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Abstract: Cross-correlation between15N-1H dipolar interactions and1HN chemical shift anisotropy (CSA) gives
rise to different relaxation rates of the doublet components of1H-{15N} peptide backbone amides. Two schemes
for quantitative measurement of this effect are described and demonstrated for samples of uniformly15N-enriched
ubiquitin and perdeuterated15N-enriched HIV-1 protease. The degree of relaxation interference correlates with the
isotropic1HN 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 large inâ-sheet and considerably smaller inR-helices.
This correlation is not dominated by the backbone geometry but reflects the slightly longer hydrogen bond length in
helices compared toâ-sheet. The smallest relaxation interference effect in ubiquitin is observed for Ser20-HN and
Ile36-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
understanding of the relation between protein structure and
chemical shifts.1-8 Most work so far has focused on13C and
15N, and empirical correlations between protein structure and
isotropic 13CR and 13Câ chemical shifts have been confirmed
by ab initio calculations.3,9 HR chemical shifts empirically were
also found to be quite sensitive to secondary structure.6-8,10-13

As was the case for13CR shifts, this dependence primarily results
from the chemical shift dependence on theφ andψ backbone
torsion angles6 and not from hydrogen bonding itself. In
contrast, it is well established that the isotropic amide proton
chemical shift is strongly influenced by hydrogen bonding.13-16

Measurement of the relatively small1H chemical shift
anisotropy (CSA) in the solid state is technically challenging,
and only a very modest library of1H CSA values has been
accumulated.18 For protons involved in a hydrogen bond, these
data indicate that the downfield change in isotropic shift
associated with increasing hydrogen bond strength is ac-
companied by an increase in1H CSA.18

In peptidic systems, only three studies on amide proton (HN)
CSA have been published: Reimer and Vaughan reported data
for acetanalide,19 using multipulse1H NMR. Opella and co-
workers reported CSA values from single crystal2H NMR of
N-acetyl-D,L-valine,20 and, more recently, this group used a
three-dimensional solid state NMR experiment to obtain the Leu-
HN shielding tensor in Ala-[15N]Leu.21 These data indicate that,
although the HN CSA tensor can deviate from axial symmetry,
its most shielded tensor component (σ33) is roughly collinear
with the N-H bond.
In this study, we show that quantitative information on the

CSA tensor of individual amide protons in15N-enriched proteins
can be readily obtained from measurement of relaxation
interference between the1HN CSA and the1HN-15N dipolar
relaxation mechanisms. Relaxation of peptide1HN spins in15N-
enriched proteins is dominated by1H-1H dipolar interactions,
1H-15N dipolar coupling, and1HN CSA. Assuming, for
convenience, that the1HN CSA tensor is axially symmetric, with
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its most shielded axis parallel to the1H-15N bond, the local
field experienced by a1HN attached to15N in the|R> spin state
corresponds to the sum of the dipolar and CSA tensors; the
difference of the dipolar and CSA tensors applies for1HN nuclei
attached to a15N in the |â> spin state, and the two1HN-{15N}
doublet components therefore relax at different rates. This
differential relaxation is commonly referred to as a cross-
correlation or relaxation interference effect,22-31 and a simple
description, directly applicable to the case of peptide1HN-{15N}
groups, has been presented by Goldman.25 In a recent study
we demonstrated that peptide15N CSA values derived from
relaxation interference measurements are in good agreement with
solid state NMR measurements.31

Here, we describe two slightly different experimental ap-
proaches for quantitative measurement of relaxation interference
between1HN-15N dipolar coupling and1HN CSA. Experiments
are applied to two15N-enriched proteins, ubiquitin (8.6 kD) and
perdeuterated HIV-1 protease (a 23 kD homodimer). Results
indicate that1HN CSA values indeed correlate with the crys-
tallographically determined hydrogen bond lengths32,44and, as
expected, also strongly correlate with the isotropic HN shift.
Remarkably, an increase in shielding in the H-N direction (σ33)
is shown to correlate with an approximately equal decrease in
(σ11 + σ22)/2. Hence, changes in the principal components of
the shielding tensor are highly correlated. Variations in the CSA
are therefore much larger than those of the isotropic shifts. HN

CSA values observed in the present study range from a few
ppm for buried non-hydrogen bonded amide protons toca. 14
ppm for short intramolecular hydrogen bonds.

Results and Discussion

Assuming an axially symmetric1HN chemical shift tensor with
an angleθ between the orientation of its unique axis and the
N-H bond vector, the1HN transverse relaxation rates for the
two doublet components of a1HN- 15N spin pair are given
by25-28

where the+ sign applies to the upfield1HN-{15N} doublet
component (1JNH < 0). ∆, λ, andη correspond to homonuclear
dipolar relaxation,1HN-{15N} dipolar relaxation, and the cross
correlation between the1H CSA and the1HN-{15N} dipolar
interaction, respectively. They are given by

whereq) ∑kγH4h2/(80π2rHK6) and the summation extends over
all protonsk in the vicinity of the amide proton of interest with
rHK being the interproton distance;d) γH2γN2h2/(80π2rHN6), R
) -4π Bo(σ| - σ⊥)rHN3/(3hγN), and rNH is the 15N-1H
internuclear distance, assumed to be 1.02 Å. Relaxation
interference between the various1H-1H dipolar terms or
between the1H-1H dipolar and1HN-{15N} dipolar or1HN CSA
terms do not need to be considered as it does not affect the
initial decay rate of1HN-{15N} doublet components (although
it does result in multiexponential decay of these components).
Jdd(ω), Jcc(ω), andJcd(ω) are the spectral densities for dipolar
autocorrelation, CSA autocorrelation, and dipolar-CSA cross
correlation, respectively, as defined previously.31 For the present
case, whereθ is assumed to be small (θ , 1) and the relative
orientation of the dipolar and CSA tensors is assumed to be
independent of internal motion, one hasJdd(ω) ) Jcc(ω) )
Jcd(ω)/P2(cosθ).31 Thus, the superscripts in the spectral density
function may be dropped, and eq 1d can be rewritten as

In the absence of slow conformational exchange contributions,
values forJ(0) andJ(ωH) can be obtained directly from the15N
T1, T2 and 15N-{1H} NOE values by using reduced spectral
density mapping:33-35

with

Residues for which conformational exchange contributes to
J(0) must be excluded when using this procedure. They are
readily identified from theT1 and T2 values (using eq 4 of
Tjandra et al.37 ) or from the anomalous decrease in15N T2 with
increasing magnetic field strength.38,39

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.25 For the case where one of
the principal axes, sayσ33, 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 determined byσ33
- (σ11 + σ22)/2, and not byσ11 - σ22.
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∆ ) q[5J(0)+ 9J(ωH) + 6J(2ωH)] (1b)

λ ) d[4Jdd(0)+ 4R2Jcc(0)+ 3Jdd(ωH) + 3R2Jcc(ωH) +

Jdd(ωH - ωN) + 3Jdd(ωN) + 6J dd(ωH + ωN)] (1c)

η ) 2Rd{4Jcd(0)+ 3Jcd(ωH)} (1d)

η ) 2Rd{4J(0)+ 3J(ωH)}P2(cosθ) (2)

J(ωH) ) 2/5(NOE- 1)(γN/γH)/(d T1) (3a)

J(0)) [1/(dT2) - 10J(ωH) - 3(1+ R2)J(ωN)]/(1 + R2)

(3b)

J(ωN) ) 1/6[1/(dT1) - 14J(ωH)]/(1 + R2) (3c)R2 ) ∆ + λ ( η (1a)

1H CSA and Hydrogen Bonding J. Am. Chem. Soc., Vol. 119, No. 34, 19978077



For two hydrogen-bonded amides, Opella and co-workers
found that the most shielded axis of the HN CSA tensor deviates
by less than 10° from the N-H bond vector, and|σ22 - σ11|,
|σ33 - (σ11 + σ22)/2|.20,21 This strongly suggests that, at least
for hydrogen bonded amides, the approximation of an axially
symmetric HN CSA tensor, aligned with the N-H bond, is
reasonable. Calculation of the1HN CSA from the magnitude
of the relaxation interference effect is based on the assumption
that the 1HN-15N dipolar coupling is a constant, and all
variations inRd (eq 1d) are attributed to changes in the chemical
shift tensor.
Measurement Schemes.We present two different methods

for measuring the relaxation interference: one 2D experiment
which is a simple modification of the commonly used1H-15N
HSQC experiment and a 3D experiment which measures the
relative amplitude of the1HN doublet components after a
constant-time evolution period. The first approach conceptually
is analogous to the method previously described for measure-
ment of15N CSA values;31 the second one is quite general and
provides a sensitive and robust method for measuring cross
correlation for many different types of interactions.
CSA from 2D 1H-15N Correlation. Figure 1 shows the

2D pulse scheme used for quantitative measurement of relax-
ation interference between the1HN CSA and1H-15N dipolar
coupling mechanisms. The pulse scheme is similar to the
regular1H-15N HSQC correlation experiment40 in which the
first INEPT transfer from1H to 15N is modified.29 The
experiment is performed twice: once without applying the
shaded 180° 15N pulse and once with application of this pulse.
In the following these experiments will be referred to asA and
B, respectively. Intensity observed in spectrumA will be shown
to result exclusively from relaxation interference, whereas

spectrumB yields a reference spectrum where magnetization
transfer occurs in the regular manner, throughJNH coupling.
In schemeA, 1HN magnetization (represented by I) precesses

in the transverse plane between time pointsa andb, for a period
2T. In the absence of the 180° 15N pulse, effects of both1HN

chemical shift and1JNH coupling are refocused at timeb. Thus,
at time pointb the transverse magnetization of the two1HN-
{15N}doublet components, both aligned along the-y axis, are
described by-Iy/2( IySz. The upfield doublet component,IySz
- Iy/2, relaxes at a rate∆ + λ - η, whereas the downfield
component relaxes at∆ + λ + η (cf. eq 1). Calculations
indicate that transverse cross relaxation between the two doublet
components,25 which precess at different frequencies, may be
safely ignored. Thus, for schemeA, the transverse magnetiza-
tion at time pointb in Figure 1 is given by

whereε( ) exp[-2T(∆ + λ ( η)]. The antiphase term,IySz
(ε- - ε+), is transferred into antiphase15N magnetization at
time b and gives rise to a regular HSQC spectrum in which
resonance amplitudes are proportionate toε- - ε+.
For schemeB, the 180° 15N pulse applied at timeê ) 1/(4JNH)

after the initial 90° 1H pulse causes the two doublet components
to be aligned along the(x axis at time pointb, yielding

In practice, 2êη , 1, and

Fully analogous to schemeA, the antiphase term present at
time pointb, IxSz (ε- + ε+), is transferred into antiphase15N
magnetization and gives rise to a HSQC spectrum in which
resonance amplitudes are proportionate toε- + ε+. Thus, the
ratio of the signal intensities obtained with schemesA andB
equals

Note that this intensity ratio depends only onη andT and
therefore permitsη to be extracted straightforwardly. The
sensitivity of the experiment is also affected by the homonuclear
and heteronuclear dipolar relaxation rates, however. Forη ,
∆ + λ, sensitivity of the experiment is maximum for 2T ≈ (∆
+ λ)-1.
CSA from Constant-Time HN Evolution. A second way

for observing relaxation interference measures the relative
amplitudes of the two doublet components at the end of a
constant-time evolution period. This principle is very general
and easily applicable to the measurement of numerous other
types of relaxation interference too. The pulse scheme used
for measuring relaxation interference between HN CSA and HN-
15N dipolar couplings is shown in Figure 2. It is very similar
to scheme A of Figure 1, but the position of the first 180° 1H

(40) Bodenhausen, G.; Ruben, D. J.Chem. Phys. Lett.1980, 69, 185-
189; Bax, A.; Ikura, M.; Kay, L. E.; Torchia, D. A.; Tschudin, R.J. Magn.
Reson. 1990, 86, 304-318.

Figure 1. 2D NMR pulse scheme for quantitative measurement of
cross-correlation between HN CSA and HN-15N dipolar coupling. The
experiment is carried out twice, once without the shaded15N 180° pulse
(A) and once with this 180° pulse included (B). All resonances observed
with schemeA are the result of cross correlation effects during the
period 2T; signals observed in schemeB result from regular, INEPT-
type magnetization transfer. Narrow and wide pulses correspond to flip
angles of 90° and 180°, respectively. The two low power pulses
immediately preceding and following the last nonselective1H 180° pulse
have a width of 1 ms each and correspond to flip angles of 90°. With
the carrier positioned on the H2O resonance, they are part of the
WATERGATE water suppression scheme.53 The shaped pulse preced-
ing this WATERGATE pulse combination is of the EBURP type,54

with its excitation profile centered at 7.8 ppm and a width of 2.43 ms
at 600 MHz1H frequency. The radiofrequency phase of all pulses isx,
unless indicated. Delay durations:τ ≈ 1.4 ms;ê ) 2.67 ms, 3.3e T
e 15 ms. Phase cycling:φ1 ) -x,x; φ2 ) x,x,-x,-x (schemeA);
φ2 ) y,y,-y,-y (schemeB); φ3 ) 4(x); 4(-x); φ4 ) -x; Rec.) x,
2(-x),x, -x,2(x),-x. Quadrature detection in thet1 dimension is
accomplished by incrementingφ3 in the States-TPPI manner. All
gradients are sine-bell shaped, with an amplitude of 25 G/cm at their
center. Durations: G1,2,3,4) 1.5, 1, 2, 0.4 ms, with respective gradient
axes: y, x, z, xyz.

σb
A ) (IySz - Iy/2) exp[-2T(∆ + λ - η)] +

(-IySz - Iy/2) exp[-2T(∆ + λ + η)] ) IySz(ε
- - ε

+) -

Iy(ε
+ + ε

-)/2 (4)

σb
B ) (Ix/2- IxSz) exp[-2T(∆ + λ - η) + 2úη] -

(Ix/2+ IxSz) exp[-2T(∆ + λ + η) - 2úη] (5a)

exp[-2T(∆ + λ - η) + 2êη] + exp[-2T(∆ + λ + η) -
2êη] ≈

exp[-2T(∆ + λ - η)] + exp[-2T(∆ + λ + η)] ) ε
+ + ε

-

(5b)

IA/IB ) (ε- - ε
+) / (ε- + ε

+) ) tanh(2Tη) (6)
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pulse is shifted in a constant-time manner,41,42and data in this
case are recorded most conveniently as a 3D spectrum, with
the 15N-coupled1HN in theF1 dimension,15N in F2, and15N-
decoupled1HN in F3. Although at first sight it may appear
inefficient to have the1HN resonance in both theF1 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 theF1
dimension because the resulting aliasing will never give rise to
resonance overlap, provided the spectral width is larger than
the 1JNH splitting.
Analogous to the above description of the 2D cross correlation

experiment, the two1HN doublet components at time pointa in
Figure 2 are described by-Iy/2 ( IySz. The density operator
for the downfield doublet component at timea is given byσR

a

) -Iy/2- IySz. After evolution during the constant time period
and relaxation for a duration 2T, it is given by

Similarly, the upfield component is described by

TheIySz terms in eqs 7a and 7b are transformed into transverse
15N magnetization by the 90° 1H/15N pulse pair applied at time
b. Following15N evolution duringt2, the1HN signal is observed
during t3. Thus, after 3D Fourier transformation each amide
yields two resonances in theF1 dimension, at frequencies
δ(JNH/2, and with an amplitude ratio

Extractingη from eq 8 at high precision requires the two
doublet components to be well-resolved, mandating the use of
relatively long values of 2T. A HN band-selective refocusing
pulse is used in this constant-time evolution period in order to

reduce losses resulting from homonuclearJHNHR dephasing. It
is critical that the amplitude profile of this pulse is sufficiently
flat, such that it does not affect the relative intensities of the
two doublet components which are displaced by1JNH in the1H
dimension. The V1 pulse of Abramovich and Vega43was found
suitable for this purpose.
Both the schemes of Figures 1 and 2 have been tested

extensively on a sample of15N-labeled ubiquitin. The scheme
of Figure 1 also has been applied to a sample of perdeuterated
HIV protease, complexed with the symmetric inhibitor DMP-
323.44 Possible complications resulting from homonuclear HN-
HR J coupling or other homonuclear relaxation interference
effects are minimized in such a perdeuterated sample. These
results therefore serve as an experimental check on the possible
influence of such effects.
A detailed attempt to correlate the CSA values with molecular

structure has been carried out only for ubiquitin, for which a
higher resolution crystal structure is available. HIV protease
CSA values (Supporting Information) qualitatively agree well
with observations listed below for ubiquitin. However, quan-
titative analysis is complicated by the lower resolution of this
structure compared to ubiquitin and by the fact that in the
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 resonances.45

1HN CSA Values in Ubiquitin. The schemes of Figures 1
and 2 have been applied to a sample of uniformly15N-enriched
human ubiquitin. Figure 3A shows a small section of the 2D
spectrum recorded with Figure 1, schemeA, i.e., with all
observed intensity resulting from cross correlation. A total
dephasing time, 2T, of 22 ms was used, and the sample
temperature was set to 13.6°C. At this temperature, the
effective rotational correlation time derived from15N T1 and
T2 values,τc ) 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 andD|/D⊥ ) 1.17
as reported previously at higher temperature.46 Figure 4 shows
the intensity ratio,IA/IB, as a function of dephasing time for a
number of residues, best fit to eq 6. Values of the1HN CSA
were calculated from these data using eqs 2 and 6, and spectral
densities of eq 3, assuming that the1HN CSA tensor is axially
symmetric with its unique axis collinear with the N-H bond
vector (θ ) 0).
Figure 3B showsF1 traces taken from the 3D spectrum,

recorded with the pulse scheme of Figure 2, and using a
dephasing delay, 2T, of 40 ms. The variation in the relative
intensities of the three amide proton doublets is clearly visible.
The experiment has been carried out for three different durations
of 2T: 40, 75, and 110 ms. These three data sets yield
remarkably similar values of the1HN CSA (Figure 1, supporting
information), although, as expected, a small decrease in the
derived CSA values is observed for the longest value of 2T,
where the assumption of monoexponential decay breaks down.
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1995, 2, 274-280.

(46) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A.J. Am. Chem.
Soc.1995, 117, 12562-12566.

Figure 2. Pulse scheme of the 3D gradient-enhanced HNH experiment
for quantitative measurement of cross-correlation between HN CSA and
HN-15N dipolar coupling. Narrow and wide pulses correspond to flip
angles of 90° and 180°, respectively. The shaped 180° 1H pulse, applied
during the constant-timet1 evolution period is of the V1 type,43 with a
total duration of 3.7 ms for an inversion profile width of 2.2 kHz.
The 1H carrier is positioned in the center of the amide region. Phase
cycling: φ1 ) x; φ2 ) 2(x),2(y),2(-x),2(-y); φ3 ) x,-x; φ4 ) x; Rec.
) x,-x. Quadrature detection in thet1 dimension is obtained by
incrementingφ1 in the States-TPPI manner.55 Quadrature detection in
the t2 dimension is obtained by inverting the polarity of G4 together
with φ4, with data stored separately, in order to obtain Rance-Kay style
data.56 Delay durations:ε ) 3.4 ms,τ ) 2.67 ms;δ ) 1.2 ms. All
gradients are sine-bell shaped, with an amplitude of 25 G/cm at their
center. Gradient durations: G1,2,3,4,5,6,7,8) 2.5, 1.1, 1.3, 2.72, 0.8, 1.3,
0.2, 0.075 ms; the respective gradient axes arexy, y, xz, z, x, y, z, z.

σR
b(t1) ) -(Sz + 1/2){Iy cos[2π(δ - JNH/2)t1] +

Ix sin[2π(δ - JNH/2)t1]} exp[-2T(∆ + λ - η)] (7a)

σâ
b(t1) ) (Sz - 1/2){Iy cos[2π(δ + JNH/2)t1] +

Ix sin[2π(δ + JNH/2)t1]} exp[-2T(∆ + λ + η)] (7b)

IR/Iâ ) -exp(4Tη) (8)
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The pairwise root-mean-square difference (rmsd) between the
1HN CSA values extracted from the build-up of the cross
correlation effect in the 2D spectra (Figure 4) and from the 3D
spectrum equals 1.4 ppm. In all further analysis, we will use
the average of these two values, which then includes a random
error of 0.7 ppm.
Figure 5 shows the measured HN CSA values as a function

of residue. The data in Figure 5 suggest that CSA values in
ubiquitin’s five-strandedâ-sheet (11.2( 1.6 ppm) are signifi-
cantly larger than those in itsR-helix or its short 310-helix.
However, in contrast to what has been observed for isotropic

13CR shifts, for example, the correlation between secondary
structure and1HN CSA is apparently not dominated by the
backbone torsion angles. For example, althoughR-helical amide
protons have small CSA values (7.2( 1.5 ppm), Asp52, which
also has nearlyR-helical backbone angles but hydrogen-bonds
to solvent, shows a relatively large CSA of 10.7 ppm. Similarly,
several residues withâ-sheet type backbone angles, but lacking
the characteristic hydrogen bonds, have low CSA values (Lys11,
Ile36).

1HN CSA and Hydrogen Bond Length. Figure 6 shows
the correlation between the measured1HN CSA and hydrogen
bond length. As was previously reported for OH‚‚‚O hydrogen
bonds,18 the HN 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 Å resolution.
Highly mobile amides, for which the15N order parameter,S2,
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 the1HN 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

is obtained forB ) 4.9 ppm,C ) 1.96 ppm Å2, andD ) 1.3
Å. Here,B is the1HN CSA value expected in the absence of
hydrogen bonding. The rmsd between values predicted by eq
9 and measured CSA values is 1.8 ppm. Ser20-HN and Ile36-
HN are the only amide hydrogens in ubiquitin that are not
hydrogen bonded in the crystal structure and which are not
accessible to solvent. With values of 4.6 and 0.9 ppm,
respectively, these two amides yielded the lowest CSA values
observed in ubiquitin. Similarly, the three amides with the
lowest HN CSA values in HIV-protease (Gln7, Met36, Gln92,
Supporting Information), complexed with the symmetric inhibi-

Figure 3. Sections from the 600 MHz ubiquitin spectra from which
HN CSA values were extracted. (A) Small section of the 2D spectrum
recorded with schemeA of Figure 1, using a 2T duration of 22 ms.
(B) F1 traces taken from the 3D spectrum at the (F2,F3) frequencies of
Ile30, Thr14, and Leu8. The spectrum was recorded with the scheme of
Figure 2, using a 2T duration of 40 ms.

Figure 4. Ratio of the resonance intensities observed with schemesA
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.

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 arrow:â-sheet; small pitch coil:
R-helix; large pitch coil: 310 helix). The CSA tensor is assumed to be
axially symmetric, with its unique axis collinear with the N-H bond
direction.

CSA) B+ C/(rH‚‚‚O - D)2 (9)
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tor DMP-323,44 are also not hydrogen bonded or solvent-
accessible in the crystal structure of this complex.

1HN CSA and Solvent Interaction. Besides Ser20 and Ile36,
there are numerous other amide protons in ubiquitin which lack
an intramolecular hydrogen bonding partner in the crystal
structure, but these amides are all exposed to solvent and
presumably are engaged in hydrogen bonding to water oxygens.
These solvent exposed amides (marked “S” in Figure 7) have
relatively large CSA values of 10.5( 1.6 ppm, i.e., they are
only slightly smaller than CSA values observed inâ-sheet.
HN CSA and Isotropic Shift. The isotropic HN shift has

long been recognized as an indicator for hydrogen bond
strength.13-16 Thus, if the HN CSA is also representative of
hydrogen bond strength, it is expected that the HN CSA and
the HN isotropic shift are strongly correlated. Indeed, such a
correlation is observed (Figure 7). Remarkably, however, an
increasein shielding in the direction of the N-H bond vector
is accompanied by adecreasein the isotropic shift. A best fit
between the CSA and the isotropic chemical shift (δi) yields

whereδ⊥ andδ| are chemical shifts perpendicular and parallel
to the unique axis of the chemical shift tensor which is assumed
to be axially symmetric [δ⊥ ) -(σ11 + σ22)/2; δ| ) -σ33].
With δi ) (δ| + 2δ⊥)/3, this indicates that a decrease inδ|

correlates with a 2-fold larger increase inδ⊥.
â-Sheet andR-helical amide protons in Figure 7 are marked

“B” and “A”, respectively. As can be seen from the figure,
amides makingR-helical hydrogen bonds tend to have smaller
CSA values thanâ-sheet residues, whereas their isotropic shifts
are less clearly distinguished. Glu34-HN is the only amide
making anR-helical HNi‚‚‚O′i-4 hydrogen bond with a large
(10.5 ppm) CSA. Although this residue is identified by the
MOLMOL program47 as the last residue of ubiquitin’sR-helix,
its backbone angles (φ ) -124°; ψ ) -6°) fall well outside

the regularR-helical range and the hydrogen bond length in
the crystal structure is shorter than that of otherR-helical amides.
It is also important to point out that the small CSA values in
R-helices are only an indirect consequence of the secondary
structure and presumably reflect the fact thatR-helical hydrogen
bonds typically are slightly longer than those inâ-sheet. It is
therefore expected that mostR-helices will include also some
amides with HN CSA values comparable to those found in
â-sheet andVice Versa.

Concluding Remarks

Our data represent the first extensive measurement of1H
chemical shift anisotropies in polypeptides. These results will
be critical for validating ab initio proton chemical shift
calculations, which hold the key to explaining the exquisite
sensitivity of proton chemical shifts to local structure. Once
such correlations have been unambiguously established, it may
become possible to interpret small changes in either the isotropic
chemical shift or the CSA, which occur upon mutation or
ligation of a protein, in terms of minute structural rearrange-
ments.
A 2D and a 3D method for quantitative measurement of

relaxation interference between the1HN-15N dipolar coupling
and 1HN CSA yield good agreement on the magnitude of the
1HN CSA. This indicates that this CSA value can be measured
reliably either from the relative intensities in a pair of simple
2D 1H-15N shift correlation spectra or from relative intensities
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 CSA of13CR

and side-chain carbons,13C′, 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 measured1HN CSA values in ubiquitin range from near

zero in the absence of hydrogen bonding toca. 14 ppm for
(47) Koradi, R.; Billeter, M.; Wu¨thrich, K. J. Mol. Graphics1996, 14,

52-55.

Figure 6. Correlation between HN CSA and hydrogen bond length in
human ubiquitin. Hydrogens were added to the X-ray crystal structure32

with the program X-PLOR.57 Amides with low order parameters (S2 <
0.75) and solvent-exposed amides for which no hydrogen bonded water
was observed in the crystal structure are not included. The correlation
coefficient, r, is 0.735. The solid line corresponds to eq 9, and the
statistical significance,p, of this correlation is 10-8. The error estimated
in the crystallographically determined hydrogen bond lengths equals
0.15 Å; the random error in the CSA measurement equals 0.7 ppm.

δi ) 5.5- 0.3 (δ| - δ⊥) ppm (10)

Figure 7. Correlation between isotropic HN shift and HN CSA. Amides
involved in different types of hydrogen bonding are marked as
follows: R-helix: A; â-sheet: B; 310: X; solvent-exposed or hydrogen
bonded to water in X-ray: S; other (backbone-backbone or backbone-
side chain): O; not hydrogen bonded: N. The correlation coefficient,
r, equals 0.782. The solid line corresponds to eq 10, and the statistical
significance,p, of the correlation is<10-12. The random error in the
CSA measurement equals 0.7 ppm.
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residues involved in short hydrogen bonds. Solid state NMR
has conclusively shown that for near-planar OH‚‚‚O hydrogen
bond arrangements between carboxylates there is a well defined
correlation between the proton CSA and the length of the
hydrogen bond, with a 2-fold drop in magnitude when the O-O
distance increases from 2.4 to 2.75 Å.18 The dependence of
the1HN CSA on hydrogen bond length appears to be similarly
steep. Presumably this steeper-than-r-2 dependence reflects the
fact that the center of the atomic charges does not coincide with
the positions of the nuclei. In part, it may also be caused by
the increase of the effective dielectric constant with increasing
distance, owing to the polarizability of nearby groups.48

An increase in hydrogen bond strength increases the shielding
parallel to the N-H bond but decreases the shielding orthogonal
to this bond. As a consequence, hydrogen bonding has a much
larger effect on the CSA than on the isotropic chemical shift.
These observations rule out the possibility that the effect of
hydrogen bonding on the amide proton chemical shielding tensor
is dominated by the anisotropic magnetic susceptibility of the
nearby carbonyl group. It remains unclear, however, whether
the CSA as measured from relaxation interference is a better
measure for hydrogen bond strength then the isotropic HN shift;
the scatter in the correlation of Figure 6 is comparable to what
is observed when plotting the isotropic shiftVersushydrogen
bond length.
Solvent-exposed amides show large and relatively uniform

CSA values of 10.5( 1.6 ppm, and no significant difference
is found between amides for which a hydrogen-bonded water
molecule is observed in the crystal structure and those for which
this is not the case. This suggests that the presence or absence
of a hydrogen-bonded water molecule is not related to the
hydrogen bond strength but merely reflects the positional
uncertainty of such a water molecule in the crystalline state.

Experimental Section

NMR experiments were carried out at 13.6°C on a sample of
commercially obtained (U-15N)-ubiquitin (VLI Research, Southeastern,
PA), 1.4 mM, pH 4.7, 10 mM NaCl and at 27°C on a sample of15N-
enriched HIV protease-DMP323 complex44,49 (0.75 mM of dimer in a
250 µL Shigemi microcell) in H2O/D2O (95%/5%), 50 mM sodium
acetate buffer (pH 5.2), withg85% deuteration of its nonexchangeable
protons. All NMR experiments were carried out using a Bruker DMX-
600 NMR spectrometer, operating at a1H resonance frequency of 600
MHz. A three-axis pulsed field gradient1H/15N/13C probehead,
optimized for1H detection, was used.
A series of 2D experiments was carried out on ubiquitin at 13.6°C,

using the pulse scheme of Figure 1. Data matrices consisted of 768*
(t1) × 128* (t2) data points, with acquisition times of 64 ms (t1) and 83
ms (t2). A total of 32 scans per complext1 increment was collected
for schemeA (Figure 1), whereas eight scans were accumulated in the
reference experiment,B (Figure 1). The total measuring time for such
a pair of experiments was 5.2 h. Experiments were repeated for the

following durations of the dephasing delay, 2T: 7, 10, 13, 16, 19, 22,
25, 28, and 31 ms. All experiments were performed with the1H carrier
positioned on the H2O resonance and the15N carrier at 116.5 ppm.
HN CSA values in HIV-protease were derived from a single set of

2D experiments, carried out with a dephasing delay of 22 ms. The
data matrix size and number of scans were as listed above, but the
total measuring time was 12 h, owing to the longer delay between scans,
needed because of the longerT1 relaxation times of the amide protons.
Spectral densities were derived from eq 3, using15N T1, T2, and NOE
values reported previously for the same sample, at the same temper-
ature.37

Ubiquitin 15N T1 andT2 measurements were made at 13.6°C, using
the same procedures as were used previously at higher temperature.46

The value of 1/(2 TrD), corresponding to the rotational correlation
time in the case of isotropic tumbling, was derived from these data
and determined to be 6.02 ns. The anisotropy and orientation of the
diffusion tensor were indistinguishable from values at 27°C, reported
previously.46 No 15N-{1H} NOE values were measured at 13.6°C,
and NOE values previously measured at 27°C were used instead. Note
that the resulting small error inJ(ωH) (cf. eq 3a) has a negligible effect
on the derived CSA because the CSA is dominated byJ(0), which is
two orders of magnitude larger thanJ(ωH).
All data sets were processed using the program NMRPipe50 and

analyzed with the program PIPP.51 Resonance intensities were obtained
from peak heights using three-data-point interpolation,51 and resonance
assignments are taken from Wang et al.52
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