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Abstract: High-resolution proton-detected heteronuclear correlation NMR spectroscopy allows the measurement
of 15N spin relaxation rates at multiple sites throughout a biological macromolecule. The rate constants are
determined by stochastic internal motions on time scales of picoseconds to nanoseconds, overall molecular
rotational diffusion on time scales of nanoseconds, and chemical exchange rates on time scales of microseconds
to milliseconds. A new method has been developed for distinguishing the contributions of chemical exchange
from the contributions due to anisotropic rotational diffusion by measuring both longitudinal and transverse
interference between th&l—15N dipolar and'>N chemical shift anisotropy interactions. The spectroscopic
experiment for measuring the longitudinal cross-correlation rate constafitifet®N dipolarA>N chemical

shift anisotropy interference is based on the approach for measuring the transverse cross-correlation rate constant
(Tjandra, N.; Szabo, A.; Bax, Al. Am. Chem. S0d.996 118 6986-6991) but incorporates a novel method

for averaging the relaxation rates of longitudinal magnetization and two spin order. Application of this technique

to Escherichia coliribonuclease H affords an improved description of rotational diffusion anisotropy and
permits a more accurate assessment of chemical exchange in this molecule. The results definitively demonstrate
that amino acid residues K60 and W90 are subject to conformational exchange processes, whereas increased
transverse relaxation rates for residues in the hefj>arise from anisotropic rotational diffusion.

Introduction onn relaxation rate constants are determined principally by the
IH—15N dipolar and >N chemical shift anisotropy (CSA)
relaxation mechanisms; however, fRerelaxation rate constant
may contain additional contributions from chemical or confor-
mational kinetic processes that exchangé®dimucleus between
multiple sites characterized by different chemical shifts. Sig-
nificant exchange contributions to transverse relaxation are
observed for kinetic processes on microsecond to millisecond
time scales in biological macromolecufés!4

Accurate assessment of chemical exchange contributions to
Ry is critical for a proper interpretation of both model-free and
yspectral density mapping results. If a biological macromolecule
is regarded as a spherical top that rotates isotropically in solution,
*To whom correspondence should be addressed. E-mail: rance@ then the trimmed mean value of the raf/R, provides an

Nuclear magnetic spin relaxation rates'®fl nuclei provide
sensitive probes of the dynamic behavior of proteins and nucleic
acids in solutiori:2 In the usual protocol, th&N longitudinal
relaxation rate constani(), the >N transverse relaxation rate
constant R,), and thelH—13N heteronuclear cross relaxation
rate constantdyy) are measured, at one or more static magnetic
field strengths, for a large number of atomic sites within a
macromolecule using two-dimensional proton-detected hetero-
nuclear correlation NMR spectroscopyThe relaxation pa-
rameters are analyzed using the reduced spectral densit
mapping~’ and model-free formalisnts® The Ry, Ry, and

rabi.med.uc.edu (M.R.) or agp6@columbia.edu (A.G.P.). estimate of the isotropic rotational correlation time of the
lﬁo!umb!? U?l(\é?rs_lty- i molecule? Atomic sites subject to large amplitude motions on
niversity of Cincinnati. . . . - . L
(1) Palmer, A. G.; Williams, J.; McDermott, Al Phys. Chem1996 time scales fast_er than rotational diffusion yield significantly
100, 13293-13310. smallerRy/R; ratios (and reduced values of the heteronuclear
(2) Palmer, A. GCurr. Opin. Struct. Biol.1997, 7, 732-737. {IH}!5N nuclear Overhauser effect (NOE)). Atomic sites
89%) Kay, L. E.; Torchia, D. A.; Bax, ABiochemistry1989 28, 8972- subject to chemical or conformational exchange have signifi-
(4) Farrow, N. A.; Zhang, O.; Szabo, A.; Torchia, D. A.; Kay, L. E. (10) Lipari, G.; Szabo, AJ. Am. Chem. Sod982 104, 4546-4559.
Biomol. NMR1995 6, 153-162. (11) Clore, G. M.; Driscoll, P. C.; Wingfield, P. T.; Gronenborn, A. M.
(5) Ishima, R.; Nagayama, K. Magn. Reson., Ser. B395 108 73— Biochemistryl99Q 29, 7387-7401.
76. (12) Szyperski, T.; Luginthi, P.; Otting, G.; Gatert, P.; Wihrich, K.
(6) Peng, J.; Wagner, @iochemistryl995 34, 16733-16752. J. Biomol. NMR1993 3, 151-164.
(7) Lefevre, J. F.; Dayie, K. T.; Peng, J. W.; Wagner, Bochemistry (13) Orekhov, V. Y.; Pervushin, K. V.; Arseniev, A. Bur. J. Biochem.
1996 35, 2674-2686. 1994 219, 887-896.
(8) Halle, B.; Wennerstm, H. J. Chem. Phys1981, 75, 1928-1943. (14) Akke, M.; Liu, J.; Cavanagh, J.; Erickson, H. P.; Palmer, A. G.
(9) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4559-4570. Nat. Struct. Biol.1998 5, 55-59.

S0002-7863(98)00832-4 CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/21/1998



7906 J. Am. Chem. Soc., Vol. 120, No. 31, 1998 Kroenke et al.

cantly largerRy/R; ratios15 A large number of studies of 15N CSA relaxation interference in biological macromolecules.
backbone amidé®N spin relaxation in proteins have been Bothy, andy, are independent of chemical exchange and the
reported in which intramolecular dynamic properties have been 7,/ ratio is, to a good approximation, independent of the
analyzed using the model-free formalism under the assumptionprincipal values and orientations of the CSA tensor. Conse-
that rotational diffusion can be described using a single rotational quently, ther,y/5, ratio is sensitive only to internal and overall
correlation timée? motions that contribute to dipolar and CSA relaxation mecha-
A serious complication arises if the rotational diffusion of nisms. The dependence of thg/y, ratio on the orientation of
the molecule is not isotropic. Anisotropic overall rotation was the H—N bond vector in a molecular reference frame provides
anticipated in the original work of Lipari and Sz&88and Halle a robust method of determining the rotational diffusion tensor.
and Wennerstm.2 Several groups have subsequently inter- Furthermore, comparison of thigy/n, ratios to theRy/R; ratios
preted experimentafN spin relaxation data using an anisotropic measured at a single static magnetic field strength permits
diffusion tensof>2! If rotational diffusion anisotropy is  unequivocal identification ofN nuclei that are subject to
significant, increases in the valuesR{fR; for an'*N spincan  chemical exchange processes. Theoretical and experimental
result from particular orientations of the symmetry axis of the aspects of this method are outlined in the following sections.
dipolar or CSA tensor in the principal axis frame of the diffusion  For simplicity, only the backbone amide group in polypeptides
tensor. These increases can be interpreted mistakenly ass considered; however, similar theoretical and experimental
evidence of conformational exchantfeAt the same time, real  methods are applicable to relaxation studies of imino groups in
chemical exchange contributionsf interfere with measure-  nycleic acid$! The new method is applied f1/*5N-labeled
ments of the rotational diffusion anisotropy by systematically Escherichia colribonuclease H (RNaseH), a small (155 amino
increasing theR,/R; ratios for the affected spins. In practice, acid residuesyl, = 17.6 kD) protein whose dynamic properties
sites with largeRy/R; ratios are excluded from analysfswhich have been extensively studied by NMR spectroséép¥
reduces the available data and risks exclusion of data importantcompined use of both longitudinal and transverse relaxation
for accurate assessment of rotational diffusion anisotf8py.  jnterference measurements provides substantially better assess-
Conformational exchange can be identified by measuring the ment of rotational diffusion anisotropy and demonstrates that a
dependence of the relaxation rates on the static magnetic fieldnymper of chemical exchange effects previously identified in
strength; however, a wide range of fields is necessary to RNaseH234resulted from underestimation of the anisotropy of

accurately separate the field dependence of chemical exchanggne rotational diffusion tensor determined frdR/R; ratios.
and CSA*%23 Conformational exchange also can be identified,

and kinetic processes characterized quantitatively, by rotating Theory

frame spin relaxation measuremefftsiowever, relatively few
of these studies have focused on biological macromolettulgg>

The theoretical exegesis follows closely the presentation of

Tjandra et al. reported a method for measuring the transversegoldman3® The spin operators for th&N nucleus will be

cross-correlation relaxation rate constapt) that results from
interference between tHel—1°N dipolar and®>N CSA interac-

denotedS and the spin operators for tHél nucleus will be
denotedy, in which{ = x, y, orz. The symbolAL{t) will be

tions and noted that this relaxation rate mechanism is indepen-ysed to denote the operation Tre(t)} in whichA is a basis

dent of chemical exchange effeéfs Although this experiment
potentially provides a means of identifying chemical excha?dge,
in practice, the principal values and orientation of 1 CSA
tensor are not known accurately enough to interpygt

guantitatively in terms of molecular motions. For example, the

principal values of!SN CSA tensors determined in model
compounds by solid-state NMR spectroscopy varyHiy%628-30

Herein, we present a method for measuring longitudinal cross-

correlation relaxation rate constantg)(for 'H—1°N dipolar/

(15) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A.Am. Chem.
Soc.1995 117, 12562-12566.
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A. Biochemistryl994 33, 8453-8463.

(18) Brischweiler, R.; Liao, X.; Wright, P. ESciencel995 268 886—
889.

(19) Zheng, Z.; Czaplicki, J.; Jardetzky, Biochemistryl 995 34, 5212
5223.

(20) Lee, L. K.; Rance, M.; Chazin, W. J.; Palmer, A. &.Biomol.
NMR 1997, 9, 287—298.

(21) Luginbihl, P.; Pervushin, K. V.; lwai, H.; Whhrich, K. Biochemistry
1997 36, 7305-7312.

(22) Tjandra, N.; Wingdfield, P.; Stahl, S.; Bax, A.Biomol. NMRL996
8, 273-284.

(23) Phan, I. Q. H.; Boyd, J.; Campbell, I. D. Biomol. NMR1996 8,
369-378.

(24) Deverell, C.; Morgan, R. E.; Strange, J. Mol. Phys.197Q 18,
553-559.

(25) Zinn-Justin, S.; Berthault, P.; Guenneugues, M.; Desvaux].H.
Biomol. NMR1997, 10, 363-372.

(26) Tjandra, N.; Szabo, A.; Bax, A. Am. Chem. So&996 118 6986~
6991.

(27) Brutscher, B.; Bischweiler, R.; Ernst, R. RBiochemistry1997,
36, 13043-13053.

operator ands(t) is the density operator.

An amide!®N spin in a polypeptide backbone has a chemical
shift tensor that can be approximated as axially symmetric with
a width of approximately-160 ppm?8-30 At magnetic fields
typically employed in NMR studies of biological macromol-
ecules, relaxation dfN spins has significant contributions from
both the'H—15N dipolar interaction with the covalently attached
amide proton and théN CSA interaction with the static
magnetic field. The anglg between the symmetry axis of the
15N CSA tensor and th&®N—H bond vector is estimated to be
less than 20for a peptide backbone amide grot#p3° and to
a good approximatiodPPolai()) ~ JCSAw) = J(w), whered(w),
the power spectral density function, describes the frequency
distribution of stochastic motions that modulate the dipolar and
CSA Hamiltoniang®36 and is given by

(28) Oas, T. G.; Hartzell, C. J.; Dahlquist, F. W.; Drobny, GJPAm.
Chem. Soc1987, 109, 5962-5966.
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Am. Chem. Sod99Q 112 4693-4697.

(31) Akke, M.; Fiala, R.; Jiang, F.; Patel, D.; Palmer, A.RANA1997,
3, 702-709.

(32) Mandel, A. M.; Akke, M.; Palmer, A. GJ. Mol. Biol. 1995 246,
144-163.
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1995 34, 6587-6601.
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16009-16023.
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(36) Abragam, A.Principles of Nuclear MagnetisnClarendon Press:
Oxford, U.K., 1961.



Rotational Diffusion and Chemical Exchange

3
Jw) = 2/521Ak{ Sr/(1+ 0’rd) + (1 — D1 + 0*d)}
< (1)

in which Ay = (3 cog 6 — 1)%4, A, = 3 sir? 6 coS 0, Az =
(3/4) sint 0, 11 = (GDD)fl, Ty = (D|| + 5DD)71, 73 = (4D|| +
2Dp) 7L, 7'k = (ko) (1 + 1), S is the square of the generalized
order parameters is the effective correlation time for internal
motions,D; andDg are the rotational diffusion constants parallel
and perpendicular to the symmetry axis of an axially symmetric
rotational diffusion tensor, and is the angle between the
symmetry axis of the diffusion tensor and the-N bond
vectori6.37.38

Because both th#H—1N dipolar and'>N CSA Hamiltonians
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constant resulting from dipolar interactions between the amide
IHN spin and other remote protons that are near in space.
The method proposed by Tjandra et al. for measuriggf
is reviewed briefly in order to provide a basis for the method
developed for measuring,. A pulse sequence for measuring
7xy IS shown in Figure 1a; this sequence is a simple modification
of existing pulse sequencé&s?® An initial INEPT*! period
converts equilibriuml, magnetization into BS, antiphase
coherence. During the relaxation time perigdross relaxation
occurs betweenlz, and S, coherences. Th&N 180 pulse
atz/2 refocuses evolution und&N chemical shift and théH—
15N scalar coupling Hamiltonians; however, scalar coupling
evolution during each period/2 serves to average the auto
relaxation rates of the in-phase and antiphase coheréates.

transform as second rank tensors, cross-correlation, or interfer-f 7 = n/J, wheren is an integer and is the one-bond NH
ence, between dipolar and CSA interactions contributes to bothscalar coupling constant, then the effective evolution during the

relaxatiot® and dynamic frequency shift8. The asymmetry
of the 'H—'N scalar-coupled multiplet results from this

interference and can be represented as a cross-correlation rate

constantyyy for cross-relaxation between in-phase magnetization,
S (or S), and antiphase coherencé,S (or 21,S)). The same
interference results in cross-relaxation betw&glongitudinal
magnetization and two spin orded;3, with cross-correlation
rate constanyy,. As a consequence, the population difference
between theao> and|o3> states relaxes toward equilibrium

relaxation periodr is given by

g [S/mf) — _ l_?Z 7_7xy [ﬂ%/mr)
| 21.S 1) v R ]|2IST)
in which R, = (R, + Ryg)/2. The density operator at the

beginning ofz is given byo(0) = <2I,5>(0)2.S, Conse-
quently, the density operator at timds given by

(4)

at a different rate than the population difference between the o(r) = [exp(—R,7) cosh(,,)21.S, +

|fa> and|ff> states. The theoretical expressions for the cross-

correlation rate constants &re

1, = —/3cdPy(cosp)I(w,)

Y3 4p(cosAI0) + 3wy

5 @)

77xy
in whichd = (,uohj/H)/N)/(SﬂerHs), c= )/NB()AO/«/& Ho is the
permeability of free spacdy is Planck’s constantyy and yy
are the gyromagnetic ratios féid and1°N, respectivelyryy is
the distance between the two nuclBj, is the static magnetic
field strength Ao = o), — o, the principal components of the
15N CSA tensor are) andop, andP,(x) = (32 — 1)/2.

The rate constants for auto relaxation of longitudiisgal
magnetization, transvers (or S)) magnetization, &S, longi-
tudinal two spin order, andl 5 (or 21,S)) transverse antiphase
coherence are given by respectivily

R, = (d%/4)[3)(wy) + Jwy — wy) +
6J(wy, + wy)] + I(wy)

R, = (d%/8)[4J(0) + 3)(wy,) + Iy, — wy) + 63(wy,) +
6J(wy, + wy)] + (C76)[43(0) + 3J(w)] + Ry

Rys = (0774)[33(wy) + 3X(o)] + CIwy) + Ry,

Rys = (0F/8)[43(0) + 3J(wy) + Hwyy — wy) +
6J(wy + wy)] + (€76)[4(0) + 3)(w\)] + R+ Ry (3)

in which Rex represents the additive effect of chemical exchange
line broadening andRy is the longitudinal relaxation rate

(37) Woessner, D. El. Chem. Physl962 37, 647—654.

(38) Barbato, G.; lkura, M.; Kay, L. E.; Pastor, R. W.; Bax, A.
Biochemistry1992 31, 5269-5278.

(39) Brischweiler, RChem. Phys. Lettl996 257, 119-122.

exp(—Ry) sinh(z,,1)S]21,510) (5)

The pulse sequence is executed twice for each value. of
Whether S, or 2,5, coherence present at the end wofis
transferred to detectablH coherence is determined by the
values ofry andty in Figure 1a. The first experiment selects
for the in-phas&, operator, with resulting signédoss by setting
Ta= A + t1/2 andt, = t3/2, in whichA = 1/(4J). In addition,

a composite 90!H pulse is inserted prior to gradient G5 to
dephase the antiphase coherence. The second experiment selects
for the antiphasel2S, coherence, with resulting signal intensity
lauto DY settingza = t1/2 andt, = A + t1/2 and omitting the
composite pulse. ThEN coherences are converted to detect-
ableH magnetization using the gradient-selected preservation
of equivalent pathways (PEP) schefié> The ratio of the two
signal intensities has the functional form of a hyperbolic tangent
from which 7,y can be determined by nonlinear least-squares
optimization2®

lerosdlauo = [F )/ (21 S ) = tanh(y,y7)

An experiment designed to measure the longitudinal cross-
correlation relaxation rate constaptby an analogous method
must explicitly average the relaxation rates for $@nd 2,S,
operators because these operators commute with the scalar
coupling Hamiltonian. In addition, dipolar cross relaxation
betweenl, and S, spin operators anéH—15N dipolarAH CSA
interference between, and 2,S, spin operators must be
suppressed.

(6)

(40) Tessari, M.; Vis, H.; Boelens, R.; Kaptein, R.; Vuister, G. W.
Am. Chem. Sod997, 119, 8985-8990.

(41) Morris, G. A.; Freeman, Rl. Am. Chem. Sod. 979 101, 760—
762.

(42) Vold, R. R.; Vold, R. LJ. Chem. Physl976 64, 320-332.
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M. Mol. Phys.1992 75, 699-711.
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10663-10665.
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Figure 1. Pulse sequences for measurement of (a) transvggsend (b) longitudinaby, *H—°N dipolar/®N CSA relaxation interference rate
constants. Narrow and wide bars correspond to 90 antid@8es, respectively. Solid bars represent rectangular pulses, while open bars correspond
to composite (98—90°y) 90° and composite (F9—180°«—90°y) 180C° pulses. All pulses are applied with phasenless specified otherwise. Delay
durations areA = 2.67 ms and) = 0.75 ms. Two experiments were performed for each value of the relaxation pefiodhe first experiment
the compositéH 90° pulse, designated by the narrow open bar, is includgei A andz, = A + /2. In the second experiment, the composite
90° pulse is absent;; = A + t/2 andt, = t1/2. The phase cycling is the following: (& = —y, =V, Y, ¥; ¢2 = 4(X), 4(—X); ¢z = 4(X), 4(—X);

¢a = 8(X), 8(—X); s = X, Y, =X, —VY; ¢ = X; receiver=x, =X, =X, X, 2(=%, X, X, =X), X, =X, =X, X. (0) 1 = =Y, =Y, V, Vi 2 = 4(X), 4(—X); ¢

= 8(X), 8(—X); ¢2 = X, ¥, =X, —Y; ¢5 = X; receiver= 2(X, =X, —X, X), 2(=X, X, X, —X). Gradients along the-axis have rectangular amplitude
profiles, with gradient powers and durations equal to the following: (aF@L4 G/cm, 1.0 ms; G2 4.0 G/cm, 0.5 ms; G3= 8.0 G/cm, 0.5 ms;
G4=6.0 G/cm, 0.5 ms; G5 8.6 G/cm, 0.5 ms; G& —32.4 G/cm, 1.25 ms; G# 5.5 G/cm, 0.5 ms; G& 32.4 G/cm, 0.125 ms. (b) G 5.4
Gl/cm, 1.0 ms; G2= 4.0 G/cm, 0.5 ms; G3= 9.5 G/cm, 0.5 ms; G4 6.0 G/cm, 0.5 ms; G5 9.0 G/cm, 0.5 ms; G6= 8.6 G/cm, 0.5 ms; G7
= 10.0 G/cm, 0.5 ms; G& 9.5 G/cm, 0.5 ms; G& —32.4 G/cm, 1.25 ms; G1& 6.0 G/cm, 0.5 ms; G1% 32.4 G/cm, 0.125 ms. Gradient PEP
coherence selection is obtained by inverting the sign of gradient G6 and phaséa) and gradient G9 and phagein (b).#°

The coupled evolution of longitudinal magnetization and two ment, two spectra are recorded in whikhss represents the

spin order is described By*® intensity of signal resulting from the transfer from& to S,
during 7, and lau represents the intensity of signal resulting
M,(7) = exp(—=Rt)M ,0) (7 from relaxation of 2,S, duringz. If no additional averaging of
the relaxation rate matrix is performed, then
M (t) = el 8
Z( ) o EZIZSZEQt) ( ) Icros!I auto [exp(— RT)] 12/[8Xp(—R‘L')]22 (10)
R, 7 in which [expER7)]; is the ijth element of the matrix
R= [ 1 RZ ] 9) exponential, obtained from eqs-®. If the auto relaxation rate
"z us constantsR; and Rys are averaged identically t8; = (R, +

" . Rus)/2, then the relaxation matrix takes the form
In the writing of egs 79, the assumptions have been made us)

that contributions to the evolution from tAel and>N steady- _ R 7,
state magnetizations have been removed by subtracting pairs :[ R ]
of experiments in which the sign ®,(0) is alternated? that Mz T
small effects offH—15N dipolar cross relaxation andH—15N
dipolefH CSA relaxation interference have been suppressed by
inverting all S, operators at timer/2,* and that dipolar — B
interactions between tHeIN spin and remote protons have been o(r) = [exp(~Ry) COSh@ZT)?I ZSZJ_r
minimized by high-level replacement of nonexchangeable exp(—Ry7) sinh(y,7)S][21,S0) (12)
protons by deuterons.

In the experimental protocol considered, the density operator and
at the beginning of the relaxation periods given bya(0) =
<21,5>(0)21,S. As for the transverse cross-correlation experi- lcrosdl auto = [BH)/[21,S{r) = tanhfy7) (13)

17??7?33'21; Hommel, U.; Campbell, I. IChem. Phys. Let199Q The ratioslcrosdlauto for eqs 10 and 13 are plotted versuin

(47) Sklenar, V.; Torchia, D.; Bax, Al. Magn. Resonl987, 73, 375- Figure 2a, assuming typical values of relaxation rateszwr
379. 15N-labeledE. coli RNaseH. As can be seen the functional

(11)

and the ideal result obtained is, in complete analogy to eds 4
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dependence arising from the unaveraged rate matrix diverges 10
drastically from the desired hyperbolic tangent. The relaxation ra ]
. . ; . r / Pk
matrix can be averaged to first order inby applying a 08 1 / -
transformationlJ, at7/2 that exchanges the magnitudes of the -g [ // 1
S and 2.S, operators. If the transformation is represented by = 06 // = p
» L P 1
0 - U
Jo 1 g 04 /
U= 1 O] (14) o ok / ]
then the density operator at the end of the relaxation period is > / L
given by %%0 0z 04 06 08 10
T (s)
M,(7) = exp(—Rt/2)U exp(—Rz/2)M ,(0) 10
= U exp(-URU7/2) exp(~Rz/2)M (0) Bos |
o
~ U{E — Rt + ..} M ,(0) (15) ;_
The ratiolcrosdlauto Obtained from eq 15 is plotted versusn ;"
Figure 2a. As expected, good agreement is obtained over the ;.
linear portion of the hyperbolic tangent function. The relaxation £
matrix can be averaged to second order in time by applying the = 0.0 Dottt
transformationsU at timest/4 and 3/4 to give a density o 5 10 15 20 25 30
operator T (ns)
_ = , - Figure 2. Theoretical results for the ratigrosdlauto In (a), theoretical
Mz(r) = exp(-R7/4)U exp(-R7/2)U exp(-Rt/4)M Z(O) curves forlerosdlauo resulting from increasing orders of averaging of
the rate matrix given by egs—(-) 10, (--) 15, and ¢ - —) 16 are
= U exp(—URU71/4) exp-Rz/2) x compared to the ideal behavior given by)(eq 13 for highly deuterated

exp(—URU/4)UM ,(0) RNaseH. In_ (b) the maximum s?gnal ampli_tutie,sglaut(,: t_anh(_372/
(R: + Rusg)) is plotted as a function of rotational correlation time for
Larmor frequencies of{-) 500 MHz and {-) 800 MHz. Values typical

~U{E — Rt + R%%2+ ..} UM (0) for 2H/25N E. coli RNaseH were used®, = 1.6 s, 7, = 1.0 s'%, and
Rus = 4.6 s was approximated to be the sum of nitrogen and proton
~{E — Rt + R%?2 + .}M (0) (16) longitudinal relaxation withRy = 3 s'. As described in the text,

inversion of the®™N spins atz/2 is necessary to suppress effects of
. . . . !H—1°N dipolar cross relaxation anti—*N dipolefH CSA interfer-
at the end of the relaxation peried The ratiolcrosélauo Obtained ence. Numerical calculations including these additional effects yield

from eq 16 is plotted versusin Figure 2a. The results show  ¢yes indistinguishable from those plotted. Numerical calculations were

that the second-order avel’aging of the I’e|_axati0n matrix prOVideS performed using Mathematica (W0|fram Research)_

nearly ideal results for times up to~ 1.5R; = 3/(R; + Ruys).

Higher order averaging of the relaxation rate matrix is possible matrix U is given by

but unnecessary in the present application in which high-level

deuteration has been used to minimize dipolar interactions _ _ 0o 1

between amidéHN spins and remote protons. In protonated U = —sin(2tJA) exp(—ZRZA)[l 0] a7

molecules,Rys > R; becauseRy > Ry, as a result, the

maximum value ofr fo_r which Fhe averaging propedure IS The factors—sin(27JA) exp(—2R,A) affect both thes, and 2,S,

effective is reduced. Figure 2b illustrates the maximum value gperators equally; consequently, variations in the scalar coupling

of lerosdlauo = tanh[374(Ry + Rus)] for which the relaxation  constants) and relaxation rates for different spins affect the

matrix is averaged effectively as a function of rotational oyerall sensitivity of the experiment but do not affect the time

correlation time for’H/**N-labeled proteins. _ dependence Ofyosdlase Gradients G5 and G7, immediately
A pulse sequence that incorporates the second-order averagingg|lowing the sequence elemerits dephase coherences result-

procedure is given in Figure 1b. Beginning with equilibrium jng from mistuning of the delayA. Pulse phases have been

proton magnetization, an INEPT period generats,awo- arranged so that the sign of tisespin operators are inverted

spin order prior to the first/4 period. Inversion of the phase re|ative to | spin operators duringJ to further improve

of ¢1 serves to remove contributions from the steady-state gppression ofH—15N dipolar cross relaxation antH—15N

magnetizations! Gradient G3 dephases other coherences. The ginolarAH CSA interference. Frequency-labeling and transfer

180° N composite pulse in the middle of the relaxation period  of 13\ coherence t8H coherence for acquisition is identical to

7 serves to suppressi—1N dipolar cross relaxation anth— Figure 1a.

5N dipolarH CSA interferencé® The sequence elements Both pulse sequences in Figure 1 use gradient G3 to dephase

labeledU incorporate the transformation represented by the {he solvent magnetization. In principle, saturation of the solvent

matrix U; similar pulse sequence elements have been used for,oqonance can be avoided by applying selectivevedter flip

spin-state selective coherence transfeAs long as (2J)* > back pulse® to the solvent signal prior to gradients G3 and
(Rus — Ry)?, a condition well satisfied in the present application,
in which 27J =580 st andRys — Ri & Ry < 20 s%, the (49) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, N. J.

Protein NMR Spectroscopy: Principles and practiéeademic Press: San

(48) Sgrensen, M. D.; Meissner, A.; Sgrensen, O.J\Biomol. NMR Diego, CA, 1996.
1997 10, 181-186. (50) Grzesiek, S.; Bax, Al. Am. Chem. Sod993 115 12593-12594.
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G5 in Figure la and gradients G3 and G8 in Figure 1b. PurceII—Meiboqm—GiII ((_:PMG), and steady-s_tate NOE pulse se-
However, in the present application, the potential errors arising duences described previously®” For all experiments, 18& 3072
from the off-resonance effects of these pulses may constitute acomplex points were acquired in tie x t. dimensions. Proton

greater disadvantage than the sensitivity losses associated witifecoupling during the relaxation period & measurements was
saturating solvent magnetization performed using a train of cosine modulated 1§Qlses at 5 ms

intervals?¢5” The number of replicates of each time point and the
. . experimental time points fdR; measurements were>3 0.000 s, 2x
Experimental Section 0.060's, 2x 0.130's, 1x 0.200's, 1x 0.290's, 2x 0.600 s, 2x 0.850
s,1x 1.250s, and % 1.420 s. Thdx, measurements were performed
with a delayre, = 1.0 ms between the centers of the 85N 180°
pulses in the CPMG pulse train; proton decoupling was obtained by
applying 180 pulses synchronously with even spiechoes during the
CPMG pulse trairt>>® Time points forR, measurements were 38
0.000s, 2x 0.016 s, 2x 0.032 s, 3x 0.048 s, 1x 0.064 s, 1x 0.080

Sample Preparation. Escherichia colstrain BL21(DE3) (Novagen)
transformed with the expression plasmid used in previous sfddias
used to producé@H/**N isotopically enriched RNaseH. To allow the
bacteria to acclimate to deuterated growth media, cells were first grown
to log phase in M9 minimal mediuthcontaining 34% BO and natural
abundance NKCI. An aliquot of these cells were used as an inoculum

for growth in 68% DO, 100%NH,CI M9 minimal medium. When S 2 0:112s,2x 0.160 s, and 1 0.288 s. R, andR; experiments
this culture reached log phase, an aliquot was used to inecélatof used a recycle delay of 2.5 s between transients and 8 transierits per

M9 minimal medium containing 99.8% D and 100%5NH.CI increment. The NOE was measured from pairs of spectra recorded
Glucose was provided at natural isotopic abundance. Expression of With (NOE) and without (CONTROL) proton saturation during the
RNaseH was induced by the addition of isoprofiyb-thiogalactopy- recycle d_ela_\y. The NOE and CONTROL pairs were achIrec_I with
ranoside (IPTG) to a final concentration of 1 mM when the culture eacht; point |nterleaved_. Proton_ saturation durl'ng the NOE experiments
optical density at 600 nm reached 0.8. Cells were harveste® 6 was obtained by applying a train of nonselective 1% pulses every

after induction by centrifugation and lysed by sonication in 20 mm > Ms for 4's. A12's de_lal\y preceded the first transient for each
NaCl, 50 mMN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid CONTROLt; point to permit: H magnetization to reach equilibrium.
(HEPES), 10 mM MgG} 0.5 mM ethylenediaminetetraacetic acid Subsequent CONTROL transients dse5 srecycle dela_ly. The NOE
(EDTA), and 1 mMp-mercaptoethanol. The cell lysate was passed and (_ZONTROL_ measurements were performed using a total of 16
over macro Q ion exchange and heparin affinity chromatography transients pet; increment. Both experiments were performed four
columns (Biorad).E. coli RNaseH does not bind to the macro Q anion imes. The tofal acquisition times f&;, R,, and NOE measurements
exchanger but binds the heparin resin at low ionic strefigtRNaseH were approximately 44, _40’ and 62 h, respectively. .

was eluted from the heparin column using a buffer containing 400 mM  DiPolar-CSA Relaxation Interferencizs. NMR experiments for
NaCl, 50 mM HEPES, 10 mM MgG) 0.5 mM EDTA, and 1 mM measuring longitudinal and transvefse-15N dlpo]arF N CSA cross-
f-mercaptoethanol. Further purification was performed as described C0relation rate constants were performed using the pulse schemes
elsewheré The efficiency of replacement of nonexchangeable protons dePicted in Figure 1. For both cross relaxation experiments, either 32
with deuterons was estimated using laser desorption mass spectrometr{;>r 48 transients were averaggd Rencrement in the experlments u_sed
(University of Michigan Protein and Carbohydrate Structure Facility). 1© M&8SUrderss and 16 transients were averaged pencrement in

The measured mass of tAe/*N-labeled RNaseH was 18 727 Da. A n€ experiments used to measbyg; 180 x 4096 complex data points
control sample of RNaseH containing natural abundance isotopesVere acquired in thé, x t, dimensions. Relaxation delays used for
yielded a measured mass of 17 608 Da (compared with a value of (€ 7z measurement were 0.150, 0.225, 0.300, 0.375, and 0.450 s.
17 597 Da predicted from the protein sequence). RNaseH contains Relaxation delays for the,y measurement were 0.0320, 0.0534, 0.0748,
919 nonexchangeable proton sites and 227 nitrogen sites. The0-0961, and 0.1068 s. The remaining experimental parameters were

difference between the measured masses of the isotopically enricheddentical to the auto relaxation experiments. The total acquisition times
and natural abundance samples indicates that, on average, 892 of°" the#: ands cross-correlation measurements were approximately

approximately 97% of the nonexchangeable protons are replaced with 95 and 90 h, re_spectively. . .
deuterons. Data Processing. NMR data were processed using Felix 2.30 (MSI)

NMR Spectroscopy. All experiments were performed on a Varian agdeg] -Qr?gr?t?allzg %E.Fz{;ﬁr? ;33:;215 a? ) Iise?ilténtilg(f)rt\a,\tlaoirrll(cﬁittliggsde?aGS
Inova 500 NMR spectrometer operating attaLarmor frequency of pone podizal - PP - . Y
499.88 MHz and aN Larmor frequency of 50.66 MHz. Al and a Kaiser apodization function with = &= was applied to the;

measurements were made on a single 0.8 #HNFN-enriched RNaseH interferograms?® Data were zero filled to 8192 points prior to Fourier
sample (100 mM NaCEZDs, 1 mMgdithi.othreitoId 2 mM Nahs transformation, and a second-order polynomial baseline correction was
3y 10, ’

90%/10% HO/D,O, pH 5.5). The sample temperature was calibrated ﬁg?lfg I\?vctarrlg ?fg:gj':gg gr:ne?séoaaﬂs rSFcélé;'rZr ;ﬁﬂSf?gS;rt]'gg'wzzgﬁ
to 300 K using a methanol standard and regulated with the Varian VT . g P 9

unt. A expeimeres peromed ved speca s of 2.1 iz 1,1 £e Do anguade, T e ceermpaton of o rcon
12.5 kHz in thet; x t; dimensions, except for tHe experiment, which P 9 P

used a spectral width of 2.72 kHz in thedimension. ThéH carrier spectra as described previousty” Ry andR, values were determined

was set to the frequency of the water resonance (4.73 ppm), and theby nonlinear least-squares fitting of the experimental data to two

15\ carrier frequency was set to 116 ppm. Decouplingf spins paramgter monoexponential equatiéhsThe value of oy was
during acquisition was performed using the GARP-1 composite pulse determined as
sequenc® with a radio frequency field strength of 1.0 kHz. Hyper-

complex quadrature detection using the PEP sensitivity-enhanced onn = (7n/70)R(NOE — 1) (18)
gradient method was employed durihgevolution periodg>>*

Auto Relaxation Measurements and NOE. R;, R, and the in which NOE is the ratio of signal intensities in the NOE and
1 15] -
{*H} 15N steady-state heteronuclear NOE for tfi¢ nuclei in RNaseH (55) Kordel, J. Skelton, N. J.. Akke, M.- Palmer, A. G.. Chazin, W. J.

were measured by two-dimensional sensitivity-enhanced prOtOn‘deteCtedBiochemistrylggz 31, 4856-4866.

heteronuclear NMR spectroscopy using inversion recovery,-Carr (56) Skelton, N. J.; Palmer, A. G.; Akke, M.; Kael, J.; Rance, M.;
Chazin, W. JJ. Magn. Reson., Ser. B993 102 253-264.

(51) Sambrook, J.; Fritsch, E. F.; Maniatis, Molecular Cloning: A (57) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay,
Laboratory Manual Cold Spring Harbor Laboratory: Cold Spring Harbor,  C. M.; Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L.
NY, 1982. E. Biochemistry1994 33, 5984-6003.

(52) Dabora, J. M.; Marqusee, Brot. Sci.1994 3, 1401-1408. (58) Kay, L. E.; Nicholson, L. K.; Delagio, F.; Bax, A.; Torchia, D. A.

(53) Shaka, A. J.; Barker, P. B.; Freeman JRMagn. Resonl985 64, J. Magn. Reson1992 97, 359-375.

547—-552. (59) Ernst, R. R.; Bodenhausen, G.; Wokaun P&inciples of nuclear

(54) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resori1989 magnetic resonance in one and two dimensj@iarendon Press: Oxford,

85, 393-399. U.K., 1987.
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o8 —m————r——————7—+——— RNaseH. The rate constants are given in Supporting Informa-
[ a ] tion. For 61°N spins located in secondary structural elements,
06 L A7a ] 7, values range from 0.845 to 1.13swith a median of 1.01

s, andy,y ranges from 5.53 to 8.83 swith a median of 7.62
s 1. TheRy, Ry, andonn rate constants were measured for the

04 r ] same 91 residues and are given in the Supporting Information.
i 1 For 15N spins in secondary structure elements, the ranges for
02 - 7 Ri, Ry, andony values are 1.371.68 s, 9.62-12.7 s, and
o . ] 0.0241-0.0656 s?, with respective medians of 1.56%s 11.4
S o0 -~ ] s 1, and 0.0334 s.
= 0.0 0.04 0.08 0.12 The theoretical expression for thg/y, ratio obtained from
" ;
§0.5_...,[...[,......,..._ eq2is
< b < 0) + 33(wy)
04 | : Ty _ 4‘](—’\‘ (19)
L i 772 6‘](wN)

03 F f .
; ] The quantitative accuracy of thgy/n, ratios was verified by

02 3 comparison with the auto relaxation rate constants. The

[ theoretical expressions for the rates given in egs 2 and 3 indicate

01 r : that Ry/Ry andy/n, differ only in high-frequency terms of the
00 LA ] spectral density function (i.e. terni@») wherew is of the order
0.0 0.1 0.2 0.3 0.4 0.5 wp = wn). The high-frequency spectral density values can be

(s) approximated from the heteronuclear cross relaxation oatg,

] ) using the reduced spectral density mapping appréadhich
Figure 3. Experimental measurements lghsdlauo for (a) transverse approximatesRy, Ry, andony as
and (b) longitudinal cross-correlation experiments for resid@@£61 e
and (&) W90 in RNaseH. The solid lines drawn are fits of the data to 2 2
() eq 6 and (b) eq 13, R, = (d74)[3)(wy) + 73(0.92kv,)] + Y (wy)
CONTROL experiments. For the cross relaxation experiments, cross- R, = (d2/8)[4J(0) + 3J(wy) + 133(0.955,)] +
peak intensity ratiososdlauo Were determined after normalization for

number of transients recorded in each experimental scheme. The ratios (CZ/ 6)[43(0) + 3J(wp)] + Rey
were fit to egs 13 and 6 using an in-house FORTRAN program.
Uncertainties iy, and 7y, values were obtained using the jackknife Ony = (5d2/4)J(0.87QuH) (20)
procedure?
Assuming that the high-frequency spectral density terms are

Results given by J(ewn) = (0.870£)2)(0.87Qny), the relationship

Relaxation Rate Constants. The longitudinal, ., and between the autorelaxation and cross-correlation rate constant
transversey,y, cross-correlation rate constants reflecth- can be written as
15N dipolarf>N CSA interference were measured ad/15N-
enriched RNaseH using the pulse sequences shown in Figurd® — 1.07%,  4J(0) + 3J(wy) Rex _
1. Representative plots dfosdlauto fOr the longitudinal and R, — 1.24%,, N 6J(wy) R, — 1.24%,, N
transverse cross correlation experiments are shown in Figure
3. In both experiments, extracting the relaxation rate constants Ty + Rex (21)
from lgrosdlauto requires that the diagonal elements of the 1, Ri-1.24%,

relaxation matrix be identical. In the experiment used to o

measure transverse cross-correlafbayeraging of the relax-  For most backbonéN nuclei in RNaseHJ)(0) andJ(wy) are
ation ratesR, and Rys during the delayr occurs as a  atleast 1 order of magnitude larger than 0.Ka@,).>* There-
consequence of scalar coupling betweenttheandH nuclei. fore, the contribution of the hlgh-frequency_spectral density
In the new experiment used to meast’{,eaveraging ORl and termS.t.O the rateR; and R, are Sma” Averaglng over the 91
Rus occurs during a pair of pulse-interrupted free-precession quantified resonances, 1.248; is 2.5% ofRy, and 1.078y
periods. Numerical simulations shown in Figure 2 indicate the 1S 0.4% ofRx. The weighted meany/n, and R — 1.07%nw)/

accuracy of the averaging procedure for time periods uplt/ (Ry — 1.24%y) ratios for 61*°N spins located in secondary
R. = 3/(R, + Ryg). The value ofRy for the amide'H spins in structure elements are 7.330.14 and 7.3% 0.12, respectively.
2H/**N RNaseH was estimated to b s~1 from measurements The rationy/n, versus R, — 1.07%n)/(Re — 1.24%n) is

of the relaxation of BS, coherence (data not shown). Using Plotted in Figure 4. As predicted by eq 21, in the absence of
this estimate together witR, = 1.6 st yields R, ~ 3.1 5., chemical exchange contributionsfg, the data points lie near

Data were well fit by eq 13 for time points up to 0.45 s, which @ line of slope unity. The correlation coefficient between the
agrees well with the theoretical predictions; deviations from the W0 quantities is 0.92; the weighted mean root square deviation
theoretical curve were observed for longer times (not shown). of the 91 data points from the line of slope unity is 0.27. Data
The cross-correlation rate constants were quantified for 91 well- Points that are located to the right of the line have incre&sed

resolved RNaseH backbone amide resonancé4/ifiN-labeled ~ Values due to a chemical exchange teRg, as is the case for
: the most extreme outlier in the plot, W90 (vide infra). Exclud-
(60) Palmer, A. G.; Rance, M.; Wright, P. & Am. Chem. S0d.991, ing W90, the remaining 90 data points were fit to a line of slope

113 4371-4380. . .
(61) Mosteller, F.; Tukey, J. WData Analysis and Regression. A Second 1:036 £ 0.046 andy-intercept—0.12 + 0.32 using formulas

Course in StatistigsAddison-Wesley: Reading, MA, 1977. appropriate for linear least-squares fitting of data with uncertain-
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Figure 4. Comparisons ofj/n7, and R — 1.07Dwn)/(Ry — 1.24%wh)
ratios for RNaseH. To permit quantitative comparisons, the high-
frequency terms in the expressions RrandR; in eq 3 are removed

by reduced spectral density mapping using eq 21 as described in the

text.

ties in both dimension®. Uncertainties in the fitting parameters
were determined using the jackknife procedtireData points
with very low Ry/R; ratios, generally the C-terminal residues
in RNaseH, have larger contributions from high-frequency
spectral density terms, and the approximations inherent to

reduced spectral density mapping may not be valid. Therefore,

Kroenke et al.

Table 1. Rotational Diffusion Tensor for RNaséH
structuré Dis/107 (s Dy/Dg Opa(rady ¢pa(radf y2¢ Ff

1rnh 1.71+£0.01 1.22+0.04 1.39£0.10 6.03£0.07 4.93 35.9
22 1.71+£0.01 1.19+0.03 1.28+0.08 6.11+0.08 4.49 415
minimized 1.71+0.01 1.17+0.03 1.43+0.09 5.85+0.11 5.70 28.1

aLocal diffusion constants were determined framy/s, ratios for
70 N spins using eq 22 and analyzed to determine the rotational
diffusion tensor using eq 24.Structure coordinates were obtained from
the Protein Data Bank entries 1rnh and 2rn2. Protons were built onto
the structure using Insight (MSI). The protocol used to obtain an energy
minimized structure starting from the 1rnh coordinates is described in
the text.c Diso = (Dy + 2Dp)/3. @ Opa and ¢pa are obtained from the
transformation matridA. They define the rotation necessary to transform
the principal axis of the diffusion tensor in the molecular coordinate
frames of the PDB files to the axis. ® The reduceg,? is normalized
by the 66 degrees of freedom in the analyskhe F-statistic compares
isotropic and axially symmetric models for the rotational diffusion
tensor. Thep-values for the probability distributioRs s are less than
1071 for all three structural models.

The diffusion tensor is calculated from a least-squares solution
of the equation
D, = ¢'A'QAg (24)

in which g is the vector of direction cosines for thih N—H

data for these resonances are not necessarily expected to lie 0Bond vector in a molecular reference frareis the transforma-
the diagonal, although, in the present case, good agreement igjon matrix that relates the molecular frame to the principal axis

obtained even for the most flexible residues. Two residues
located in the secondary structure, W118 and A140, ggye
7, ratios of 6.08+ 0.21 and 5.92- 0.20, which are much lower

frame of the diffusion tensorQ is a diagonal matrix with
element,x = (Dyy + Dz)/2, Qyy = (Dxx + Dzx/2, andQ,, =
(Dyx + Dyy)/2, andDyy, Dyy, andD,, are the principal values of

than the average. These low ratios are obtained because botlne diffusion tensor.

residues havey, rate constants: 6 s 1, values typical of>N
spins located within flexible loops in RNaseH. The data for
these two residues have not been included in the analyse
described below. The reason for this discrepancy is not known
and is the subject of additional investigation.

Because the ratig.y/ is independent of chemical exchange
effects, variations in this ratio for differe®tN spins must arise
from differences in the degree of internal motion or differences
in the orientations of the NH bond vectors with respect to the
principal axis of an anisotropic rotational diffusion tensor. |If
the degree of local motion is limited, terms proportionaSto
are much larger than terms proportional to{1S) in eq 1,
and thenyln, ratio is a function only of the spectral density
function for a rigid rotor with an asymmetric rotational diffusion
tensor. The diffusion tensor can be calculated fromsthé;,
ratios using direct nonlinear least-squares optimizationthe
local diffusion approact§2° previously used for estimation of
rotational diffusion tensors fronRy/R; ratios. The local
diffusion approximation was adopted in the present analysis.
Local diffusion constantsY;) are calculated frong,/n, ratios
by the relation

_i % an_ -1/2
Di_erc_ 3(677_2 7) (22)

in which . is the correlation time defined by the isotropic rigid
rotor spectral density function

:2—
S1+ ot/

Tc

J(w) (23)

(62) Press: W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes. The Art of Scientific Computifgd. ed.; Cambridge
University Press: Cambridge, U.K., 1986.

Nineteen of the residues analyzed in RNaseH exhibited
extensive internal backbone motion, as evidenced in 16 cases

S‘Dy a heteronuclear NOE 0.65 and in 3 cases by significant

motion on time scales greater than 10Gpdg-or the remaining
70 cross-peaks, atomic coordinates fromEancoli RNaseH
crystal structure (Protein Data Bank entry 163wyere used to

fit the local diffusion constants to isotropiDfx = Dyy = D, =

D), axially symmetric Dxx = Dyy = Dp, D = Dy), and
anisotropic Dyx = Dyy = Dz molecular rotational diffusion
tensors by solving eq 24 as previously descrifed’he three
models were compared usinfg-statistical testing>2° The
axially symmetric model gives a highly significant improvement
compared with the isotropic modeF (= 35.9, p < 10719),
whereas the anisotropic model does not significantly improve
upon the axially symmetric modefF (= 0.30,p = 0.75). The
results for the axially symmetric tensor are given in Table 1.
For an axially symmetric diffusion tensét,

D; = Dis, = (D — Dp)P,(c0s6))/3 (25)
whereDjs, = (D + 2Dp)/3 and 6; is the angle between the
N—H bond vector and the principal axis frame of the diffusion
tensor. Figure 5 shows the set Df fit to eq 25 using6;
obtained from the fitted rotational diffusion tensor. Two
residues, E6 and G21, with very preciBgvalues give very
high residuals, and these are shown in open symbols in Figure
5. The local diffusion constant for E6 is 9.4 standard deviations
larger than predicted, and the local diffusion constant for G21
is 5.1 standard deviations smaller than predicted from the
measured diffusion tensor. Elimination of the residual errors
for E6 and G21 would require physically unrealistic changes

(63) Yang, W.; Hendrickson, W. A.; Crouch, R. J.; Satow,S¢tience
199Q 249, 1398-1405.
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Figure 5. Rotational diffusion tensor. Local diffusion constaiis Figure 6. Chemical exchange. Differences betwenand R’ are

determined fromy,/z, ratios using eq 22 are shown as a function of Plotted versus residue noumber for RNasétlwas measured from a
the orientation of the NH bond vector in the principal axis frame of ~ CPMG experiment an&.” was determined from the measurgd/s.

the diffusion tensor for RNaseH obtained using the 1rnh structural 'atio using eq 26. The exchange value for K60 (open circle) was
coordinates. The solid line indicates the fit of the data to eq 25 for the determined from thes/». ratio calculated from the rotational diffusion
axially symmetric rotational diffusion model. The open circles indicate tensor, as described in the text. Residues showing significant chemical

the data for the two largest outliers, E6 and G21. exchange>1 s are labeled on the graph.

parison with eq 3, the value of the chemical exchange contribu-

of >45° in the angles between the NH bond vectors and the SRR
tion to transverse relaxation is given by

unique axis of the rotational diffusion tensor.

The calculations of the diffusion tensor from the experimental "R _B 27
data were repeated using atomic coordinates obtained from a Rex = Ry 2 (27)
second crystal structure of RNaseH (Protein Data Bank entry
2rn2P* and from an energy-minimized hydrated RNaseH

structure. The minimization was performed using Discover Rex depends on the detailed nature of the exchange process and
(MSI). The protein, represented by the 1rnh structural coor- th . ¢ dt Th | R — RO
dinates, was placed in a box of water molecules, and the energyon e experiment used to measie The values oR, 2

was minimized using periodic boundary conditions and the cvff deter:mt?e(;j usmgfthetr_neasfumgg{nz rat|9ds forE. coli R_Nz?:s_eH 6
force field. Initially, minimization was performed while are plotted as a function of amino acid sequence in Figure ©.

constraining the protein coordinates to relieve unfavorable Resu!tsfor one residue, K60, calculatgd frgm the predigigd
contacts with solvent; subsequently, minimization was per- "7 ratio Is shpwn as an open symbol in 'F|'gure 6. As shown,
formed for all coordinates. As shown in Table 1, similar only two residues, K60 and W90,_ exhibit values R, =
diffusion tensors were obtained for all analyses. The data points7'90i 0.23 and 2.46 0.53, respectively, that are greater than

—1
corresponding to residues E6 and G21 exhibit the largest c tional reduced tral densit . . 20
deviations from the predicted local diffusion constants for all onventional reguced spectral density mapping using €qs

calculations, which suggests that the large residuals for thesed€termines)(0.87vy) from onw, J(wn) from Ry and o, and

two residues are due to a systematic error that affects the cross(Q) from Ry, Ry, andoww. As a consequence, the values of

relaxation rate measurements, rather than structural consider-‘](o) are systematically increased for spins subject to chemical

ations such as crystal packing effects. Exclusion of these two exchange which _complicqtes the subsequent inte_rpretations of
outliers from the analysis does not significantly affect the final ghe fp?ctralhdensny magplnglre?d:isavfalues ofJ(0) Tdeps n-
diffusion tensor, but increases tle statistic comparing the ent of exchange can be calculated from ghgy, ratios, R,

isotropic and axially symmetric diffusion models for the 1rnh andonn using the following relationship:
structural coordinates to 72.6. 3
Significant contributions to transverse relaxatiot®f spins JO)==
from chemical exchange processes can be identified unambigu- 4
ously using thep./n, ratios. WhenRex = 0 is set, eq 21 can
be solved to yield an estimate of the exchange-free transvers
relaxation rateRS, purely due to dipolar and CSA relaxation:

in which R; is measured by CPM&5¢or R,, experiment&* or
calculated from thé®N line width14 The functional form of

2’777—Xy - 1]J(wN) (28)

ein which J(wy) is obtained fronRR; andoyy using egs 20. Figure
7 shows theJ(0) values calculated from the./n, ratios for
RNaseH as a function of amino acid sequence.

R= (R, — 1.24%) 2 + 1.07%, (26) ~ Discussion

12 Although dipolar/CSA relaxation interference has long been
recognized® new applications of this phenomenon have
emerged for measuring chemical shift anisotrop$e8,58.69
peptide backbone dihedral angle€? and bond vector order
parameterd®’! Differential relaxation due to the interference

in which 7y/n, can represent the experimentally determined
ratio, or the ratio calculated from the experimentally determined
diffusion tensor. The former method does not rely on the
assumption that the degree of internal motion is limited. The
latter approach has the advantage that, once the diffusion tensor (65) Carr, H. Y.; Purcell, E. MPhys. Re. 1954 94, 630-638.

i i 15 i ; (66) Luz, Z.; Meiboom, SJ. Chem. Phys1963 39, 366—370.
is determined from®*N spins for which #y/n, has been (67) Peng, J. W.; Wagner, G. Magn. Reson1992 98, 308-332.

determlneng can be calculated fo¥®N spins for which only (68) Tjandra, N.; Bax, AJ. Am. Chem. S0d.997, 119, 9576-9577.

the auto relaxation rate constants are available. Thus, by com- (69) Tjandra, N.; Bax, AJ. Am. Chem. S0d.997 119 8076-8082.

(70) Yang, D.; Konrat, R.; Kay, L. EJ. Am. Chem. Sod997 119
(64) Katayanagi, K.; Miyagawa, M.; Matsushima, M.; Ishikawa, M.;  11938-11940.

Kanaya, S.; Nakamura, H.; Ikehara, M.; Matsuzaki, T.; MorikawaJK. (71) Zeng, L.; Fischer, M. W. F.; Zuiderweg, E. R. R.Biomol. NMR

Mol. Biol. 1992 223 1029-1052. 1996 7, 157-162.
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4.00 Ty ; T the parameters,y, andn, was verified by comparing the./,,
h ] ratios to the R, — 1.07%nw)/(Ry — 1.24%y) ratios, as shown
3.00 1, Ao M._ . /"\1 e in Figure 4.
m - _-M\W ! \1\ ] Measurement afx/17, has two main purposes. First, for sites
E 200 L . ’ ] with limited internal mobility, the ratio is independent of
g ] contributions from internal motion to the spectral density
100 1 function. Accordingly, the observed variations sjg,/7, can
R ; be used to determine the rotational diffusion tensor of a bio-
I ] logical macromolecule using eqs 225. Secondpx/1z Ry,
U and onn can be used to calculate the transverse relaxation

0 20 40 60 80 100 120 140 160 rate constanth, due solely to the dipolar and CSA relaxation

_ Residue mechanisms using eq 26. This result can be used to measure
Figure 7. Reduced spectral density mapping. Valued(6j are plotted the chemical exchange contribution R using eq 27 or to
versus residue number for RNaseH. The reduced spectral dedgitigs determine a value 08(0) from eq 28 that does not contain
andJ(0.87Qvy) (not shown) were determined froR andonn by the . ibuti f hemical h
usual approach using eq 2I(0) was determined from,,/n, using eq systematic contributions from chemical exchange.
28. In a previous report on the dynamics of RNaseH at 285, 300,

and 310 K, the rotational diffusion tensor for RNaseH was
effect also has been used to narrow resonance line widths atdetermined by analysis d®/R; ratios** To avoid including
high static magnetic field strength. data for residues subject to conformational exchange, residues
As demonstrated hereit—15N dipolarAN CSA relaxation with Ry/R; ratios more than one standard deviation smaller or

interference also can be used to distinguish the contributions!arger than the mean ratio were excluded from the analysis. In
from chemical exchange and rotational diffusion anisotropy to addition, to provide internal consistency, only residues for which
transverse relaxation &N spins in biological macromolecules ~ data were available at all three temperatures were included in
by measuring longitudinal and transverse cross-correlation ratethe analysis. Th&/R; ratios for 37 backbon&N spins were
constantsy, andxy. Theryy rate constant, which characterizes ~ described by an axially symmetric diffusion tensor WitiDp

the cross-relaxation between in-phase and antiphase coherences; 1.12+ 0.02. The major advantage of thgy/n; ratios in

is measured using the method of Tjandra effalA new determining the diffusion tensor is that only small ratios,
experiment was developed to measure the former rate constant{eflecting extensive internal motions on picosecond to nano-
which characterizes the cross-relaxation between longitudinal second time scales, must be excluded from the analysis. In
magnetization and two-spin order. Both experiments rely on contrast to the analysis @%/R; ratios, no decisions must be

the simple algebraic form of expRt) obtained when the % made as to whether to include or exclude layggy, ratios. As

2 relaxation matrixR is symmetric with identical diagonal a result, data for 76N spins were included in the analysis of
elements. In the pulse sequence for measugiggshown in the diffusion tensor in the present work. This analysis yielded
Figure 1a, the diagonal elements of the transverse relaxationa significantly higher diffusion anisotropy @ /Dy = 1.23+
matrix, R, andRys, are averaged by evolution under thé— 0.04. Most importantly, a number of residues in heli such

15N scalar coupling Hamiltonian during the relaxation period as V101 and L111, which hav/R; ratios >8.20, compared

7, provided thatr is an integral multiple of 1. The operators  with a mean of 7.05 in RNaseH, were excluded from the earlier
S and 2,5, commute with the scalar coupling Hamiltonian;  analysis but have equally larggy/; ratios; this observation
therefore, in the pulse sequence for measurjpgshown in immediately indicates that the increased valueBAR; reflect
Figure 1b, the diagonal elements of the longitudinal relaxation rotational diffusion anisotropy rather than chemical exchange
rate matrix,R; and Rys, are averaged during the relaxation effects. The N-H bond vectors for these residues are aligned
periodz by pulse sequence elements that periodically exchangeaimost collinearly with the unique axis of the diffusion tensor.
the magnitudes of th&, and 2.S; spin orders. The averaging Consequently, these residues are particularly important in
procedure is exact to second orderzinand numerical cal-  determining the anisotropy of the diffusion tensor because a
culations shown in Figure 2 indicate that the resulting effective preponderance of the data are for residues for which theiN

evolution during the relaxation period closely approximates the hond vectors are oriented at angies4. 7 relative to the unique
ideal behavior for times up to-3/(Ry + Rus). axis of the diffusion tensd®

Under the assumption that the angle between the symmetry  Because the,/z, ratios clearly distinguish between residues
axis of the (approximately) axially symlggtsrga\l CSAtensor  for which the Ry/R; ratios are elevated due to rotational
and the N-H bond vector is small{20°),*? the y,y/; ratio anisotropy rather than exchange, the seRgR; ratios can be
Is independent of the magnitude of the CSA and dipolar oynanded to include data previously excluded ongiéy, and
interactions and depends only on the spectral density functlons,Rz/Rl ratios can be analyzed simultaneously. The local diffusion

J(0) and Jan). In contrast to theRy/Ry ratio, 1«7, is approach is particularly convenient for analysis of data derived
independent of chemical exchange contributions to transverse

. ; L9 from independent experiments, because the calculation of the
relaxguon, because achgmlcal !(lnetlc process merely exc_hange%cal diffusion constants, which depends on the nature of the
a spin between magnetic environments and does not InduCespin relaxation experiment, is formally separate from the
coherence transfer betwe&pand 2,5, operators or between calculation of the diffusion tensdf. The results of the
S and 2,5, operators. Of coursejyy and, represent the o0 0 analysis of 7@/, and 70R,/R; ratios yields a
population-weighted average rate constants if P spin value of DDy = 1.25 + 0.03 for RNaseH using the 1mh
exchanges between environments with significantly different =u ' '

CSA tensors. The acouracy of the methods adonted to measurstructural coordinates. The unique axis of the diffusion tensor
’ y P %or the analysis of thgy/, ratios alone and for the simultaneous

(72) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad. analysis ofy7x/n, and R/R; are oriented within 4.20f each
Sci. U.S.A1997, 94, 12366-12371. other. This result further indicates the quantitative accuracy of
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the 71, ratios measured by the experimental methods pre-
sented in this work.

In principle, particularly for multiple domain proteins or
biological macromolecular complexes, the orientational infor-
mation contained in the valuegy/,, can be used as structural
constraints in the refinement of a protein or nucleic acid
structures, as has been done RIR; ratios!®73 Again, the
absence of chemical exchange contributions,fy, provides
additional robustness in such refinements.

Comparison between the cross-correlation and auto relaxation
rates allows for the determination of chemical exchange
contributions to theéR, by using egs 26 and 27. As shown in
Figure 6, K60 and W90 are the only residues exhibiting an
apparent chemical exchange effect greater thart.1Ehe value
of Rex for W90 obtained in this study, 2.% 0.2 s'1, agrees
well with the value of 2.3+ 0.3 st obtained by fitting the
model-free formalism td°N R;, R, andony data®* Results
for K60 have not been obtained previously from data acquired
at 300 K due to resonance overlap with 17. Data acquired at
285 and 310 K, however, confirm that this residue is subject to
large chemical exchange effects comparable to the results
obtained heré* The reduced amidéH line widths for

deuterated RNaseH increases the resolution of the NMR spectrg,,

and permits quantification of the laboratory frame relaxation
rate constants for K60. Nevertheless, remaining overlap
between the resonances for I7 and K60 still may lead to an
underestimation of exchange effects by partially averaging the
relaxation rate constants of the tweN spins. A number of
residues show appareRty values of approximately 1% in
Figure 6. Which of these reflect small chemical exchange
effects cannot be established definitively from the present data.
The value obtained for K91 of 08 0.3 s is somewhat smaller
than the value of 1.5 0.2 s obtained from the model-free
formalism3* However, the temperature dependenceRof
observed for K91 is very similar to the temperature dependence
observed for W90 which supports the identification of an
exchange contribution to relaxation of K&1Most importantly,

the Ry/R; ratio for W90 (8.62+ 0.15) is not significantly larger
than the ratio observed for residues such as V101 (&.628).
However, they,/n, ratios clearly identify significant chemical
exchange contributions to relaxation of W90 while the increased
R./R; ratios for V101 result from rotational diffusion anisotropy
(vide supra). Thus, the use gf/n, ratios to identify chemical
exchange avoids the systematic misattribution of exchange
effects based on the distribution of obsenfdvalues.

As discussed in the Introduction, chemical exchange effects
can be recognized from the dependence of the apparen
transverse relaxation rate constant on the amplitude of either
the static magnetic field in the laboratory fratié3or on the
effective field in the rotating reference frarte425 In both
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from dipolar and CSA interactions must be separated from the
chemical exchange effects by curve-fitting. This contribution
can be obtained independently from tiag/n, ratios using eq

26 and used to reduce the number of free parameters to be
determined from the field-dependent relaxation data and increase
the precision of the exchange parameters obtained.

Conclusion

The method we have developed for measuring the ratio
between the transverse and longitudinal cross-relaxation rate
constants resulting frorH—1N dipole and"®N CSA relaxation
interference provides unambiguous identification of chemical
exchange contributions to transverse relaxation. This method
also permits the rotational diffusion anisotropy of biological
macromolecules to be determined more accurately by eliminat-
ing confounding effects of chemical exchange. Knowledge of
the principal values of the CSA tensor is not required in the
interpretation of this experiment, provided that the orientations
of the CSA and dipoledipole tensors do not differ greatly.
Separating contributions from chemical exchange processes to
transverse relaxation has posed a significant problem in the
interpretation of'>N spin relaxation data in biological macro-
molecules for many yeat. The problem recently has become
ore acute as the effects of rotational diffusion anisotropy on
15N spin relaxation have become better appreciatégiz?
Existing methods for identifying chemical exchange rely on the
guadratic dependence of the exchange line broadening on the
magnitude of either the static magnetic fietd3or the effective
field in the rotating framé2-14.25> The former requires access
to a wide range of high-field NMR spectrometers, and the latter
is a specialized technique employing high-power spin-locking
radio frequency fields and lengthy experimental acquisition
times. This new approach uses data acquired at a single static
magnetic field and is no more difficult than conventional
laboratory reference frame relaxation experiments. By solving
the conundrum presented by deconvolution of chemical ex-
change contributions to transverse relaxation, the experiments
proposed in this paper will be widely applicable to studies of
the dynamic properties of proteins and other biological mac-
romolecules.
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