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Abstract: Cross-correlation betweefiN—H dipolar interactions andHN chemical shift anisotropy (CSA) gives

rise to different relaxation rates of the doublet componentdef{15N} peptide backbone amides. Two schemes

for quantitative measurement of this effect are described and demonstrated for samples of uAdremyiched
ubiquitin and perdeuteraté@N-enriched HIV-1 protease. The degree of relaxation interference correlates with the
isotropic*HN chemical shift, and results indicate that an upfield change of the most shielded principal components
of the CSA tensor is correlated with an approximately 2-fold larger downfield shift of the average of the other two
components. The magnitude of the relaxation interference is largesieet and considerably smallerdrhelices.

This correlation is not dominated by the backbone geometry but reflects the slightly longer hydrogen bond length in
helices compared t8-sheet. The smallest relaxation interference effect in ubiquitin is observed f8eand
lle6-HN, which are the only two amide protons that are not hydrogen bonded in the crystal structure of ubiquitin,
inaccessible to solvent, and not highly mobile.

There has been extensive interest in developing a quantitative Measurement of the relatively smalH chemical shift
understanding of the relation between protein structure and anisotropy (CSA) in the solid state is technically challenging,

chemical shifts 8 Most work so far has focused dfC and

and only a very modest library dH CSA values has been

15N, and empirical correlations between protein structure and accumulated® For protons involved in a hydrogen bond, these

isotropic 13C* and 13C# chemical shifts have been confirmed
by ab initio calculations® H* chemical shifts empirically were
also found to be quite sensitive to secondary strucuté?-13

As was the case fdfC® shifts, this dependence primarily results
from the chemical shift dependence on thandy backbone
torsion angles and not from hydrogen bonding itself. In
contrast, it is well established that the isotropic amide proton
chemical shift is strongly influenced by hydrogen bondi#ig®
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data indicate that the downfield change in isotropic shift
associated with increasing hydrogen bond strength is ac-
companied by an increase bl CSA18

In peptidic systems, only three studies on amide protdY) (H
CSA have been published: Reimer and Vaughan reported data
for acetanalidé? using multipulse'H NMR. Opella and co-
workers reported CSA values from single crystdINMR of
N-acetylp,L-valine2® and, more recently, this group used a
three-dimensional solid state NMR experiment to obtain the Leu-
HN shielding tensor in AlalPN]Leu?! These data indicate that,
although the N CSA tensor can deviate from axial symmetry,
its most shielded tensor componentd) is roughly collinear
with the N—H bond.

In this study, we show that quantitative information on the
CSA tensor of individual amide protonsi®N-enriched proteins
can be readily obtained from measurement of relaxation
interference between thgiN CSA and the'HN—15N dipolar
relaxation mechanisms. Relaxation of pepfid# spins in'5N-
enriched proteins is dominated Biy—!H dipolar interactions,
IH—1N dipolar coupling, and'HN CSA. Assuming, for
convenience, that tHéiN CSA tensor is axially symmetric, with
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its most shielded axis parallel to thel—1°N bond, the local
field experienced by &N attached td°N in the|a> spin state
corresponds to the sum of the dipolar and CSA tensors; the ; — d[4Jdd(0) + 4a23cc(0) + 3‘]dd(wH) + 3(12Jc°(wH) +
difference of the dipolar and CSA tensors applies'fY nuclei
attached to 8N in the 3> spin state, and the twidN—{ 15N}
doublet components therefore relax at different rates. This
differential relaxation is commonly referred to as a cross-
correlation or relaxation interference eff@ét3! and a simple

A = q[5J(0) + 9(wy,) + 63(20,,)] (1b)

Iwy — wy) + 33wy + 63 Y0y + wy)] (1c)

1 = 200{ 43°(0) + 33Y(o,)} (1d)

description, directly applicable to the case of peptdié—{ 15N}
groups, has been presented by Gold®farn a recent study
we demonstrated that peptideN CSA values derived from

relaxation interference measurements are in good agreement wit

solid state NMR measuremerits.
Here, we describe two slightly different experimental ap-

whereq = 5 kyn*h?(8Qr%r1k®) and the summation extends over
all protonsk in the vicinity of the amide proton of interest with
ruk being the interproton distance;= y12yn?h?/(802runb), o

h= —4r Bo((7|| - OD)THN3/(3hj/N), and I'NH is the 15N—1H

internuclear distance, assumed to be 1.02 A. Relaxation
interference between the variodsl—!H dipolar terms or
between théH—H dipolar andtHN—{15N} dipolar or'HN CSA

proaches for quantitative measurement of relaxation interferenceterms do not need to be considered as it does not affect the

betweenHN—15N dipolar coupling andHN CSA. Experiments
are applied to twd>N-enriched proteins, ubiquitin (8.6 kD) and

initial decay rate ofHN—{15N} doublet components (although
it does result in multiexponential decay of these components).

perdeuterated HIV-1 protease (a 23 kD homodimer). Results J9%(w), J*Yw), andJ*%w) are the spectral densities for dipolar

indicate that'HN CSA values indeed correlate with the crys-
tallographically determined hydrogen bond lengtiéand, as
expected, also strongly correlate with the isotropit $hift.
Remarkably, an increase in shielding in the M direction @33)

autocorrelation, CSA autocorrelation, and dipolar-CSA cross
correlation, respectively, as defined previoulyFor the present
case, wheré@ is assumed to be smal) (< 1) and the relative
orientation of the dipolar and CSA tensors is assumed to be

is shown to correlate with an approximately equal decrease in ingependent oglinternal motion, one ha(w) = JYw) =
(011 + 022)/2. Hence, changes in the principal components of J%w)/Py(cosh).3! Thus, the superscripts in the spectral density

the shielding tensor are highly correlated. Variations in the CSA function may be dropped, and eq 1d can be rewritten as

are therefore much larger than those of the isotropic shifts. H

CSA values observed in the present study range from a few

ppm for buried non-hydrogen bonded amide protonsaal4
ppm for short intramolecular hydrogen bonds.

Results and Discussion

Assuming an axially symmetri¢iN chemical shift tensor with
an anglefd between the orientation of its unique axis and the
N—H bond vector, théHN transverse relaxation rates for the

two doublet components of ¥HN— 15N spin pair are given
by25—28

R=A+ity (1a)

where the+ sign applies to the upfieldHN—{15N} doublet
componentJyy < 0). A, 4, andy correspond to homonuclear
dipolar relaxationtHN—{1°N} dipolar relaxation, and the cross
correlation between théH CSA and the!HN—{15N} dipolar
interaction, respectively. They are given by
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n = 2ad{4J(0) + 3J(w)} P,(cosHh) (2

In the absence of slow conformational exchange contributions,
values forJ(0) andJ(wy) can be obtained directly from tHeN
T1, T2 and I°N—{*H} NOE values by using reduced spectral
density mapping®-3®

Jwy) = Y5(NOE — 1)(yp/yp)/(d Ty (3a)

J(0) = [1/(dT,) — 10)(w,;) — 3(1+ a®)I(w )]/ + o)
(3b)
with
Jwy) = "J1/(dT,) — 14w )V +0?)  (3c)
Residues for which conformational exchange contributes to
J(0) must be excluded when using this procedure. They are
readily identified from theT; and T, values (using eq 4 of
Tjandra et af”) or from the anomalous decrease'iN T, with
increasing magnetic field strength3®
Above, the simplifying assumption of an axially symmetric
chemical shift tensor was made. This assumption does not limit
the general applicability of such a description, as any nonaxially-
symmetric tensor can always be decomposed into the sum of
two orthogonal axially symmetric shielding tensors. The
analysis of relaxation interference for that case is fully analogous
to the description given above. For the case where one of
the principal axes, sayss, coincides with the N‘H bond vector,
the asymmetry of the shielding tensor does not affect the cross
correlation effect, which in this case is only determinedsby
— (0'11 + 0'22)/2, and not by0'11 — O0922.
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chemical shift andJyy coupling are refocused at tinke Thus,

; ! at time pointb the transverse magnetization of the thdN—
grad A A 1 | | {1*N}doublet components, both aligned along thgaxis, are
i o described by-1,/2 £ 1,S,. The upfield doublet componen}S,
Figure 1. 2D_NMR pulse scheme for quantitative measurement of _ ,/2, relaxes at a ratd + 1 — 7, whereas the downfield
cross-correlation betweemMHCSA and H'—15N dipolar coupling. The component relaxes ak + 4 + 5 (cf. eq 1). Calculations

i i i i ith he sh | - .
a(')o zggngr?éfviﬁg'tﬁ?solwg ic:}r;;:ue d\gng’UAﬁ ri SS Ofgf (?égo;;bpsuesrfe d indicate that transverse cross relaxation between the two doublet
: components® which precess at different frequencies, may be

with schemeA are the result of cross correlation effects during the . .
period 2I; signals observed in scherBeresult from regular, INEPT- safely ignored. Thus, for scherdg the transverse magnetiza-
type magnetization transfer. Narrow and wide pulses correspond to flip tion at time pointb in Figure 1 is given by

angles of 99 and 180, respectively. The two low power pulses

immediately preceding and following the last nonselectivd 80 pulse o= (.S — |)/2) exp-2T(A + 4 — n)] +

have a width of 1 ms each and correspond to flip angles &f @0th b Y

the carrier positioned on the .8 resonance, they are part of the (—=1,S, = 1/2) exp[-2T(A + A + )] = 1,S(e — € —
WATERGATE water suppression schefi& he shaped pulse preced- + _

ing this WATERGATE pulse combination is of the EBURP ty{je, Iy(e Te)2 (4
with its excitation profile centered at 7.8 ppm and a width of 2.43 ms

at 600 MHz'H frequency. The radiofrequency phase of all pulsesis ~ wheree* = exp[-2T(A + 4 + #)]. The antiphase term,S,
unless indicated. Delay durations:~ 1.4 ms;§ = 2.67 ms, 3.3= T (e — &), is transferred into antiphadéN magnetization at

=< 15 ms. Phase cyclingp:s = —XX, ¢2 = XX,—X—X (schemeA); time b and gives rise to a regular HSQC spectrum in which
¢2 = Yy, =¥,y (schemeB); g5 = 4(x); 4(—X); ¢4 = —X; Rec.=x, resonance amplitudes are proportionateto- e*.

2(—x),X, —x,2(X),—x. Quadrature detection in thg dimension is For scheme, the 180 15N pulse applied at timé = 1/(4Jw)

accomplished by incrementings in the States-TPPI manner. All L 1
gradients are sine-bell shaped, with an amplitude of 25 G/cm at their after the initial 90 *H pulse causes the two doublet components

center. Durations: Grss= 1.5, 1, 2, 0.4 ms, with respective gradient 0 be aligned along the:x axis at time poinb, yielding
axes:y, X, z, Xyz

0 04 spectrumB yields a reference spectrum where magnetization
! % [ transfer occurs in the regular manner, through coupling.
HN L T I T | I Mm® ale® In schemeA, IHN magnetization (represented by ) precesses
a | b |03 4 | | in the transverse plane between time poaésndb, for a period
A | | I | 5 N
15\ | 3 | I 5 I [ Waizis ] 2T. In the absence of the 188°N pulse, effects of botAH

. - ronenborded amides. Onella and ) oy = (/2= 1,S) exp[-2T(A + 2 — ) + 2y] —

or two hydrogen-bonded amides, Opella and co-workers - _

found that the most shielded axis of th& BSA tensor deviates (1,42 1,5) expl=2T(A + 4 + ) = 2Ln] (53)
by less than 10from the N—H bond vector, ando,, — 011 <

|oss — (011 + 022)/2].2%21 This strongly suggests that, at least
for hydrogen bonded amides, the approximation of an axially
symmetric H' CSA tensor, aligned with the NH bond, is exp[—2T(A + 4 — n) + 2&n] + exp[-2T(A + 1 + 1) —
reasonable. Calculation of tHelN CSA from the magnitude 2&n) ~
of the relaxation interference effect is based on the assumption

that the HN—15N dipolar coupling is a constant, and all €Xp[~2T(A + 1 — )] +exp[-2TA + A+ )] =€ +¢
variations inod (eq 1d) are attributed to changes in the chemical (5b)
shift tensor.

Measurement SchemesWe present two different methods
for measuring the relaxation interference: one 2D experiment
which is a simple modification of the commonly uskd—1°N
HSQC experiment and a 3D experiment which measures the
relative amplitude of the!HN doublet components after a

In practice, Zn < 1, and

Fully analogous to schem®, the antiphase term present at
time pointb, S, (e~ + €7), is transferred into antiphaseN
magnetization and gives rise to a HSQC spectrum in which
resonance amplitudes are proportionatetor ™. Thus, the
ratio of the signal intensities obtained with schendeand B

constant-time evolution period. The first approach conceptually equals

is analogous to the method previously described for measure-

ment of 15N CSA values’! the second one is quite general and Ilg=(e —€) /(€ +€")=tanh(Zy) (6)
provides a sensitive and robust method for measuring cross

correlation for many different types of interactions. Note that this intensity ratio depends only grand T and

CSA from 2D H—1°N Correlation. Figure 1 shows the therefore permitsy to be extracted straightforwardly. The
2D pulse scheme used for quantitative measurement of relax-sensitivity of the experiment is also affected by the homonuclear
ation interference between thelN CSA and'H—15N dipolar and heteronuclear dipolar relaxation rates, however. yFer
coupling mechanisms. The pulse scheme is similar to the A + 1, sensitivity of the experiment is maximum fof 2« (A
regular'H—1N HSQC correlation experimeltin which the + )L
first INEPT transfer fromH to 15N is modified?® The CSA from Constant-Time HN Evolution. A second way
experiment is performed twice: once without applying the for observing relaxation interference measures the relative
shaded 180N pulse and once with application of this pulse. amplitudes of the two doublet components at the end of a
In the following these experiments will be referred tofaand constant-time evolution period. This principle is very general
B, respectively. Intensity observed in spectramwill be shown and easily applicable to the measurement of numerous other
to result exclusively from relaxation interference, whereas types of relaxation interference too. The pulse scheme used

(a0) Bodenhausen, G.. Ruben. DChem. Phys. Let980 69, 185 for measuring relaxation interference betweéhG8A and H'—

189; Bax, A.; lkura, M.; Kay, L. E.; Torchia, D. A.; Tschudin, R.Magn. N dipolar couplings is shown in Figure 2. Itis very similar
Reson199Q 86, 304-318. to scheme A of Figure 1, but the position of the first 1881
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o4 y 0 y reduce losses resulting from homonucléagn, dephasing. It
1N I T+£21!{\\T'% L I ITITITI T|5|5 ; is critical that the amplitude profile of this _puls_e is sy_fficiently
3 5 o | — '3 flat, such that it does not affect the relative intensities of the
RO A two doublet components which are displaced-iyy in theH
°N | i | e fl, U |4 [ Waltz-16 dimension. The V1 pulse of Abramovich and Véaas found
i | b suitable for this purpose.
grad L L TN Both_ the schemes of Figures 1 an_d z_have been tested
Gy Gp Gy Gg Gy Gs Gs Gg Go G7Gs extensively on a sample é¥N-labeled ubiquitin. The scheme

Figure 2. Pulse scheme of the 3D gradient-enhanced HNH experiment Of Figure 1 also has been applied to a sample of perdeuterated
for quantitative measurement of cross-correlation betwee@$A and HIV protease, complexed with the symmetric inhibitor DMP-
HN—15N dipolar coupling. Narrow and wide pulses correspond to flip 32324 Possible complications resulting from homonuclefirH
angles of 99 and 180, respectively. The shaped 8% pulse, applied H® J coupling or other homonuclear relaxation interference
during the constant-tim evolution period is of the V1 typ& with a effects are minimized in such a perdeuterated sample. These
total duration of 3.7 ms for an inversion profile width of 2.2 kHz. ~regIts therefore serve as an experimental check on the possible
The 'H carrier is positioned in the center of the amide region. Phase influence of such effects.

cycling: ¢1 = X; ¢2 = 2(X),2(y),2(—X),2(=Y); ¢3 = X,—X; ¢4 = X; Rec. . .
— x—x. Quadrature detection in thi dimension is obtained by A detailed attempt to correlate the CSA values with molecular

incrementingg; in the States-TPPI mann&Quadrature detection in S'Fructure has _been carried out 0”'Y for u_bquItln, for which a
the t, dimension is obtained by inverting the polarity of @gether higher resolution crystal structure is available. HIV protease
with ¢4, with data stored separately, in order to obtain Rance-Kay style CSA values (Supporting Information) qualitatively agree well
data®® Delay durations:e = 3.4 ms,7 = 2.67 ms;0 = 1.2 ms. All with observations listed below for ubiquitin. However, quan-
gradients are sine-bell shaped, with an amplitude of 25 G/cm at their titative analysis is complicated by the lower resolution of this
center. Gradient durations: 1@s45676= 2.5, 1.1, 1.3, 2.72,0.8, 1.3,  structure compared to ubiquitin and by the fact that in the
0.2, 0.075 ms; the respective gradient axesxare/, Xz z, x, ¥, z, 2 protease crystal structure the two monomers of this homodimeric
protein differ substantially in structure, whereas only a single
set of NMR resonances is observed. In solution, this asymmetry
presumably is also present on a sub-microsecond time scale,
but rapid averaging between the different conformations results
in a single set of resonancés.

IHN CSA Values in Ubiquitin. The schemes of Figures 1
and 2 have been applied to a sample of unifortiN-enriched
human ubiquitin. Figure 3A shows a small section of the 2D
spectrum recorded with Figure 1, scherie i.e., with all
observed intensity resulting from cross correlation. A total
dephasing time, B of 22 ms was used, and the sample
temperature was set to 13%. At this temperature, the
effective rotational correlation time derived frottN T, and
T, values,z; = 1/(2 Tr D), equals 6.02 ns, and the rotational
diffusion tensor,D, was found to be axially symmetric, with
the same orientation of the symmetry axis dy@Dp = 1.17
as reported previously at higher temperatifréigure 4 shows
the intensity ratio)a/lg, as a function of dephasing time for a

o _ 1 number of residues, best fit to eq 6. Values of thid CSA
0b(t) = —(S,+ ¢ ly cos[2r(0 — n/2)ty] + were calculated from these data using eqgs 2 and 6, and spectral
l, sin[27(6 — Jyu/2)t ]} exp[=2T(A + 4 — )] (7a) densities of eq 3, assuming that t¢\ CSA tensor is axially

symmetric with its unique axis collinear with the-¥{ bond

pulse is shifted in a constant-time manfet?and data in this
case are recorded most conveniently as a 3D spectrum, with
the 15N-coupled!HN in the F; dimension,’®N in F,, and15N-
decoupled!HN in F3. Although at first sight it may appear
inefficient to have the'HN resonance in both thE; and F3
dimension of the spectrum, this is offset by the simplicity of
the experiment and the unambiguous nature of the results.
Moreover, a narrow spectral width may be used in Ee
dimension because the resulting aliasing will never give rise to
resonance overlap, provided the spectral width is larger than
the 1Jyy splitting.

Analogous to the above description of the 2D cross correlation
experiment, the twéHN doublet components at time poiatn
Figure 2 are described byl,/2 + 1,S,. The density operator
for the downfield doublet component at timags given byo*,
= —1,/2 — 1,S,. After evolution during the constant time period
and relaxation for a durationT?it is given by

Similarly, the upfield component is described by vector @ = 0).
1 Figure 3B showsF; traces taken from the 3D spectrum,
oo(ty) = (S, — o){1, cos[2e(d + Iy /2)ty] + recorded with the pulse scheme of Figure 2, and using a

I, SiN[277(6 + Jy/2)t,]1} exp[—2T(A + 4 + 17)] (7b) dephasing delay, 2 of 40 ms. The variation in the relative
intensities of the three amide proton doublets is clearly visible.
Thel,S terms in egs 7a and 7b are transformed into transverse The experiment has been carried out for three different durations
15\ magnetization by the SC*H/'®N pulse pair applied at time ~ of 2T: 40, 75, and 110 ms. These three data sets yield
b. Following®N evolution during,, the!HN signal is observed ~ remarkably similar values of tHéiN CSA (Figure 1, supporting
during ts. Thus, after 3D Fourier transformation each amide information), although, as expected, a small decrease in the
yields two resonances in thE; dimension, at frequencies derived CSA values is observed for the longest value of 2T,

0+dn/2, and with an amplitude ratio where the assumption of monoexponential decay breaks down.
apnp (43) Abramovich, D.; Vega, S1. Magn. Reson. A993 105 30-48.
I*/I" = —exp(4Ty) (8) Ogura, K.; Terasawa, H.; Inagaki, &.Magn. Reson. B993 112, 63—68.

(44) Lam, P. Y. S.; Jadhav, P. K.; Eyermann, C. J.; Hodge, C. N.; Ru,
Extractingy from eq 8 at high precision requires the two Y. Bacheler, L. T; Meek, J. L.; Otto, M, J.; Rayner, M. M.; Wong, Y. N.;

- Chang, C.-H.; Weber, P. C.; Jackson, D. A.; Sharpe, T. R.; Erickson-
douplet components to be well-resolved, man_datlng the use OfViitan%n, S.Sciencel994 263 380-384. P
relatively long values of 2. A HN band-selective refocusing (45) Nicholson, L. K.; Yamazaki, T.; Torchia, D. A.; Grzesiek, S.; Bax,
pulse is used in this constant-time evolution period in order to A.; Stahl, S. J.; Kaufman, J. D.; Wingfield, P. T.; Lam, P. Y. S.; Jadhav,
P. K.; Hodge, C. N.; Domaille, P. J. ; Chang, C.Nature Struct. Biol.
(41) Bax, A.; Mehlkopf, A. F.; Smidt, J. Magn. Resorll979 35, 167— 1995 2, 274-280.
169. (46) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A.Am. Chem.
(42) Sarensen, O. WL. Magn. Reson199Q 96, 433-438. S0c.1995 117, 12562-12566.
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Figure 5. HN CSA calculated from the quantitative cross-correlation
experiments, as a function of residue number. Ubiquitin’'s secondary
structure is marked at the top (solid arroy¥:sheet; small pitch coil:
a-helix; large pitch coil: 3 helix). The CSA tensor is assumed to be
axially symmetric, with its unique axis collinear with the-i bond
direction.

13Cx shifts, for example, the correlation between secondary
structure and'HN CSA is apparently not dominated by the
backbone torsion angles. For example, althougtelical amide
protons have small CSA values (#21.5 ppm), Asp? which
also has nearlg-helical backbone angles but hydrogen-bonds
to solvent, shows a relatively large CSA of 10.7 ppm. Similarly,
several residues with-sheet type backbone angles, but lacking

Figure 3. Sections from the 600 MHz ubiquitin spectra from which s 1
HN CSA values were extracted. (A) Small section of the 2D spectrum Tlf;(gharacterlstlc hydrogen bonds, have low CSA valuesi{lys
recorded with schem@A of Figure 1, using a P duration of 22 ms. . .

J 9 IHN CSA and Hydrogen Bond Length. Figure 6 shows

(B) F1 traces taken from the 3D spectrum at the 3) frequencies of .
lle%, Thri4, and Led. The spectrum was recorded with the scheme of the correlation between the measufetl! CSA and hydrogen

Figure 2, using a P duration of 40 ms.
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bond length. As was previously reported for O#D hydrogen
bonds!8the HY proton CSA also depends strongly on the length
of the hydrogen bond. The scatter in the correlation of Figure
6 must, in part, result from the considerable uncertainty in the
accuracy with which the hydrogen bond length can be deter-
mined from a X-ray crystal structure, solved at 1.8 A resolution.
Highly mobile amides, for which thé&N order parametei$?,

is smaller than 0.75, have been excluded from this plot as such
high degrees of mobility suggest that the crystallographically
observed hydrogen bond lengths are not representative for the
solution structure.

Hydrogen bonds are electrostatic in nature, and, ignoring
electrostatic shielding at the very short distances involved, the
electric field at theHN nucleus from the hydrogen bond
accepting oxygen is expected to decrease with the square of
the distance between the proton and the position of the negative
charge on the oxygen atom. Best agreement between an
equation of the type

Figure 4. Ratio of the resonance intensities observed with schénes
and B of Figure 1, as a function of the cross-correlation build-up
duration, 2T. Solid lines correspond to the calculated best fit to eq 7.

The pairwise root-mean-square difference (rmsd) between theis obtained forB = 4.9 ppm,C = 1.96 ppm &, andD = 1.3
IHN CSA values extracted from the build-up of the cross A. Here,B is the IHN CSA value expected in the absence of
correlation effect in the 2D spectra (Figure 4) and from the 3D hydrogen bonding. The rmsd between values predicted by eq
spectrum equals 1.4 ppm. In all further analysis, we will use 9 and measured CSA values is 1.8 ppm. 2SeiN and Ile¥¢-
the average of these two values, which then includes a randomHN are the only amide hydrogens in ubiquitin that are not
error of 0.7 ppm. hydrogen bonded in the crystal structure and which are not
Figure 5 shows the measured IESA values as a function  accessible to solvent. With values of 4.6 and 0.9 ppm,
of residue. The data in Figure 5 suggest that CSA values in respectively, these two amides yielded the lowest CSA values
ubiquitin’s five-strandegB-sheet (11.2+ 1.6 ppm) are signifi- observed in ubiquitin. Similarly, the three amides with the
cantly larger than those in ita-helix or its short 3¢-helix. lowest HY CSA values in HIV-protease (GInMet®6, GIn%,
However, in contrast to what has been observed for isotropic Supporting Information), complexed with the symmetric inhibi-

CSA=B+ C/(r..c — D)? 9)
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Figure 6. Correlation between MCSA and hydrogen bond length in
human ubiquitin. Hydrogens were added to the X-ray crystal stri#éture
with the program X-PLOR? Amides with low order parameter§(<
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Figure 7. Correlation between isotropic\hift and H' CSA. Amides
involved in different types of hydrogen bonding are marked as
follows: o-helix: A; g-sheet: B; 3. X; solvent-exposed or hydrogen
bonded to water in X-ray: S; other (backbetiEackbone or backbore
side chain): O; not hydrogen bonded: N. The correlation coefficient,

0.75) and solvent-exposed amides for which no hydrogen bonded water": €3uals 0.782. The solid line co_rrespolr;ds to eq 10, and the statistical
was observed in the crystal structure are not included. The correlation Significance,p, of the correlation is<10"*% The random error in the

coefficient, r, is 0.735. The solid line corresponds to eq 9, and the
statistical significanceg, of this correlation is 1. The error estimated

in the crystallographically determined hydrogen bond lengths equals

0.15 A; the random error in the CSA measurement equals 0.7 ppm.

tor DMP-323%* are also not hydrogen bonded or solvent-
accessible in the crystal structure of this complex.
IHN CSA and Solvent Interaction. Besides SéP and II€,

CSA measurement equals 0.7 ppm.

the regulara-helical range and the hydrogen bond length in
the crystal structure is shorter than that of othdrelical amides.

It is also important to point out that the small CSA values in
o-helices are only an indirect consequence of the secondary
structure and presumably reflect the fact thdielical hydrogen
bonds typically are slightly longer than thosefirsheet. It is

there are numerous other amide protons in ubiquitin which lack therefore expected that mosthelices will include also some

an intramolecular hydrogen bonding partner in the crystal

amides with ' CSA values comparable to those found in

structure, but these amides are all exposed to solvent and3-sheet andice versa.
presumably are engaged in hydrogen bonding to water oxygens.

These solvent exposed amides (marked “S” in Figure 7) have

relatively large CSA values of 10.& 1.6 ppm, i.e., they are
only slightly smaller than CSA values observedsisheet.
HN CSA and Isotropic Shift. The isotropic K shift has

Concluding Remarks

Our data represent the first extensive measurementof
chemical shift anisotropies in polypeptides. These results will
be critical for validatingab initio proton chemical shift

long been recognized as an indicator for hydrogen bond calculations, which hold the key to explaining the exquisite

strengtht®~16 Thus, if the ' CSA is also representative of
hydrogen bond strength, it is expected that tHeé EBA and

sensitivity of proton chemical shifts to local structure. Once
such correlations have been unambiguously established, it may

the H isotropic shift are strongly correlated. Indeed, such a become possible to interpret small changes in either the isotropic
correlation is observed (Figure 7). Remarkably, however, an chemical shift or the CSA, which occur upon mutation or

increasein shielding in the direction of the NH bond vector
is accompanied by decreasen the isotropic shift. A best fit
between the CSA and the isotropic chemical shif} yields

0;=5.5—-0.3(©,— 6y) ppm (20)

ligation of a protein, in terms of minute structural rearrange-
ments.

A 2D and a 3D method for quantitative measurement of
relaxation interference between théN—15N dipolar coupling
andHN CSA vyield good agreement on the magnitude of the
IHN CSA. This indicates that this CSA value can be measured

wheredp andd, are chemical shifts perpendicular and parallel reliably either from the relative intensities in a pair of simple
to the unique axis of the chemical shift tensor which is assumed 2p 1H—15N shift correlation spectra or from relative intensities

to be axially symmetricdn = —(o11 + 022)/2; Oy = —033].
With 6; = (6 + 26p)/3, this indicates that a decreasedn
correlates with a 2-fold larger increasedn.

pB-Sheet andr-helical amide protons in Figure 7 are marked
“B” and “A”, respectively. As can be seen from the figure,
amides makingx-helical hydrogen bonds tend to have smaller
CSA values tha-sheet residues, whereas their isotropic shifts
are less clearly distinguished. GhHN is the only amide
making ana-helical HY;-+-O'i_4 hydrogen bond with a large
(10.5 ppm) CSA. Although this residue is identified by the
MOLMOL progrant” as the last residue of ubiquitinés-helix,
its backbone anglesp(= —124°; v = —6°) fall well outside

(47) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14,
52-55.

of two doublet components in a constant-time type 3D experi-
ment. This latter method represents a generally applicable new
approach for quantitative measurement of relaxation interference
betweenJ-coupled nuclei. Preliminary, unpublished results
show that it is applicable to measurement of the CSA3G#H
and side-chain carbon&C', 15N, and also protons other than
HN. Using such experiments, the magnitude of the shielding
tensor of a given nucleus can be mapped in many different
directions, depending on the pair of nuclei chosen in a given
experiment. In favorable cases, determination of the entire
shielding tensor, including its orientation in the molecular frame,
appears feasible.

The measuredHN CSA values in ubiquitin range from near
zero in the absence of hydrogen bondingcto 14 ppm for
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residues involved in short hydrogen bonds. Solid state NMR following durations of the dephasing delayl:27, 10, 13, 16, 19, 22,
has conclusively shown that for near-planar ©B hydrogen 25, 28, and 31 ms. All experiments were performed with'Hhearrier
bond arrangements between carboxylates there is a well definedPositioned on the bO resonance and théN carrier at 116.5 ppm.
correlation between the proton CSA and the length of the HN CSA values in HIV-protease were derived from a single set of
hydrogen bond, with a 2-fold drop in magnitude when the@ 2D experiments, carried out with a dephasing delay of 22 ms. The
distance increases from 2.4 to 2.758 The dependence of data matrix size and number of scans were as listed above, but the
the IHN CSA on hydrogen bond length appears to be similarly total measuring time was 12 h, owing _to th_e longer delay petween scans,
steep. Presumably this steeper-thafdependence reflects the needed becaqs_e of the Iong_'errelaxatlon times of the amide protons.
. s ... Spectral densities were derived from eq 3, usiiy T1, T,, and NOE

fact that the center of the atomic charges does not coincide with, 4 yes reported previously for the same sample, at the same temper-
the positions of the nuclei. In part, it may also be caused by atyre3”
the increase of the effective dielectric constant with increasing  ypjquitin 5N T, and T, measurements were made at 136 using
distance, owing to the polarizability of nearby grodps. the same procedures as were used previously at higher tempéfature.

An increase in hydrogen bond strength increases the shieldingThe value of 1/(2 TD), corresponding to the rotational correlation
parallel to the N-H bond but decreases the shielding orthogonal time in the case of isotropic tumbling, was derived from these data
to this bond. As a consequence, hydrogen bonding has a muchand determined to be 6.02 ns. The anisotropy and orientation of the
larger effect on the CSA than on the isotropic chemical shift. diffu_sion tensor were indistinguishable from values at7 reported
These observations rule out the possibility that the effect of Previously:® No ™N—{*H} NOE values were measured at 13,
hydrogen bonding on the amide proton chemical shielding tensorf;:‘;t m(e)lfe\gllltjiiz F:ﬂ‘i‘;?gié”;gi;‘zig :g%g?:su;iig:gﬁ;?ge?rgtc‘i
is dominated by the anisotropic magnetic susceptibility of the ; N ; g
nearby carbonyl group. It remains unclear, however, whether g/\r/]otrc]ﬁdc(ieig\g‘dm(;zﬁitzzzalfrggr tehgéﬁ)l.s dominated(B, which is
the CSA as measured from relaxation interference is a better

. S All data sets were processed using the program NMRPiged
measure for hydrogen bond strength then the isotropishift; analyzed with the program PP Resonance intensities were obtained

the scatter in the correlation of Figure 6 is comparable to what from peak heights using three-data-point interpolatiand resonance
is observed when plotting the isotropic shiftrsushydrogen assignments are taken from Wang e#Zal.

bond length.
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Experimental Section Supporting Information Available: One table with ubig-

NMR experiments were carried out at 136 on a sample of uitin HN CSA values; one table withHCSA values of HIV-
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acetate buffer (pH 5.2), witk 85% deuteration of its nonexchangeable for ordering and Inte(rngt gccg.ss instruc):/tions pag
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