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Abstract: An experiment is presented that allows the quantitative measurement of the cross-correlation rate between
IHN CSA andHy—15N dipolar interaction in uniformly}*N-enriched samples. The CSA/DD cross-correlation rate

is obtained from the intensity ratio of an experiment in which the CSA/DD cross-correlation is active for a fixed
time, 7, with a reference experiment in which it is inactive. The CSA/DD cross-correlation rates of 75 residues of
the HU protein fromBacillus stearothermophilugziere obtained from the linear fits of CSA/DD to reference ratios
recorded for five values of and at two differenB, fields. After correction for the mobility of théH—5N bond

vector the values ofa, — op)(3 cog(f) — 1)/2, containing information about the chemical shielding anisotropy,
were derived for individual amide protons. The average value of BBppm compares well with the results from
previous solid state NMR measurements. The data also show a dependence upon hydrogen bonding and secondary
structure: residues ia-helical conformation show values of9 4 ppm, whereas residues flasheet conformation

show substantially higher values of #6 ppm.

Introduction orientation of chemical shift tensors for protons in macromol-
ecules.

High-resolution solution NMR experiments provide a con-
venient method for measuring NMR parameters such as
chemical shifts, NOEs, anfi andT; relaxation times at a large
number of sites in a biological macromolecule, in particular if
isotopic labeling is used to increase the resolution and sensitiv-
ity.”8 Relaxation interference effects between CSA and dipolar
couplings contain information on motional properties and
chemical shift tensors. For small molecules, these effects have
been reported and analyzed in detail on several occa%iéns.
Interference effects betweéhly CSA and dipolar interaction
(DD) have also been observed in proteins and RNA befote.

AN - The differential relaxation rates observed for the doublet
measurements can provide information on hydrogen bond

formation. Measurements on small molecules have established” omponents of the imino protonsii-substituted tRNA° were
’ : explained in terms of the CSA/DD cross-correlation mechanism.
a correlation between the strength of hydrogen bonding and

. i . . . . ) From the study on a model compound the CSA of the imino
isotropic chemical shift or chemical shift anisotropy (CSA) for .
hydroxyl protons involved in GH---O bonds?3 proton was calculated to be 5.7 ppfn. For proteins no

uantitative analysis was performed thusfar. A DQF-NOESY
Information about the CSA of protons would also be of great q y P Q

interest in biological systems. In principle, such information (6) Ramamoorthy, A.; Gierasch, L. M.; Opella, SJJMagn. Reson. A

could be obtained from solid-state NMR experiments, but 195(975)ggrglﬁ_él%ronenbom A. IMethods in Enzymologgames, T
unfortunately several complications affect proton CSA measure- | ‘gppenheimer, N. J., Eds.: Academic Press: San Diego, 1994 Vol. 239,

ments on biological macromolecules. Only a few experimental Part C, pp 349-363.

observations have so far been reported, limited to small synthetic | (8) Pher_‘gv J. \KIV-?JWE%”?f’AG-("MethOgS in .E“SZymODWG)“aTg;A.T\-/'—I-v 530
peptidest® As a consequence, little is known about the pgﬁeg SLJmSEE:’%S%.” > Aeademic TIEss: San TIed. e
dependence on secondary and tertiary structure of the value and (9) McConnell, H. M. J.J. Chem. Phys1956 25, 709-711.
(10) Mackor, E. L.; MacLean, GProg. Nucl. Magn. Reson. Spectrosc.

* Author to whom correspondence should be addressed. 1967, 3, 129-157.

T Current address: Oxford Center for Molecular Science, New Chemistry  (11) Goldman, M.J. Magn. Resonl984 60, 437—-452.
Laboratory, University of Oxford, South Parks Road, Oxford OX1 3QT, (12) Wimperis, S.; Bodenhausen, Mol. Phys.1989 66, 897-919.

Hydrogen bonds are of great importance in biological systems
because of their role in secondary and tertiary structure
formation and molecular recognition. The presence of these
hydrogen bonds is usually inferred from a detailed analysis of
biomolecular structures at atomic resolution, obtained from
X-ray or high-resolution NMR studies, by searching for suitable
donor and acceptor atoms in a proper hydrogen bonding
conformation. Experimental evidence to support hydrogen bond
formation provides valuable additional information. For ex-
ample, amide protons which exchange slowly with the solvent
are typically considered to be either involved in hydrogen bonds
or have limited solvent accessibility Also solid-statéH NMR

United Kingdom. (13) Bruschweiler, R.; Ernst, R. R.. Chem. Phys1992 96, 1758-
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experiment was proposed by Dalvit in order to observe the two- be considered first. The results for a more general system

spin longitudinal order generated By CSA/DD(HN—1H,) including dipolar interactions between th#N—1Hy pair and

cross correlation in small molecul&s.For 15N-labeled proteins, other protons will be presented in the Results and Discussion

Dalvit presented an HSQC-type experiment in which antiphase section.

magnetization was generated ¥y CSA/DD(HN—1°N) cross- A detailed description of the interference effects on the

correlation termg® Recently, Tjandra et & have shown that  relaxation of two unlike spin¥, was presented by Goldmah,

the quantitative measurement of the cross-correlation betweenand therefore his treatment will be only briefly summarized. In

15N CSA and'H—15N dipolar interaction if°N-labeled proteins  the following, proton and nitrogen angular momentum operators

can provide information on the magnitude of 888 chemical will be indicated withl andS, respectively.

shift tensor. In the presence of cross terms between G8AJ and DD-
Here, we present a pulse sequence for the quantitative (*Hy—12°N), the two components of the proton doublet relax at

measurement of the cross correlation betwéén CSA and a different rate. Fotdwu, < 0, the transverse relaxation rates

1H\—15N dipolar interaction in uniformlyN-enriched samples.  R% and RS of the low-field and high-field component, respec-

The method is applied to the HU protein froBacillus tively, are!

stearothermophilugHUBSst), a symmetric dimer of 19 kDa. The

solution structure of HUBst was determined by high-resolution R‘2‘ =1+ (1a)
multidimensional heteronuclear NMR spectroscép’and its
dynamic properties were studied recently ¥iN relaxation Rg =1-7 (1b)

studies at multiple field$® After correction for the dynamic

properties of the backbone amides, the data yield information \herej is the autorelaxation rate ands the cross-correlation
on the anisotropy of théHy chemical shift tensor for 75 residues o |axation rate. After a relaxation period of duratigrihe two

in HUBst. The magpnitude of théHy chemical shift tensor  components of the proton transverse magnetization are
shows a dependence upon hydrogen bond formation. Moreover,

a clear distinction between residuesdrhelical andg-sheet 1% = 1%(0) expl—(1 + =1%(0) E(+ 2a
conformation is observed, providing the first insight into the + = 14(0) exp( T +O) Bt (22)
dependence of the anisotropy of thdy chemical shift tensor

B — P () — — |8 _
on secondary structure in a biological macromolecule. % = 15(0) exp=(1 = m)7] = 14 (0) E(=7) (2b)

Experimental Section where
All NMR experiments were performed at 311 K on a 1.0 mM

solution of uniformly 5N labeled HUBst protein in 90%H,0/10% E(t+,7) =exp[-(4 +n)r] and E(7) =exp[-(1 —n)7]

°H,0, in the presence of 30 mM Kmuffer at pH 4.6 and 100 mM

KCl. Two data sets were acquired at 499.91 and 750.11 NWiz  The components of the proton doubl¢f, and 1%, can be
resonance frequency with Varian UNITYplus 500 and UNITYplus 750 written as follows:

spectrometers, both equipped with a triple-resonance HCN probe with

a shieldedz-gradient coil. Each dataset consisted of five 2D experi- 1% =] (1. + Sz) (3a)
ments acquired with scheme A at different duration of the petfiod + +2

and a reference experiment acquired with scheme B (cf. Figure 1). 2D

data matrices acquired at 500 and 750 MHz consisted oft)6Q( 18 = 1 3b
512¢,) and 128(;)) x 512¢,) complex points, respectively. For both + +(§ SZ) (3b)

the buildup series (scheme A) and the reference experiment (scheme

B), an identical number of scans were collected (128 at 750 MHz and By combining eqs 2 and 3, the following expression for the

64 at 500 MHz). ) ) . evolution of proton transverse magnetization after timis
All data sets were processed with NMRP#eysing 72 shifted obtained:

squared sine-bell apodization in both dimensions, prior to zero filling

to 1024(;) x 2048¢,) complex points, and Fourier transformation. The

peaks V\fe)re fitted t(to)GauspsianpprofiIes in both Ba@ndF, dimensions o(r) = 1%(x) + 11i(z) =1%(0) E(+,7) + 11(0) E(—,7)

by using one of the NMRPipe software toétsplinLS for nonlinear |

least-squares minimization. The fit with five adjustable paramekers +

positiog, F, width, F; position, F; width, and a:nplitudei) accounted( = f[E("’_J) T EC ] + LS[E(t7) — E(-7] (4)
for more than 95% of the observed intensity.

The one-parameter linear fit of the intensities of the peaks in the  Equation 4 shows that, as a result of the differential relaxation
pundup series record_ed ywth scheme A was performed by using an rate hetween the two proton components, after tinmbe in-
in-house implementation in OCTAVE of a linear least-squares routine. phase proton magnetization has been partially converted into
Theory antiphase magnetization with respect to nitrogen.

Assuming axial symmetry for the CSA interaction, the
expressions for the auto relaxation rafg, and the cross-
correlation ratey, aré113.14

Although dipolar protor-proton interactions provide a non-
negligible relaxation mechanism for the amide protons, the
simplifying assumption of an isolatédN—Hy spin pair will

(19) Dalvit, C.J. Magn. ResonL991, 95, 410-416. A = D[4J"0) + 4023°%(0) + 30°I(wy,) + 33%wy,) +
(20) Tjandra, N.; Szabo, A.; Bax, A. Am. Chem. S02996 118 6986 ad dd dad
6991. 3 (wy — wy) + 33 (wy) + 6] (wy + wy)] (5)

(21) Vis, H.; Boelens, R.; Mariani, M.; Stroop, R.; Vorgias, C. E.; Wilson,
K. S.; Kaptein, R.Biochemistry1994 33, 14858-14870.
(22) Vis, H.; Mariani, M.; Vorgias, C. E.; Wilson, K. S.; Kaptein, R.; and
Boelens, RJ. Mol. Biol. 1995 254, 692—703. | g
(23) Vis, H.; Vorgias, C. E.; Wilson, K. S.; Kaptein, R.; Boelens,JR. = C C
Biol. NMRIn press. 1 = 20D[437(0) + 33 (wy)] ©6)
(24) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biol. NMR1995 6, 277-293. with:
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2
D= % (Zf_;) (Nl ) ()
o= _g (j‘_y(:)[) Bo(oi — UD)rNHS/(hVN) (8)

where a is defined as the ratio of the strength of CSA and
dipolar interactionsrny denotes thetHy—1°N internuclear
distance, taken to be 1.02 A; and op denote the parallel
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Figure 1. Pulse scheme for the quantitative measurement of cross
correlation betweetHy CSA and'Hy—*°N dipolar interaction. Narrow

component, aligned with the unique axis, and perpendicular ang wide pulses correspond to flip angles of 86d 180, respectively.
component of the chemical shielding tensor, respectively, and scheme A is used to record the magnetization terms arising from CSA-

Fdw), Fq(w), and 3Yw) are the spectral density functions for
dipolar autocorrelation, CSA autocorrelation, and dipolar-CSA
cross correlation:

Phw) =21y [, {QU(0)Y, Q%)) osr) dr (9)

where QP(t) describes the orientation of the principal axes of
the interaction p at timein the lab frame. For a rigid molecule
with isotropic rotational diffusion the following relations
between the spectral density functions hbld:

I) = Fw) = Fo) = fd(w)/(%) (10)

where@ is the angle between the axis of the CSA and dipolar
tensors. As was pointed out by Tjandra e&In the presence

(*Hn)/DD(*Hy—'%N) cross correlation in the periodM The gray-
colored pulse is only applied in schemed&é below In the reference
experiment (scheme B), theN composite 180 ¢s) and 180(¢7) pulses
are applied at tim@ and 4T - 6 (boxed), respectively, in order to select
the antiphase magnetization generated by the heteronddlgascalar
coupling. In addition, the gray-colorééi 90°(¢,) pulse is applied in
order to move the water magnetization back tozlais° The phase
of all pulses is assumed unless indicated. Delay duration§:= 5.125
ms; 0 = 2.7 ms; A = 4, 8, 12, 16, 20 ms. Phase cycling; =
2(—x), 2 g2 =Y, =Y, X, —X; ¢3= X (scheme A) oppz =y, —y (scheme
B); ¢4 = 2(—X), 2x (scheme B only)gps = 16x, 16(—X); ¢ = 16X,
16(—X);); ¢p7 = 32X, 32(—X); ¢ps = 4X, 4(—X); o = 8%, 8(—X); P10 =;
receiver= 4x, 4(—x), 4(—x), 4x (scheme A) or receiver 2(x,—X),
4(—x,X), 2(x,—x) (scheme B). Quadrature detection in thdimension

is accomplished by PFG coherence selection, in combination with a
sensitivity enhancement schefi&5; 2 3.45= 2 ms, 15 G/cm; 1 ms, 20
Glcm; 2 ms,—20 G/cm; 2 ms, 20 G/cm; 1 ms, 8.112 G/cm.

of internal motion that can be described by equivalent inde- 1°N) is active for a time A. Palmer et a¥” have shown that
pendent restricted rotations around three mutually orthogonal the application of &H 180° pulse in the middle of an evolution

axes, this relation is still a very good approximation provided
the angled is small. In this case eq 6 becomes:

7 = 2aD[4J(0)+ 3]@,,)] (%0)_1) (11)
which reduces to
1~ 8aD J(O)(%‘g)_l) (12)

for biological macromolecules sincewl{) is about two orders
of magnitude smaller than J(8)26

Measurement of Cross Correlation

The pulse sequence used for the quantitative measurement

of CSA(HnN)/DD(*Hy—1°N) consists of an HSQC-type experi-

ment in which the INEPT step has been replaced by a period

of constant duration® which serves different purposes in two

variations of the sequence. In the first variation (scheme A),
the magnetization terms originating from the cross correlation

between CSAHy) and DDEHN—15N) are selected. In the

second variation (scheme B), the magnetization terms subjecte
to autorelaxation in the absence of interference effects are
selected. The magnetization selected in both schemes experi
ences an identical number of pulses and lengths of the delays
so that no additional loss of signal other than relaxation needs
It should also be noted that both scheme
have an identical dephasing resulting from passive homonuclear:

to be considered.

couplings.

In the pulse sequence corresponding to scheme A the

evolution of proton magnetization due to chemical shift and
heteronucleatdyn, scalar coupling is refocused at the end of
the 4T period, while the cross-correlation CSA)/DD(*Hy—

(25) Peng, J. W.; Wagner, G@. Magn. Reson1992 98, 308-650.
(26) Habazettl, J.; Wagner, Q. Magn. Reson. B995 95, 100-104.

S

period of lengthr can suppress the antiphase magnetization
arising from CSA¥N)/DD(*Hn—1°N) cross correlation up to
the second order im, whereas it is greatly reduced for higher
orders. In analogy, the suppression of the terms arising from
CSA(HN)/DD(*HN—15N) cross correlation during the time®(

— A) is accomplished with thé&®N 180°(¢) and>N 180°(¢7)
pulses.

The evolution of the relevant components of proton magne-
tization during the period®is described in the following, using
the product operator formalisfjincluding only heteronuclear
scalar coupling J), autorelaxation A), and cross-relaxation
processesy). Again, proton and nitrogen angular momentum
operators are denoted bsnd S, respectively.

| 90, (1)

z

l 77
Iy =1, exp[=4A(T — A)] —
Iy S, exp[—4A(T — A)J[E(+,4A) — E(—,4A)] +
I
2 exp[-4A(T — A)J[E(+,4A) + E(— 4A)] (13)
The antiphase component originating from the CHA{/
D(*Hn—1°N) cross terms is transferred N by theH 90°-

¢3) and™N 90°(¢s) pulses and refocuseda the heteronuclear
LInhy scalar coupling during the following period of duration

26. Before applying the purging gradient;Ghe in-phasésN
'magnetization is transferred intonagnetization. The undesired

in-phase proton magnetizatioh, which greatly exceeds the
antiphase component at the end of tfiepériod, is transferred
into zmagnetization by the proton 9@s) pulse. Subsequently,
after the period &, the proton magnetization is moved back to
the xy plane and dephased by the purging gradiegt Ghis
scheme has proven to effectively suppress all the undesired

(27) Palmer, A. G., llI; Skelton, N. J.; Chazin, W. J.; Wright, P. E;
Rance, M.Mol. Phys.1992 75, 699-711.

(28) Sgrensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.;
Ernst, R. RProg. NMR Spectrosd 983 16, 163—192.
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components of proton magnetization. After the purging gradi-
ent, the!>N magnetization is moved to the plane for chemical
shift labeling duringt; and transferred back to the proton for
detection by a reverse-INEPT with pulsed-field gradient sen-
sitivity enhancemert?

According to eq 13 the signal intensity measured with scheme
Ais

jod %exp[—M(T — A)J[E(+4A) — E(—,4A)] cosE (14)

whereC is a proportionality factor resulting from experimental
setup and co§ = cos(4tJyngeT) accounts for the dephasing
resulting from the evolution of th&lyvye homonuclear scalar

coupling during 4.

Scheme B of the pulse sequence is used to record the
reference spectrumeg. the in-phase component in the absence
of interference effects during thel$eriod. During the time
26 the cross correlation is active, but its effect on the measured

Tessari et al.
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0.01
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Figure 2. Plots of the relative error introduced by the linear

approximation (cf. eq 18) as a function of the periat, 4ssuming #
=40 ms,A =50 s, andy = 5 (solid line), 10 (dashed line), and 12.5

40

1 (dotted line).
intensity of signal can be safely neglecteddé infra eq 17). s (dotted line)
Again, describing the evolution of the relevant components of jref — C (AT — POVTE(+.28) + E(— 25
proton magnetization in terms of product operators: = Eexp[ ( MNIE(+,20) (—,20)] cos&

9, (1)

= C exp(—4AT) exp(—2no) cosé
~ C exp(—4A4T) cosé

A n
Iy =1, exp[-A(4T — 20)] —

z

1,S, expl-A(4T — 20)][E(+,20) — E(—,20)] +

17)

The approximation in eq 17 holds to a very good extent: the
error introduced for @ = 5.4 ms andy in the range +10 s'!
is in the order of 108 %.

The ratio of the signal intensities obtained with the two
schemes, using eqs 14 and 17, is

IEyexp[—/1(4T — 20)][E(+20) + E(—,20)] (15)

The heteronucleaidyn, scalar coupling is active for a time
26 during the period %, so that proton in-phase magnetization

cd
. . . ; Xp(4A
evolves to antiphase with respect to nitrogen aiw@é versa L w

5 [E(+,4A) — E(—,4A)] =~ —4nA  (18)

Iref -

X

2

- exp[—A(4T — 20)][E(+,20) — E(—20)] x The relative error introduced by the linear approximation in
eq 18 is shown in Figure 2 as a function of the periadd fbr
different values of the ratig/A, assuming # = 40 ms andl =

50 s Clearly, the assumption of a linear buildup of the
intensity ratio is a very good approximation even for values of
4A that largely exceed the proton autorelaxation timg 1/
assuming an unrealistically large ratjt = 0.25.

A buildup curve of the ratiol°¥I™f can be obtained by
recording several 2D experiments at different value& ofrhile
keeping the other experimental parameters constant. Only one
reference is required for a buildup series. A linear fit of the
buildup curve will provide the value of the cross-correlation
rate . Alternatively, two 2D experiments can be acquired
corresponding to a single point of the curve. In this case, the
cross-correlation rate is derived by direct application of eq 18.

sin(2tJyy, 0)

— 1S, exp[=A(4T — 20)][E(+,20) + E(—,20)] x
sin(2'Jyy, 0) (16)

Ford = 2.7 ms the factor sin(@Jnw,0) can safely be equated
to one since small differences in the value of thes, coupling
constant in the range 900 Hz introduce a negligible system-
atic error (less than 1%) in the measured intensity of the signal.

The proton antiphase magnetizatidg$,, is transferred to
15N by thelH 90°(¢3) pulse, shifted in phase now by 9@ith
respect to scheme A, and theN 90°(¢s) pulse, and subse-
quently refocused to in-phaséN magnetization during the . )
following period 2. Again, before applying the purging Results and Discussion
gradient G, the 15N magnetization is transferred inta The experiment for measuring the C3K{)/DD(*Hy—15N)
magnetization. The unwanted proton in-phase component iscross-correlation rate was performed on a solution of 1 mM
removed in the same way as in scheme A. The additional protonyniformly 1N labeled HUBst in 90%!H,0/10% 2H,0 as
pulse placed before the gradient brings the water magnetizationdescribed in the Experimental Section. The buildup of the
along thez axis, according to the water-flip-back scheffi@he antiphase term originating from cross-correlation effects can be
remainder of the pulse sequence is exactly the same as in schemgonitored by varying the duration of the paramete(cf. Figure
A. 1). SettingA = 0 provides a simple method for checking the

According to eq 16, the signal intensity of the reference quality of the experiment, as no buildup can occur and no signal
spectrum measured with scheme B is given by the following should be detected. An experiment on the HUBst sample,
expression: performed withA = 0 and with an identical experiment time
as used on the other data, displays only thermal noise in the
resulting spectrum (data not shown), indicating that all detected
signal for valueA > 0 originates from the CSA/DD pathway.

(29) Kay, L. E.; Keifer, P.; Saarinen, 0. Am. Chem. S0d.992 114,
10663-10665.
(30) Grzesiek, S.; Bax, Al. Am. Chem. S0d993 115 12593-12594.
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Figure 3. (A) Buildups of the—I°YI"f ratio for residue Gly-66 at 11.7
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Figure 4. (A) Bar graphs of the ratigy/B, (grey) and the spectral
density at zero frequency, J(0) (black), as a function of residue number
in HUBst. (B) Bar graphs ofA¢* (which equals ¢ — 0r)(3 cog(0)

T (dashed) and 17.6 T solid line). The curves obtained from least- _1y/2) as a function of the residue number in HUBst. Secondary

squares linear fits of the intensity ratiel°¥1"f ys the time interval
4A, using eq 18, are shown. (B) Least-squares linear fif of the
static field By for four different residue in HUBst.

In Figure 3A the buildup curve of the ratiel°¥/I1"¢f is shown
for residue Gly-66 at 11.6 and 17.6 T as a function of timke 4
during which the CSA/DD interference is active. As the peaks

in the CSA/DD spectrum are of opposite sign as compared to =
the peaks in the reference spectrum, the cross-correlation rate

is positive. This is in agreement with the results obtained from
a 1N HSQC experiment on HU in which the amide protons
were not decoupled from®N during acquisition (data not
shown). In this spectrum, the high-field shifted multiplet
component has the larger intensity, also implying a positive
(cf. eq 1).

structure elements, as identified in HUB5#2 are indicated.

DD(*Hn—1H;)/DD(*Hn—1H;) processes only marginally affect
the measurements of the CSH()/DD(*Hy—1°N) rate, intro-
ducing a systematic underestimate of 26 well below the
experimental error.

The difference in the slope measured at 11.6 and 17.6 T (cf.
igure 3B) reflects the dependence of the cross-correlation rate
77 on the static fieldy. Equation 11 shows that the values of
7y are also dependent upon the motional behavior ofthe-
15N bond vector. The values of J(0) anagfj at 11.6 and 17.6
T were determined previously by using a reduced spectral
density mapping procedure from experimerif relaxation
data of HUBs&3 By using these values, it can be calculated
that the approximation made to derive eq 12 introduces an error

In agreement with eq 18 the measured points for Gly-66 are |ess than 1% for the residues in the core and e&% for the
well fitted by a straight line passing through the origin. The residues in the most flexible regions. Thus, the assumption of
correlation of dipolar interactions involvirdjfferentproton pairs a linear dependence of the cross-correlation pate the static
could in principle interfere with the measurement of the CSA- field B, in agreement with eq 12, is expected to introduce a
(*Hn)/DD(*HN—1°N) cross-correlation rate, both by affecting the negligible error. This is illustrated in Figure 3B where the linear
buildup of the desired,S, and by attenuating the intensity of  fits of the values of; measured at 11.6 and 17.63the static
the reference experiment. To estimate the possible effects offield By are shown for the residues Asn-49, Gly-66, Ser-74, and

these processes the C3A()/DD(*Hy—1H;) and DDEHN—1H;)/
DD(*Hn—1H;j) cross-correlation rates involving other proton
spins,'H; andH;, were calculated on the basis of the average
NMR structure of HUBst for each amide proton by assuming a
rigid isotropically tumbling molecule with a correlation ting
=9 ns. On average, it was found that these rates a@<2?,
which is a factor 25 slower than the measured CSKH()/
DD(*Hy—15N) rates. The time dependence of the density matrix
for a spin system consisting of 3 proton spins in addition to the
IHN—15N spins was then numerically solved. This simulation
of the experiment showed that the C3A()/DD(*Hy—1H;) and

Lys-90. Different values of the slopg/B, are observed,
resulting from differences in local mobility and/or in the
chemical shielding tensor (cf. eq 12).

The measured values @B, for HUBst, as a function of
residue number, are shown in Figure 4A. They span a range
of 0.16-0.70 s’ T~1, which largely exceeds the average error

of 0.02 s T-1. The values of the spectral density at zero
frequency, J(0), for HUBst are also shown in Figure 4A as a
function of residue number. As expected, residues B5in

the highly mobile3-armg? of HUBst show values of/By lower
than those of the remainder of the protein.
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By using the values of J(0), the measurgB, values can be 12
corrected for the dynamic properties of fté—15N bond vector
with eq 12, provided that the underlying assumptions for 10

deriving eq 11 are fullfilled. For almost all residues in the core
the dynamics of the backbone NH vectors is satisfactorily
described by an overall isotropic tumbling with correlation time
of 8.9 ns, with superimposed internal fast motion (correlation
times in the +20 ps range) as described by a conventional
Lipari-Szabo model. For some residues in flkarms, improve-
ments were obtained by using an extended model, including an A S
additional slower motion. However, no statistically significant
improvements were obtained by using an anisotropic tumbling
modelZ3
The values ofAc*, which equals ¢ — or)(3 cog(0) — 1)/
2, were calculated with egs 7, 8, and 12, and are shown in Figure
4B as a function of residue number in HUBst. Since the
measured cross-correlation rates are all positive\atlvalues Ac™ (ppm)
are positive. However, both an axially symmetric tensor with Figure 5. Histograms of the valueso* for the residues of HUBst in
the unique component aligned along the NH-bond vector and regulara-helix (empty) or-sheet conformations (filled) displaying a
(on — og) > 0, as well as an axially symmetric tensor with the proper hydrogen bond (see text).
uniqgue component at an angle> 54.4 with respect to the
NH bond vector andd; — op) < 0, would result in positive have a proper hydrogen-bonding geometry. It is for this reason
values ofAc*. In the presence of internal motions, the latter that they have not been included in the histogram of Figure 5.
condition would violate the underlying assumptions of our The residues in3-sheet regions show a somewhat larger
analysis. dispersion in the values dfo*: the average value is located
The values measured for HUBst span a range—€26& ppm at ca. 16 ppm, and the observed range is 6 ppm. The average
with an average experimental error of 1 ppm. The average valuevalues ofAc* for a-helix andS-sheet differ by ca. 67 ppm,
of Ac* (13 £ 5 ppm) is in good agreement with the results of and from the histograms in Figure 5 it appears that the overlap
solid-state NMR measurement dhacetylo,L-valine? which between the two distributions is small. Calculations have
showed an almost axially symmetric tensor with the unique explained the well-known relationship between the isotropic
component aligned along the NH bond vector. As was pointed chemical shift of the amide protons and the length of the
out, the value of 13 ppm is intermediate between the shielding hydrogen bond? However, the differences observed between
anisotropy of protons bound to carbon and protons involved in pelices and sheets were explained by effects other than the direct
O—H---0 bri(_jges and.is consistent with the fact that the amide gffects of hydrogen bonding. The upfield shift upon helix
protons are involved in rather weak hydrogen bonds. formation, as compared to the downfield shifidrsheets, was
Local conformation as well as hydrogen bonding are expected explained in terms of the effects originating on the residues
to vary both the magnitude and the orientation of the tensor _ 5 gngi — 332 Clearly, theAo* data show a similar pattern,
component$:>*¥ The dispersion of the values &l observed being affected both by hydrogen bonding and by the presence
in Figure 4B also suggests a conformational dependency, but secondary structural elements.
differences in the magnitude of the chemical shielding anisot-
ropy or variations in the angle between the NH bond and the
unique component of the chemical shielding tensor could both
account for the observed variability.

occurence

4.0 8.0 12.0 16.0 20.0 24.0

Conclusions

The experiment presented allows the quantitative measure-

The secondary structure elements identified in H3B®are ment of the'Hy CSAAHy—15N dipolar cross-relaxation rate in
also depicted in Figure 4. It is apparent that, on average, theisy_enriched proteins. The CSA parametéxg*, can be
residues ino-helical conformation have a lower value ab™ extracted from these rates provided that the motional behavior

than those irB-sheet regions, the differences being much larger ¢ the14—15\ pond vector is known frofeN relaxation studies.

than the experimental error. On the basis of the ensemble of 1,4 yata recorded for HUBst show a clear dependencetf
25 NMR structured? a detailed analysis of the hydrogen bond upon hydrogen bond formation and secondary structure. To

geometry for the backbone amide protons of HUBst has beenthe best of our knowled :

- . . ge, these data present the first measure-
carrled_ out with th? MOLM.OL packagd, in order to select ment of thelHy CSA for a large fraction of the residues in a
the residues for which the distance between the nitrogen donor _. - . } L

single protein, and thus provide the first insight of the

and the carbonyl acceptor was not larger than 3.7 A and the dependence of the proton CSA upon secondary structure in
OONH angle was less than 35 The histograms ofA¢* for bi FI) ical Ip I P y
the selected residues, considering only those in regulaelix lological macromolecuies.

andf-sheet regions and displaying a proper hydrogen bond as . .
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