
a , Maryl

M
l
n
p
m
m
s
p
1

p

C
i
p
m
c
C
p
v
p
p
F
p
a
s
p
w

p
t
D
C

m

Journal of Magnetic Resonance137,289–292 (1999)
Article ID jmre.1998.1672, available online at http://www.idealibrary.com on
Transverse 1H Cross Relaxation in 1H–15N Correlated
1H CPMG Experiments

Rieko Ishima, John M. Louis,* and Dennis A. Torchia1

Molecular Structural Biology Unit, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, Maryland 20892-4326;
nd *Laboratory of Chemical Physics, National Institutes of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesdaand

Received October 28, 1998; revised November 25, 1998

1

n
er

s
eri
e

IV
p

ma
of

atio
cr

nce
n-

cro
tion

cti
tor

s

w
i g the
p e-
a onex-
c ) are
c d in-
c lax-
a
p s of
t -
r d
p

the
r
1 ,
t airs,
r s
u

,
r all
R eaks
a netiza-
t
i s
w f the
p roton
p e the
m are
t are
l

when
t with
t en
p on-
s t are
o less
t nse,

12.
Transverse H cross relaxation was observed in Carr–Purcell–
eiboom–Gill (CPMG) experiments by recording 15N–1H corre-

ated spectra of amides in HIV protease that was perdeuterated at
onexchangeable sites. Perdeuteration suppresses 1H–1H J cou-
ling and improves spectral resolution and sensitivity. Measure-
ents of cross-peak intensities, arising from cross relaxation, were
ade as a function of (i) Df, the frequency difference between the

pins, and (ii) tCPMG, one-half of the duration between CPMG p
ulses. Cross peaks were observed when tCPMG was less than
/(2Df), in agreement with theoretical calculations.
Key Words: NMR; transverse relaxation; CPMG; perdeuterated

rotein; spin lock.

Although transverse cross relaxation was observed i1H
arr–Purcell–Meiboom–Gill (CPMG) experiments in pione

ng work by Vold and Chen in 1972 (1), the effects of thi
henomenon are difficult to identify in homonuclear exp
ents. In contrast, we show herein that effects of1H transvers

ross relaxation are clearly evident in1H–15N correlated1H
PMG spectra of a15N-labeled perdeuterated protein, the H
rotease. Direct evidence of transverse cross-relaxation is
ided by the appearance of cross peaks, in addition to the
eaks, in the 2D1H–15N correlated spectra. The two types
eaks allow us to separately monitor auto and cross relax
urthermore, because numerous proton pairs generate
eaks, we can determine how their chemical shift differe
nd the timing of the CPMGp pulses affect cross-peak inte
ity. These measurements then allow us to compare the
eak intensities predicted by detailed theoretical calcula
ith experiment, in the large molecule limit.
We measured1H–15N correlation spectra of15N-labeled and

erdeuterated HIV protease (the autolysis-resistant, fully a
riple mutant, Q7K, L33I, and L63I) bound to the inhibi
MP323 (2), applying either a 2-kHzB1 field (R1r) or a
PMG pulse train (R2), after t 1 evolution. Sixty-four scan

1 To whom correspondence should be addressed. Fax: 301-402-15
ail: torchia@yoda.nidr.nih.gov.
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ere accumulated at each of 100 complex points int 1, requir-
ng ca. 10 h to measure each 2D spectrum. By dissolvin
erdeuterated protein in 95% H2O, amide and other exchang
ble sites are nearly completely protonated, whereas n
hangeable sites (primarily aliphatic and aromatic carbons
a. 85% deuterated. Deuteration simplifies analysis an
reases resolution and sensitivity (i) by confining cross re
tion to the amide protons, (ii) by suppressing1H–1H J cou-
ling, and (iii) by increasing the transverse relaxation time

he amide protons. As discussed previously (3), the auto
elaxation rate,r2, of most amide1H spins is determine
rimarily by the 1H–15N dipolar interaction (r2 ca. 10 s21).

1H–1H dipolar interactions also contribute significantly to
elaxation of some spins. The amount varies greatly (0, r2 ,
5 s21) depending upon the surrounding1H density. Typically

he auto- and cross-relaxation rates for individual proton p

2 ands2 respectively, are less than 5 s21 under the condition
sed in our experiments.
A portion of a 1H–15N correlated 1H ROESY spectrum

ecorded with a 48-ms mixing time, is shown in Fig. 1A. Sm
OE cross peaks having opposite signs from the main p
re observed. These signals are a consequence of mag

ion transfer from1H nuclei, attached to15N nuclei that evolve
n F 1, to 1H nuclei that evolve inF 2. A total of 28 cross peak
as observed, and examination of the crystal structure o
rotease showed that the internuclear distance of every p
air giving rise to a cross peak was less than 5 Å. Becaus
ixing time is relatively short and the interproton distances

ypically greater than 2.4 Å, the intensities of cross peaks
ess than 10% of the main peaks.

It was observed that some of the cross peaks remained
he spin lock was replaced by a CPMG sequence, Fig. 1B,

CPMG 5 1 ms, wheretCPMG is one-half of the duration betwe
pulses. Comparison of Fig. 1A with Fig. 1B clearly dem

trates that most cross peaks in the CPMG experimen
bserved for proton pairs having chemical shifts separated

han ca. 250 Hz. This observation makes qualitative se
E-
1090-7807/99



s e
f r-
e
t sp
p le
r hi

D ing,
( axis
b

s-
p ding

v table
r dition
t est
c ondi-
t ved
w ton
p
b
2

s re-

,
o ive
p

d

o-
t s
fi
P dra
u 50
M
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ince in the absence of aB1 field, proton pairs having a larg
requency difference,Df, will accumulate a large phase diffe
nce before thep pulse is applied. As noted previously (1, 4),

ransverse cross relaxation is effectively quenched for
airs whose transverse magnetization components samp
elative phases. Hence, we expect that only spin pairs for w

FIG. 1. 1H–15N correlation spectra of15N-labeled perdeuterated HIV pr
ease bound to DMP323, detected after application of either (A) a 48-mB1

eld of 2 kHz (R1r) or (B) a 48-ms CPMG pulse train withtCPMG 5 1 ms.
ositive peaks are drawn using solid lines whereas negative peaks are
sing dashed lines. Experiments were performed using a Bruker DMX
Hz spectrometer at 20°C as described previously (3).
in
all

ch

f tCPMG is small, and which undergo little relative dephas
they can be thought of as roughly locked along a common
y thep pulses), will exhibit cross peaks.
The relationship betweenDf, tCPMG, and the observed cros

eak intensities was determined experimentally by recor
1H–15N correlated CPMGR2 spectra using a series oftCPMG

alues, and is summarized in Table 1. Examination of the
eveals that cross peaks were only observed when the con
CPMG , 1/(2Df ) was satisfied. Furthermore, the strong
ross peaks were observed for spin pairs satisfying the c
ion tCPMG , 1/(4Df ), while weak cross peaks were obser
hen tCPMG . 1/(4Df ). For example, cross peaks of pro
airs havingDf up to 500 Hz were observed attCPMG 5 1 ms,
ut the most intense cross peaks were observed whenDf ,
50 Hz.
The simplest theoretical description of transverse cros

TABLE 1
List of Residue Pairs for Which Cross Peaks Were Observed

in Spin-lock and CPMG Experiments

A pair of
residuesa

Chemical
shift

difference
Df (Hz)

Spin lock
B1 5 2 kHz

CPMG

tCPMG (ms) 1/4
tcpmg (Hz)

0.5
500

1.0
250

3.0
83.3

64–71 60 E E E E

6–7 80 E E E 3w
57–77 100 E E E E

61–62 100 E E E E

92–93 110 E E E w
62–73 142 E E E w
93–94 150 E E E 3
95–94 160 E E E 3
45–56 160 E E E 3
13–20 190 E E E 3
96–98 193 E E E 3
72–73 244 E E 3w 3
68–69 290 E E E 3
32–84 340 E E 3 3
67–68 370 E E 3w 3
17–18 380 E E 3 3
29–30 390 E E 3 3
66–69 410 E E 3 3
16–17 422 E E 3 3
15–18 469 E E 3 3
3–97 550 E 3w 3 3

89–90 590 E E 3 3
27–28 600 E 3w 3 3
51–52 650 E 3 3 3
91–92 690 E 3 3 3
43–58 704 E 3 3 3

Note.E, 3, or w indicate a cross peak observed (S/N . 4), not observed
r weakly observed (2, S/N , 4), respectively. xw indicates a tentat
eak assignment withS/N , 2.

a A residue pair “A–B” denotes a cross peak from15N-labeledA to 1H-
etectedB.
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axation is provided by a two-spin system satisfying the
owing equations of motion (1, 4):

dIi~t!/dt 5 2r2i I i~t! 2 s2I j~t! 1 i2pf iI i~t! [1]

dIj~t!/dt 5 2s2I i~t! 2 r2j I j~t! 1 i2pf jI j~t!. [2]

ote that these equations differ from those of Ref. (5) only by
he inclusion of the terms inf i and f j , describing the fre
recession of spinsi and j , respectively. Relaxation mech
isms, in addition to the mutual1H–1H dipolar interaction, ar

ncluded in the auto-relaxation rates, so thatr 2i need not equa
2j . Note that on account of the amide1H–15N J coupling, the
roton transverse magnetization precesses at two freque

i 6 JNH/2, and in fact evolves as in-phase and antiph
agnetization. However,tCPMGJNH/ 2 , 0.14 in ourexperi-
ents, and the15N longitudinal relaxation rate is much smal

han the1H transverse relaxation rate, so that the antip
ignal is smaller than the in-phase component and its relax
ate is nearly the same as the in-phase component. Hen
NH coupling affects relaxation primarily by modifying t
ffective value ofDf, and for this reason only chemical sh
recession is taken into account in the calculations.
Equations [1] and [2] were solved using a matrix method1)

nd Fig. 2 shows the calculated cross-peak intensity,I ij , plotted
s a function oftCPMG. Note thatI ij is calculated when eac
cho is refocused, because the signal is recorded under

FIG. 2. Calculated time course of CPMG transverse cross-relaxation
ntensities of proton pairs. The difference in chemical shift,Df, was assume
o be 250 Hz for each pair;r 2i , r 2j , and s2 were set to 20, 20, and 3 s21,
espectively;tCPMG values were, 0.2 ms (E), 0.5 ms (F), 1.0 ms (51/(4Df ),
), 1.5 ms (■), 2.0 ms (51/(2Df ), ‚), 2.5 ms (Œ), 3.0 ms (53/(4Df ), ƒ),
.5 ms (�), and 4.0 ms (51/Df, 1). See text for further discussion.
-

ies,
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h a

ondition in an actual experiment. Figure 2 shows that
ross-peak intensity rapidly decreases whentCPMG increase
eyond1/(4Df ), and vanishes whentCPMG 5 1/(2Df ). The
ross peak vanishes at this point because the two compo
f transverse magnetization accumulate a phase differen
80° during the time intervaltCPMG. Hence, whentCPMG be-
omes larger than1/(2Df ) the sign of the cross-peak chan
Fig. 3). Because of limited signal-to-noise, we did not obs
ross peaks having positive intensity.
Using Eqs. [1] and [2] together with the assumptions thar 2i

r 2j 5 r 2, [s 2/(2pDf )] 2 ! 1 and Eq. B.4 of Ref. (6), it can
e shown that

I ij 5 2s2tI 0exp~2r2t!sin~2pDftCPMG!/~2pDftCPMG!, [3]

here t 5 2ntCPMG (n 5 1, 2, 3 . . . ). This expression w
erified by numerical calculations. The numerical calculat
nd the analytical derivation of Eq. [3] showed that a qua

ure (imaginary) component ofI ij also develops in the CPM
xperiment. This component is not observed in our sp
ecause it is eliminated by a gradient that is applied afte
PMG portion of the pulse sequence (3). A quadrature com
onent does not develop in the spin lock experiment.
Equation [3] is consistent with the expression forR2, de-

ived in the extreme narrowing case by Vold and Chan (1) for
wo dipolar coupled protons. Although the observations
ented herein could have been anticipated, based upo
ork of Vold and Chan, the numerous well-resolved m
eaks and cross peaks in the1H–15N correlated spectra man

est the transverse cross relaxation much more clearly tha
ossible in the 1D experiments. In addition, the nume
rotein spin pairs that exhibit cross-peaks allow one to mea

he dependence of the transverse cross relaxation on bothtCPMG

ndDf. Finally our results enable us to confirm the predicti
f theory in the large molecule limit, (vHtc)

2 @ 1.

ak

FIG. 3. CalculatedDf dependence of the cross-peak intensity.r 2i , r 2j , s 2,
, andtCPMG were set to 20 s21, 20 s21, 3 s21, 30 ms, and 3 ms, respective
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