labeled proteins in a way that the sensitivity of the connecting neighboringfCy and 13C,i.1 due t03)(C,,Cy) couplings
experiment is not limited by fast transverse relaxatiort*gf, spins. in the range of 1.51.9 Hz are observable in both tffesheet as well
Applications to Ubiquitin. For each amidelHiN, up to three cross- as the turn region as shown in Figure 3. Table 1 lists the extracted
peaks can be observed in the HN(COCA)CA experiment corresponding 3J(C,,C,) and 3J(Cy,HY) coupling constant values determined from
to the intense reference peak at tH&, -1 resonance and weaker cross-  experiments presented above for the residues illustrated in Figure 3 in

peaks to neighborin&C, resonances of residues- 1 + 1. For proline combination with corresponding;-; andw; backbone torsion angles
. . . obtained from the crystal structure of ubiquitin. The lack of interpretable
(40) Weigelt, J.; Hammarstno, A.; Bermel, W.; Otting, G.J. Magn. cross-peak intensities to neighboritig, resonances of residugs: 1

Reaol”)"l_s\%i E,t/?g'_? _%g;%;zgj Frenkiel, T. Magn. Resor.982 47 in the a-helical segment can neither be explained on the basis of varying

308-320. o torsion angles (Figure 2, Supporting Information) nor on the basis

(42) Schwalbe, H.; Rexroth, A.; Eggenberger’ uU.; Geppert’ T. Griesinger’ of the overall lower SenSitiVity of the employed pulse scheme in this
C.J. Am. Chem. S0d.993 115, 7878-7879. region (Figure 3, Supporting Information). All peptide bonds in
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Table 1. Values of Extracted)(C,,C,) and3J(C,,H") Coupling

Constants for the Ubiquitin Residues lllustrated in Figure 3 |:> |:> I D:> f) a |:>

3)(Ce,C)  rmsd  3I(Cu,HY) 4y o)

residue [Hz]2 [Hz]® [Hz]° NE NE
Thr22 1.62 0.16 0.65 148.4 —178.7 254
lle23 1.60 0.43 160.4 176.6
Glu24 <1.0 0.03 —-37.2 176.1 T

Asn25 <0.9 0.11 —40.5 178.4 2.0 ° g
Val26 n.de¢ 0.16 —44.4 177.7 &

Lys27 <0.9 0.21 —-46.4 —178.7
Ala28 <0.9 0.24 —38.0 174.4
Lys29 <0.8 0.11 —-38.1 177.4
Gln41 n.de 0.27 —-10.5 —176.0
Arg42 1.75 0.84 129.7 —178.9
Leu43 1.52 0.12 0.79 116.0 178.2 1
lle44 1.86 0.06 0.92 130.2 177.7 0.5
Phe45 1.53 0.04 0.75 131.8 179.1

Ala46 1.76 0.11 0.65 129.6 172.8

Gly47 n.de¢ 0.27 46.0 177.9 0.0 AN S S S L S S L L S SR
Lys48 n.de 0.54 216 —1796 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Residue

3.0+

*J(Co,Co)) [Hz)

2Values 0f3J(C,,C,) were determined from the ratio of reference 180~
and the cross-peak intensities as described in the k®sirwise root- . * . ¢ ©
mean-square (rms) difference #C,,C,) coupling constant values ) o © » * Lo
measured twice, once starting froiC, and detection of the cross- 120
peak intensity at the frequency .1, and once vice versaValues | o
of 3J(Cy,HV) coupling constants have been determined by taking
appropriatews traces, displacing the two extracted traces with respect 60+
to each other and forming the integral of the power difference spectrum
as a function of the displacement as described in the t&slues of
correspondingpi-1 andw; backbone torsion angles are obtained from
the crystal structure of ubiquitif.3J(C,,C,) of residue GIn41 cannot
be determined because of spectral overlap. Upper limif3(af,,C,)
of residue Val26 are not given because the downflétt reference
resonance is slightly perturbed by the threorfi#@; decoupling band
and the corresponding cross-peaks are not observable. Values of 1204
3J(Cy,Cy) of residues Gly47 and Lys48 not possible to determine
because high-field®C, resonance are perturbed due to the ni&dy
decoupling band. Maximum values of unobser¥#c,,C.) couplings BT T T
are determined from the intensity ratio of the smallest cross-peak 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
observable and the corresponding reference intensity. Coupling constant Residue

values are not corrected 8iC, spin flips. Figure 4. 3J)(C,,C,) (open circles) coupling constants measured in the
uquUItln are in the preferretliansconformation. As a consequence of HN(COCA)CA experiment for ub|qu|t|n a|0ng the sequence combined
the partial double bond character, variationsdtll in the ranget10°. with i, (filled circles) taken from the crystal structures. Pairwise root-
All measured values of ViCinéﬂ(Ca,Ca) Couplings associated with the mean-square (rms) difference %JT(Ca,Ca) Coup”ng constant values
intervening backbone torsion angte are shown in Figure 4 in  which could be measured twice, once starting fid@,; and detection
combination with the neighboring;i—; torsion angle as a function of  of the cross-peak intensity at the frequencyi,_1, and once vice

the sequence. Surprisingly, the distribution of determined vicinal versa are given as error bars. Missing coupling constant values are either
%J(Cy,Co) coupling constants is non-uniform in contrast to what one  in regions identified on the basis of theiry backbone torsion angles
would expect from small variations of the intervening torsion argle asa- or 3i-helices, glyciné3C, resonances and succeeding residues,
Out of 40 coupling constant values measured the minimum value was where peak intensities are perturbed due to the f#lndecoupling
found for Thr9, Asn60, and 1le62)(C.,Co) = 1.1 Hz. The maximum  pand or3Cy resonances and succeeding resonances of serines which
value corresponds to the N-terminal residue GIn2 and equals 2.2 Hz. gre not sufficiently separated from th&, region to allow effective

The relatively small standard deviation of the mean coupling constant, homonuclear decoupling. Ubiquitin’s secondary structure elements as
B)(Co,Ca) = 1.65 Hz+ 0.2 Hz, reflects the fact of absent cross-peaks  determined by the program MOLMGt.are shown on the top (arrow:

in regions identified on the basis of their) backbone torsion angles  g-sheet; black bara-helix; gray bar: 3r-helix).

asa- or 3i-helices. According to the crystal structure, residues 1le23-

Glu34 span am-helical segment, two shori@helices are formed by 5416 10 be probed in a qualitative manner by distinguishing positive
residues Pro38-GIn40 and Ser57-Tyr59, respectively. None of these(ﬁ-sheet conformations) and negative values (- or 3i-helical
residues shows sequential cross-peaks. Residues Leu8 to Lys11 span gyntormations) from simple visual inspection which may prove to be
tight turn connecting the first and the second of the five-stranded ¢ narticular importance for structural studies of perdeuterated proteins
f-sheet, the preceding Leu8 has a crystallographialue of —6.9". in solution. Vicinal?J(N,Cjs) couplings are of vanishing magnitude and
The coupling constant determined for Asn60 and Ile61 is 1.1 Hz. Both 3)(N,H,) are not measurable due to substitution ®f by 2H.
residues are located in a coil region with the preceding Tyr59 g rthermore 2J(N,N) homonuclear couplings show a considerable
(crystallographicy = 4.7°) being part of the secondi@helix. There spread of measured values for very similar associated torsion apgles
exists a striking correlation of the vicin&l(C.,Cy) couplings with the not consistent with the classical Karplus-type relationship with small
neighboring backbone torsion angje 1. Regular secondary structure ariations between 0.14 and 0.36 Hz for residues-gheet conforma-
elgments show a strong dependence on the backbone torsipm/angle tions and below 0.15 Hz for residues in-helical segment&

with most populated angles gf = —39.8 (+12.2) for a-helices, Consequently, vicinal coupling constants involving i nucleus are

¥ = —16.5 (£ 34.7) for 3johelices andy = 123.0 (£ 60.0°) for ¢ el suited in restricting the conformational space in perdeuterated
f-sheets as obtained from a database of 85 of the highest-resolutiony ,eins. Recently proposed elegant approaches for this purpose relying
crystal structure® The property of a residue to exhibit a measurable

%)(Cu,Cu) coupling constant clearly correlates with the.; angle but (43) Theis, K.; Dingley, A. J.; Hoffmann, A.; Omichinski, J. G.; Grzesiek,
not with the value of. Thus2J(C,,C,) couplings enable the torsion S. J. Biomol. NMR1997, 10, 403—-408.

Y (i-1) [degree]
.Y
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Figure 5. 3J(Cq,HV) (open circles) coupling constants measured in
the HNCO[G,] experiment for ubiquitin along the sequence of ubiquitin.
Ubiquitin’s secondary structure elements as determined by the program
MOLMOL 82 are shown on the top (arrowi-sheet; black baro-helix;

gray bar: 3¢-helix).

on cross-correlated dipotalipole* or dipole-CSA® rates involve'H,—
13C,, dipolar interactions and therefore fail in perdeuterated proteins.
Inspired by the valuable dependence of vicinal homonuclear
3J(C,,C.) coupling constants we attempt to measure the complementary
vicinal heteronucleat)(C,,H) coupling constants. Because all vicinal
couplings betwee#*C, and*HN nuclei adopting ais orientation are
quite small, they are most easily measured using an E.COSY-type
experiment. As observed for ti{é(C,,C,) couplings the distribution
of determined vicinalJ(C,,H") coupling constants using the E.COSY-
type HNCOIG,] experiment is nonuniform. Numerical values for the
selected residues shown in Figure 3, namely lle23, Glu24, Asn25,
Val26, Lys27, Ala28, and Lys29 for the first region and Arg42, Leu43,
lle44, Phe45, Ala46, Gly47, Lys48, and GIn49 for the second region,
respectively, are given in Table 1. All measured values of vicinal
3J(Cq,HV) coupling constants are shown in Figure 5 as a function of
the sequence of ubiquitin. The displacement vectiss indicate
uniform signs for all determineé)(C,,H") coupling constant values
in ubiquitin. Although smaller in magnitude with respect to the
homonuclea?J(C,,C,) couplings due to theis orientation of involved
13C, and HN nuclei, significant variations ofJ(Cy,HN) coupling
constant values clustering in distinct ranges are observable for ubiquitin.
The mean value of8J(C,,HY)is 0.52 Hz+ 0.28 Hz and it ranges
from 0.03 to 0.98 Hz. ThéJ(C,H") coupling constant values in
ubiquitin, where all peptide bonds are in tinens conformation, follow
the same trends observed for homonucfé€,,C,) couplings. The
variation cannot be explained on the basis of variations of the
intervening torsion angle. Smaller values of approximately 0.20 Hz
are observed four-helical secondary structure elements, whereas larger
values, ~0.80 Hz, of 3J(C,,HN) couplings are found for3-sheet
conformations. It should be mentioned, that the actual torsion angle
between the two coupled nucIJeHliN and*3C,;_; is not directlyw but
a phase shift of approximately 188epending on the trigonal geometry
of the nitrogen substituents has to be incorporated. This particular
coupling should therefore be sensitive to distortions from planarity of
the peptide bond.
Quantitative Description of 3J(C,,HN) Couplings. To a first
approximation we fitted the data accordind[fd(C.,H),i-4], yielding
a correlation coefficienR for the least-squares linear fit of 0.84, as
illustrated in Figure 6. ThéJ(C,,HV) coupling constant values based
on this empirically derived linear relation for-helices {y = —39.6°)

(44) Reif, B.; Hennig, M.; Griesinger, CSciencel997 276, 1230~
1233.

(45) Yang, D.; Konrat, R.; Kay, L. EJ. Am. Chem. Sod 997, 119,
11938-11940.
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Figure 6. 3J(C4,HV) (open circles) coupling constants measured in
the HNCOJ[Gx] experiment for residues in ubiquitin as a function of
crystallographiapi-1 torsion angles. The correlation coefficient R for
the least-squares linear fit is 0.84. The intercept for; = 0° is
3J(Cq,HN) = 0.315 Hz while the slope is 2.884 1073 [Hz/°]. Typically
populatedx-helical regions (dark gray box) with a corresponding mean
torsion angleyi—; = —39.8 + 12.2 and f5-sheet regions (light gray
box) with a corresponding mean torsion angle; = 123.0+ 60.C°
as obtained from a statistical analysis of a protein database are
highlighted?*6

T
-180

and forf-sheets¢) = 123.1°) are 0.20 and 0.67 Hz, respectively. This
reflects a similar qualitative correlation between experimentally derived
3J(Cy,HY) and crystallographigpi—1 backbone torsion angles making
these particular couplings potentially useful in restricting the
conformational space in polypeptides.

The presented results are among the first where viéihabupling
constants depend primarily on adjacent torsion angles. Theoretical
studies orfJ coupling constants have shown that the general features
of the simple Karplus relation are potentially complicated by a number
of factors. Other mechanisms besides Fermi contact contributions, bond
angles, substituents and neighboring torsion angles might actually
contribute!®~4° Therefore, Edison et al. suggested the fitting of coupling
constant data to two-dimensional surfaces accounting for contributions
of varying ¢ andy; torsion angled®%°The aim of the following section
is to provide a framework for possible theoretical analysis of the
experimentally observed(C,,H") coupling constant variations. Most
likely, the ¢; torsion angle is a candidate to influence f3éC,,HV)
coupling constant values in addition to variations in torsion angles
due to the strong correlation @f,y; defining the conformation of the
polypeptide chain. Accounting fafi torsion angle contributions, to a
first approximation a linear correlatidffJ(C,,H"),¢] with a negative
slope can be established. Data from residues Gly10, 35, 47, 75, 76,
and interestingly, Ala46, Asn60, and Glu64, were neglected as shown
in Figure 7. Although the correlation coefficieRffor the least-squares
linear fit is only —0.71, the probabilityP that this correlation occurs
by chance is negligibleR < 1074). Glycine residues, that have ng C
atom attached to the Gtom, frequently populate otherwise disfavored
regions of the Ramachandran plot with positizgalues. All glycines
in ubiquitin where vicinaPJ(C,,HN) couplings could be measured are
in coil regions, adopting positivg values. This is also true for residues
Ala46, Asn60 and Glu64. However, similar deviations from the linear
relationf[3J(C,,HV),1pi-1] were not observed for these three nonglycine
residues3J(C,,H") coupling constant values derived from the empirical

(46) Edison, A. S.; Markley, J. L.; Weinhold, B. Biomol. NMR1994
4, 519-542.
(47) Edison, A. S.; Markley, J. L.; Weinhold, B. Phys. Chem1993
97, 11657-11665.
(48) Head-Gordon, T.; Head-Gordon, M.; Frisch, M. J.; Brooks, C. L.,
Il; Pople, J. A.J. Am. Chem. S0d.991 113 5989-5997.
(49) Barfield, M.; Grant, D. MAdv. Magn. Reson1965 1, 149-193.
(50) Edison, A. S.; Markley, J. L.; Weinhold, B. Biomol. NMR1994
4, 543-551.
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Figure 7. 3)(C,HN) coupling constants measured in the HNC@JC
experiment for residues in ubiquitin as a function of crystallographic
¢i torsion angles. The correlation coefficieRtfor residues depicted
as open circles for the least-squares linear fit&71. The intercept
for ¢ = 0° is 3J(Cy,HV) = —0.236 Hz, while the slope is-8.348 x
1073 [Hz/°] (solid line). The statistical significance of the quadratic
relation between all measuréd(C,,H) couplings (open and filled
circles) andg;, f[3J(Co,HN),¢i] = A + D x (¢4)? is described by the
correlation coefficienR = 0.62. Coefficients aré = 0.2335 Hz and
D = 3.254x 1075 [Hz/°?] (dashed line). Typically populatedthelical
regions (dark gray box) with a corresponding mean torsion apigte
—64.7+ 12.8 andp-sheet regions (light gray box) with a correspond-
ing mean torsion angles = —112.6 &+ 41.4 as obtained from a
statistical analysis of a protein database are highligttéksidues
shown as filled circles (Gly10, 35, 47, 75, 76), as well as Ala46, Asn60,
and Glu64 were neglected in the linear fit.

linear relation based on residues with negativtersion angles for the
secondary structure elements typically found in proteins are 0.30 Hz
(o-helices, ¢ = —64.7°) and 0.71 Hz fg-sheets,¢p = —113.T),
respectively. All measuret(C,,HY) couplings fit a quadratic relation,
f[3J(Co,HY),6] = A + D x (¢)? with a correlation coefficienr for
the least-squares fit of 0.62. The resulting curve is shown in Figure 7
together with the linear relation obtained neglecting residues with
positive ¢; torsion angles. Again, the probabiligythat this nonlinear
correlation results from random uncertainties is negligiBle<(1074).

We fitted the experimentally determined vicidad{C,,H") couplings
to the two-dimensionap,y surface of the crystal structure. A similar
analysis fitting the experimentally derived homonucléa(C,,C.)
couplings to the crystallographigifyi-1] surface was not carried out
due to the lack of data in many regions of thapi—1 space. By applying
the proposed quantitativé correlation HN(COCA)CA pulse scheme
only upper limits for3J(C,,C,) couplings in helical conformations can
be obtained. Coil regions with positivg¢ torsion angels are most
frequently populated by glycine residues, thus only very limited
experimentaPJ(C,,C,) coupling constant data are measurable.

The experimental coupling constant data for all residues in ubiquitin,
where vicinalPJ(C,,H") couplings could be determined, fit an equation
of the type:

flgipid =A+Bx ¢+ Cxyy )
defining a plane with coefficientd = 0.2854 HzB = —4.867x 10*
[Hz/°] andC = 2.822x 1072 [Hz/°]. The correlation coefficienR for
the least-squares linear fit is 0.85. The rmsd between measure

3J(C,HY) couplings and those predicted by eq 1 is 0.14 Hz.
The statistical significance, weather multi-dimensional models with

J. Am. Chem. Soc., Vol. 122, No. 26, 26205

wherey: andy. are the sum of squared errors between experimental
and predicted parameters for two models withand v, statistical
degrees of freedomv{ > v;). The statistical degree of freedom for a
certain modely = N — n, is the difference between the independently
measured number of data poifNghere assumed to be the number of
residues) and the number of parameters1 the associated fitting
functionf. Large values foF according to eq 2 correspond to significant
improvement of the fit as opposed to random statistical reduction of
the ¥ values due to the incorporation of additional parameters. The
derived values of the F-statistics, calculated fromytheum of squared
errors of the fits to the experimental data, are compared with the
tabulated® = 0.01 critical values. The integral probability valke=

0.01 characterizes the probability greater or equal to 99% of observing
the corresponding value from a random data set with,v, degrees

of freedom

To evaluate, if the added dependence in eq 1 better represents
the experimental data in a statistically significant manner relative to
the linear fitf[3J(Cy,HV),yi-1], we calculated thé-statistic according
to eq 2. The calculated valuds = 2.88, is smaller than the
corresponding critical value for an exdedistribution,Fg 01,1,6s= 7.04.
Thus, theg; related coefficienB in eq 1 does not statistically deviate
from zero and must not be included in the model.

However, as a; dependence of the measured couplings is evident
in the correlationd[3J(C,,HV),¢] shown in Figure 7, although less
pronounced than thg;—; dependence, different models were tested to
resolve statistically significan related coefficients. The experimental
8J(Cs,HY) coupling constant data for all residues in ubiquitin fit a
polynomial equation of the type:

flgipid =A+Cx p_1+D x (¢)° ®3)
with coefficientsA = 0.1972 Hz,C = 2.426 x 1073 [Hz/°] andD =
1.691 x 1075 [Hz/(°)3. The correlation coefficient R for the least-
squares linear fit is 0.89. Applying tHestatistic results in F= 21.62
with respect to the linear fif2J(Cq,HN),3i-1] with the corresponding
critical value for an exacE-distribution beingFoo1,165s= 7.04. This
large F value fulfills the condition,F > Foo1,165 thus justifying the
inclusion of the additional parameté@ in the fitting function. The
surface defined by eq 3 is shown in Figure 8a together with the
experimentally derived vicin&D(C,,HY) couplings. The rmsd between
measuredJ(C,,HV) couplings and those predicted by eq 3 is 0.12 Hz.
(Table 2, Supporting Information). A correlation plot between the
experimentally observed(C,,H") coupling constant and those values
predicted on the basis of eq 3 using neighboring; and ¢; torsion
angle from the 1.8 A X-ray crystal structure of ubiquitin is shown in
Figure 9a.

Additionally, following Edison et al*¢ the 67 vicinal3J(C,,H")
couplings derived from the HNCO[Lexperiment were fitted to Fourier
series:

flgnyia] = 2" =, {cos@ x ¢) cogp x y;_;) +
cos@ x ¢,) sin(p x y;_,) + sin(@ x ¢;) cosp x y,_,) +
sin(@ x ¢ sin(p x ¥;_4)} (4)

by least-squares minimization &fp;,yi—1] to first-order fit (m=n =

1). The correlation coefficierR for this fitting procedure applying 9
coefficients was 0.93. The evaluation of the statistical significance of
adding 7 parameters in the Fourier series relative to the linear fit
f[3J(Cqo,HV),pi-1] according to theF-statistic yields= = 10.53. Again,

this value is greater than the appropriate critical vauig: 7,60= 2.95,
justifying the added parameters in the model. Coefficients derived from
fitting the experimental coupling constant data by first-order two-

gdimensional Fourier analysis as a function of the neighbaying and

¢i torsion angles are summarized in Table 2. The 9 Fourier coefficients

(51) Mandel, A. M.; Akke, M.; Palmer, A. G., IllJ. Mol. Biol. 1995

more adjustable parameters actually better represent the experimentap46, 144-163.

data, can be tested using Brstatistic defined a%:5?

F=v, (= x2/(v2—= v X2 2

(52) Bevington, P. RData Reduction and Error Analysis for the Physical
SciencesMcGraw-Hill: New York, 1969, 195203.

(53) Bronstein, I. N.; Semendjajew, K. Aaschenbuch der Mathematik
24th ed.; Verlag Harri Deutsch: Thun & Frankfurt/M., 1989; pp-24.
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Figure 9. Correlation of the experiment&l(C,,H") coupling constant
values measured in the HNCQJCexperiment and values predicted
(a) the three-parameter polynomial eq 3 and b) by eq 4 (2D Fourier
series to first ordernd = n = 1)) using neighboring crystallographic

¢i andy;_; torsion angles of ubiquitin. The correlation coefficieRs
are (a) 0.89 and (b) 0.93, respectively.

Figure 8. 3J(Cy,HV) coupling constants (filled circles) measured in
the HNCO[Gy] experiment for residues in ubiquitin as a function of
the neighboring crystallographi¢; and i, torsion angles. The
experimental coupling constant values were fitted to (a) the three-
parameter polynomial eq 3 and (b) a 2D Fourier series using eq 4 to
first order (n = n = 1) giving rise to the depicted surfaces. The Taple 2. Fourier Coefficients Obtained from Fitting

individual Fourier coefficients are summarized in Table 2. The Experimentally Derived Values 68(C,,HN) Coupling Constants
correlation coefficient® for the least-squares linear fits are 0.89 for for Ubiquitin by First-Order 2D Fourier Analysis as a Function of

the polynomial and 0.93 for the Fourier model, respectively. Crystallographicyi-1 and¢; Torsion Angles
first-order

of the first-order analysis give rise to a surface that is shown in Figure Fourier analysis
8b together with the experimentally derived viciA#(C,,HN) couplings. coefficient [Hz]
The _rmsd between the_ experimentally de_rived vicjﬁéch,HN) constant 0.5390
couplings and those predicted using eq 4 to first-order is 0.1 Hz (Table cosg) —0.2280
2, Supporting Information). This correlation is shown in Figure 9b. cosi_1) —0.2026

Our results indicate that reasonable estimates ofitaade¢ torsion sin(gi) 0.0680
angles for ubiquitin allowing the differentiation of typical secondary sin(yi-1) 0.0802
structural elements are available from one vicinal coupRa,,H"), COS{hi)COS(pi-1) 0.0664
in conjunction with the presented empirical relations provided that the cosgh)sin(pi-1) 0.1209
conformation of the peptide bond involvediians The three-parameter sin(gi)cospi-1) —0.0798
polynomial fit as defined in eq 3 is the simplest model adequately sin(@)sin(yi-1) —0.1367
describing the experiment&l(C,,H") couplings in terms of neighboring aThe vicinal 3)(Cq,H") couplings derived from the HNCOI[E
pi-1 and¢; torsion angles. experiment were fitted to two-dimensional Fourier series

The E.COSY-type method proposed for the measurement of vicinal
33(Ca,HN) couplings is straightforward and can be easily carried outin ¢ i1l = 24" =, {c0s@ x ¢;) cosp x y;_y) +
a sensitive way in uniformly*C,'>N enriched protein samples as well. cos@ x ¢,) sin(p x y;_;) + sin(@ x ¢;) cosp x y;_,) +

sin@ x ¢) sin( x y;_y)}

by least-squares minimization ;1] to first-order fit (n=n

The backbone torsion angle in proteins is to a good = 1). The correlation coefficierR for the fitting procedure applying

; ; ; ~ ; ~ N° 9 coefficients was 0.93.

approximation restricted ttorans (w ~ 18C°) or cis (w ~ 0°)
orientations of adjacentd 1- and G;-atoms due to the partial  observed considerable spread of associated vicinal coupling
double bond character of the peptide bond. The experimentally constants such &J(C,,C,) or 3J(Cy,HV) cannot be explained

Conclusions
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usually ill-defined using vicinal coupling constants and not for Biomolecular NMR at the University of Frankfurt (ERB
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