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ABSTRACT Proton nuclear magnetic resonance (NMR) spin lattice relaxa-
tion time (T, ) and spin-spin relaxation time (T2) measurements are presented
for a number of proteins with molecular weights spanning the range of
6,500-150,000 daltons. These measurements provide experimental evidence
for the role of cross-relaxation in 'H NMR T1 measurements in proteins.
The relationship between these measurements and the theory recently pre-
sented by Kalk and Berendsen is discussed. The results indicate that cross-
relaxation dominates the T, measurements for the larger proteins, even at
relatively low resonance frequencies such as 100 MHz.

INTRODUCTION

Nuclear magnetic resonance (NMR) spin lattice relaxation time (T.) measurements
in high resolution NMR spectra have become experimentally routine, both for small
molecules and more recently for biomacromolecules. The great interest for proteins
is the large amount of information about the motion of the protein, both overall and
internal, which is potentially available from T. measurements. The nuclei most com-
monly studied are 'H and '3C, with recent interest in '9F, 31P, '5N, and 2D. The focus
of this paper will be 'H T, measurements. They are the easiest to accomplish because
of the high sensitivity of 'H NMR and they are potentially very valuable, given the
large number of assigned 'H NMR spectra of proteins.
The interpretation of 'H T, measurements in proteins is not necessarily straight-

forward, however. The first and most obvious problem is that the T,'s measured for
many proteins, or for many different resonances in the spectrum of a particular protein,
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are all very nearly equal. They do not reflect the wide range of internuclear distances,
internal motions, and overall rotational motions which would be expected. An ex-
ample is the well characterized 'H NMR spectrum of the bovine pancreatic trypsin
inhibitor (BPTI) (1). At 100 MHz the measured T1's for the aromatic tyrosine and
phenylalanine protons are all near 0.3 s. Similarly, at 270 MHz, the T1's are near
1.3-1.4 s and at 360 MHz the T1's are all near 1.5-1.6 s. The expected TI's for the
aromatic protons, calculated from the X-ray structure of BPTI, should vary by more
than a factor of three because of different internuclear distances, assuming in the cal-
culation that internal motion of the tyrosines is not fast enough to influence relaxation.
Also the calculated T1's predict a stronger field dependence than actually observed.
Of course, if internal motion is fast enough to influence relaxation (TINT < I0-9 S),
the calculated T1's will change (and the variation with field will diminish), but it seems
unlikely that the differences in internal motions would so closely cancel out the effect
of differences in internuclear distances. Alternatively, one could propose a more gen-
eral overall mode of fast internal motion for the protein where the closest approach
internuclear contacts are the same for all the protons on the protein and are modulated
at the same rate. This also is not easily acceptable for the relatively rigid BPTI
molecule.

Recently, it has been suggested for 'H NMR on phospholipids (2), water in protein
crystals (3), and hydrated collagen (4) that cross-relaxation can strongly influence and
even dominate T. measurements. For proteins this has recently been put into focus
by Kalk and Berendsen (5). The purpose of this paper is to present further experi-
mental evidence bearing upon the role of cross-relaxation in 'H T. measurements in
proteins. Recent '9F NMR measurements (6, 7) also provide evidence for the role of
cross-relaxation in protein heteronuclear spin systems.

THEORY

NMR spin lattice relaxation in multispin systems is most generally expressed by a set
of simultaneous differential equations. For a less abundant spin (S) such as '3C or
'9F in the presence of a "bath" of abundant spins (I) such as 'H's in a protein,
these equations can be written in the following fashion, with the nomenclature and
assumptions of Hull and Sykes (6).

d[S,]/dt = -(pS' + p*)[Sz - So] - -
k

d[Iz]/dt = -a[Sz - So] - 5 (p' -I p7 + o')[Iz - Iki], (1)

k

where the summation is over all the abundant spins, k, and p* represents relaxation
mechanisms other than dipolar interactions with the abundant spins L
The spin relaxation of the dilute S spins is simplified under two circumstances. The

first, most common for '3C, is when the abundant 'H spins are saturated by double
resonance irradiation during the '3C T. measurement. Under these conditions
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[Ik] can be set equal to zero. Eq. 1 then simplifies to

d[Szj/dt = (1/T1)[SZ - (1 + O)SO], (2)

where 1/T PpSI + p" and the nuclear Overhauser enhancement

v
I

°k (p + pk)SO = (
Sir

+ P*)(,Y/7s) (3)

For '9F NMR measurements of proteins, the nuclear Overhauser enhancement upon
'H decoupling is unfavorable (6) (v = -1). However, in the absence of decoupling, a
simplification of Eq. 1 still exists from the fact that the 'H "bath" is large (see
Hull and Sykes [6]) and therefore I. never deviates significantly from Io during
the experiment. Under these circumstances Eq. 1 becomes

d[Sj/dt = (-l/TI)[Sz - SO] (4)

directly where I/TX = pSI + p**
The situation for the 'H T, relaxation time measurements is not so straightforward,

however. This is most easily visualized by rewriting Eqs. 1 with the nomenclature of
Kalk and Berendsen (5):

d[Izi]/dt = -R~,(I2, - Is,) - E R,15(Ij, - I (5)

where

R = (3/10),yi2E (I/rA)[-T/[l + (woT,)2] + 4rT/[I + (2wocr)2]]2 (6)
II

and

R I1 4-h~42 [- 6T, 1 7
Rj = I0 A Lc 1 + (2worTc)2

Here the presence of any dilute spins is neglected. The form of Eq. 5 is such that,
if all of the 'H's are initially prepared in an equal nonequilibrium state such as after
a nonselective 1800 pulse, the resulting return to equilibrium will be as follows.
Initially, when fzi = Izj = -Io and therefore I4 - Izj = 0, the relaxation will be,
single-exponential with time constant Rli for each resonance i. At later times, how-
ever, if R,,j is large and positive, the second term in Eq. 5 will tend to keep
Izi and Izj equal and force all resonances to relax with the same relaxation rate
equal to the weighted sum of the individual relaxation rates. R,jj will be large for
larger proteins with longer Te's and at higher frequencies wD.
Kalk and Berendsen (5) further propose that the protons in a protein can be divided

roughly into three classes: (a) protons on aromatic residues and staggered aliphatic
chains separated from each other by approximately 2.5 A and not moving internally in
the protein fast enough to influence the nuclear spin relaxation (i.e., TINT >> TC)
(b) protons on CH2 groups separated by approximately 1.8 A and also with no rapid
internal motions and (c) protons on methyl groups, which will account for a large frac-
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tion of the protons of a protein, and for which rapid internal motion about the methyl
group axis is possible. With the further stipulation that for the purposes of cross-
relaxation no proton is likely to be more than 2.5 A away from another, the problems
discussed in the introduction relative to the interpretation of 'H spin-lattice relaxation
times of proteins can be understood (see below).

METHODS:

Relaxation times at 100 MHz were measured with a Varian XL-100 NMR spectrometer
(Varian Associates, Palo Alto, Calif.). Spin lattice relaxation times T, were determined
using an inversion-recovery (T-180-T-90)N pulse sequence. Spin-spin relaxation time mea-
surements were determined using a two-pulse spin echo pulse sequence (T-90-T-18O-T)N.
Relaxation time measurements at 270 MHz and 360 MHz were measured with Bruker HXS-270
and HXS-360 NMR spectrometers (Bruker Instruments, Inc., Billerica, Mass.). All solutions
were in D20 and at 30'C.
The following conditions describe the preparation of the protein solutions with the number-

ing corresponding to the measurements presented in Figs. 1 and 4.

1. Bovine pancreatic trypsin inhibitor (mol wt -6500) was obtained as a gift from Farben-
fabriken Bayer AG (Elberfeld, W. Germany). The solution was 20 mg/ml in diethylamine
buffer, pH 12.

2. Lysozyme (mol wt - 14,400) was obtained from P-L Biochemicals Inc. (Milwaukee, Wis.)
(three times crystallized). The solution was 25 mg/ml, 10 mM citrate buffer, pH 4.52.

3. Trypsin (mol wt -23,800) was obtained from Worthington Biochemical Corp. (Freehold,
N.J.). The solution was 20 mg/ml, 10 mM Tris buffer, pH 8.1, 0.1 NaCl.

4. a-chymotrypsin (mol wt -24,500) was obtained from Worthington Biochemical. Corp.
The solution was 24 mg/ml, 10 mM potassium phosphate buffer, pH 7.8, 0.5 mM EDTA.

5. Ovalbumin (mol wt -45,000) was obtained from Sigma Chemical Co. (St. Louis, Mo.).
The solution was 20 mg/ml, 10 mM potassium phosphate buffer, pH 7.0,0.5 mM EDTA.

6. Concanavalin A (mol wt = 55,000) was obtained as a gift from John Grimaldi (Harvard Uni-
versity, Cambridge, Mass.) (8). The solution was 20 mg/ml, 0.1 M acetate buffer, pH 5.35,
0.3 M NaCI.

7. Human serum albumin (mol wt -65,000) was obtained from Sigma Chemical Co. The
solution was 21 mg/ml, 10 mM potassium phosphate buffer, pH 7.0,0.5 mM EDTA.

8. Oxyhemoglobin (mol wt -68,000) was obtained from B. Manuck (Harvard University,
Cambridge, Mass.) (9). The solution was 5 mg/ml 15 mM potassium phosphate buffer,
pH 7.25.

9. Fluorotyrosine alkaline phosphatase from E. coli (mol wt -86,000) was obtained from
H. Weingarten and M. Schlesinger (Washington University, St. Louis, Mo.) (10). The solu-
tion was 26 mg/ml in 0.5 M Tris buffer, pH 7.9.

10. Aspartate transcarbamylase (catalytic subunit mol wt - 100,000) prepared as described by
Rosenbusch and Weber (I1) was obtained from T. Marinetti (Harvard University, Cam-
bridge, Mass.). The solution was 45 mg/ml, 40 mM imidazole acetate buffer, pH 7.0,
0.4 mM EDTA, 5 mM f3-mercaptoethanol.

11. Yeast alcohol dehydrogenase (mol wt - 150,000) was obtained from Sigma Chemical Co.
The solution was 25 mg/ml, 10 mM potassium phosphate buffer, pH 7.10, 0.5 mM EDTA.

RESULTS AND DISCUSSION

The relaxation time T, = 1/RI calculated for the three classes of protons a, b,
and c at 100 MHz are shown by the respective curves A, B, and C in Fig. 1. These
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FIGURE I Calculated relaxation times (l/RI from Eq. 6) at 100 MHz are presented in curve A
for rij 2.5 A, and in curve B for rj 1.78 A, as a function of the rotational correlation time Tc . Curve
Cis the calculated relaxation time for a CH3 group (rij 1.78 A) as a function of the rotational cor-
relation time Tc with a correlation time for internal motion TINT 5 X 10 10 S (5,15). Curve D is
the relaxation time corresponding to cross-relaxation (l/R,,) calculated from Eq. 7 as a function
ofthe rotational correlation time TrC for rij 2.5 A. The vertical lines represent the range of experi-
mental measured relaxation times for the following proteins: 1, bovine pancreatic trypsin in-
hibitor; 2, lysozyme; 3, trypsin; 4, a-chymotrypsin; 5, ovalbumin; 6, concanavalin A; 7, human
serum albumin; 8, oxyhemoglobin; 9, alkaline phosphatase; 10, aspartate transcarbamylase cata-
lytic subunit; 11, yeast alcohol dehydrogenase. See Methods for details of the individual solu-
tions. The range of measured relaxation times is positioned above the appropriate rc for the cor-
responding molecular weight. TI's and Tc's are in units of seconds.

are identical to the calculations of Kalk and Berendsen (5), with the exception that
the methyl group rotation is assumed to be diffusional with a TINT chosen equal to
5 x 10-10 s for this calculation. Other values of TINT produce a family of sim-
ilarly shaped curves but lying mostly above curve C for T, > 10- s. As can be
seen quite clearly from Fig. 1, the time constant for the cross-relaxation (curve D)
becomes much shorter than any of the other relaxation rates for TC longer than
10 8 s. For higher frequencies wo, this will occur for smaller T,'s.
Also appearing in Fig. 1 is a second scale, corresponding to protein molecular
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weight, positioned above the scale corresponding to rotational correlation time Tr,
in such a manner that the protein molecular weight is matched to the appropriate rota-
tional correlation time for a protein of that size. This was determined from a survey
of measured rotational correlation times for proteins by fluorescence depolarization
and '3C NMR (W.E. Hull, unpublished results). It also matches reasonably well the
rotational correlation times calculated from the Stokes-Einstein equation. The num-
bered vertical bars then represent the experimentally measured range of relaxation
times T. measured at a variety of positions in the 'H NMR spectrum of the several
proteins at 100 MHz. Each protein was measured under conditions of no aggrega-
tion and the experimental range of T, values is positioned relative to the molecular
weight axis. One possible exception is BPTI where '3C NMR T, measurements have
determined a longer rT than expected on the basis of its molecular weight although the
protein concentrations were higher than in the 'H NMR experiments (12).

Several conclusions can be made. First, the measured range of relaxation times falls
between the limiting values calculated a priori for the various classes of protons.
Secondly, the range of values of T, measured decreases markedly for the larger pro-
teins, in a molecular weight (rT) range where cross-relaxation would be expected to
have a greater role in the relaxation, causing all of the protons to relax with the same
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FIGURE 2 270 MHz T-180-r-90 inversion-recovery spin lattice relaxation time measurements for
the bovine pancreatic trypsin inhibitor. The solution was unbuffered pH 6. Only the aromatic
and NH regions of the spectrum are shown. Detailed assignments are available elsewhere (1). The
chemical shift scale is in parts per million downfield from DSS. The long r value spectra are
not shown. r values are in units of seconds.

BIOPHYSICAL JOURNAL VOLUME 21 1978142



weighted average relaxation rate. Thirdly, the behavior of the relaxation times mea-
sured as a function of molecular weight follows curve C, as would be expected if the
predominant, fast-relaxing methyl groups dominate the averaged relaxation rate.
Therefore the simple phenomenological model for proteins (5) described above cor-
rectly predicts the features of the experimental T, measurements as a function of
molecular weight. Of course, the spectra of the larger proteins at 100 MHz are more
unresolved envelopes than resolved resonances. However, no faster or slower relaxing
components were observed in any region of the spectrum.
The second form of experimental verification is shown in Fig. 2 and 3. Fig. 2 shows

270 MHz 'H NMR inversion-recovery T, measurements on the small bovine pancreatic
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FIGURE 3 Semilogarithmic plots of the 270 MHz inversion-recovery relaxation time measure-

ments shown in part in Fig. 2. Tyr 23 3,5 protons t 66.35 (o); Tyr 21 2,6 protons at 66.7 (a); NH
proton at 69.3 (a); Phe protons at 67.3 (A); CH3 protons at 60.7 (A).
FIGURE 4 Calculated values of T2 from Eq. 8 (rj = 1.78 A) as a function of the rotational cor-

relation time TC are represented by a solid curve. The numbered vertical lines represent the range
ot experimentally measured values of T2 determined for the proteins listed in the legend for Fig. 1,
positioned above the appropriate TC corresponding to their molecular weight. T2 and Tc values
are in units of seconds.
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trypsin inhibitor protein. The assignment of the features of this spectrum are described
elsewhere in detail (1). In this small protein (see discussion of T, above), differential
relaxation behavior would be expected as discussed in the introduction and can be
observed by careful measurements at the higher fields where the relaxation times are
longer and more easily distinguished experimentally. For example, the Tyr 23 3,5
protons at 6.35 ppm downfield from DSS relax more slowly than the Tyr 21 protons
at 6.7-6.8 ppm. However, as shown in Fig. 3, the relaxation of these resonances does
not follow a single exponential. The slowest relaxing Tyr 23 protons, begin to catch up
in relaxation rate to the fastest relaxing CH3 protons, which, in turn, tend to slow
down in relaxation rate. This is an example of a cross-relaxation situation where
the intrinsic relaxation rates (RI,) and the cross-relaxation rate (Rij) are about equal.
The measurement of T2 is not similarly influenced by cross-relaxation (13). Each

resonance can be characterized by a line width or spin-spin relaxation time T2. Fig. 4
shows a calculation of T2 as a function of rotational correlation time TC (or mo-
lecular weight):

1/T2 = (3/20) y4J2E (1/r1)[3rT + 5Tr/[1 + (W.r,)2] + 2r,/[I + (2WOrT)2]]
ii

(8)
The solid curve is for no internal motion and r = 1.78 A. For all other cases within
a protein, such as longer distances or internal motion, the value of T2 will lie above
the curve shown. The experimental values, determined for the same proteins as Fig. 1
and also at 100 MHz, fall above the calculated curve with the shortest values lying
on or near the curve. (Deviations at the higher molecular weights may reflect an
inability to measure the correspondingly short T2's.) The range of values measured
does not appreciably diminish with increasing molecular weight. How much internal
motion might be present can be estimated (14) by considering that very rapid internal
motion (TINT < 10-" s) about an axis making an angle 0 with the internuclear vec-
tor of interest reduces the line width by [(3 cos2 0 _ 1)/212. For CH3 groups (0 = 90°)
the line width is reduced by 4'.

CONCLUSION

The experimental evidence presented in this manuscript has been interpreted in terms
of the theory of Kalk and Berendsen and supports the conclusion that cross-relaxation
can play an important role in the 'H spin lattice relaxation in proteins. In fact, cross-
relaxation clearly can dominate the relaxation of larger proteins even at relatively low
resonance frequencies. This means that 'H T, measurements are not so straight-
forward a measure of either differential motion or differential internuclear contact
within a protein.

Undoubtedly, internal motions of an intermediate-to-fast rate (108 - 10'0 s -') are
involved in proteins, some much more than others. These motions will reduce the
effectiveness of cross-relaxation by decreasing the rate R,,1 while increasing Ri. The
interplay between these motions and cross-relaxation will make it difficult, in general,
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to sort out the contribution of each to the relaxation. Also magnetically isolated re-
gions of the protein (such as surface histidine C2 proteins), proteins relatively devoid
of methyl groups (such as collagen), or a distribution of correlation times for some
systems (16) are possible.
These reservations notwithstanding, the Kalk and Berendsen theory accounts for all

of the qualitative aspects of the measured TI's presented in this manuscript and cau-
tions against the interpretation of any IH T, measurements in large proteins in terms
of internal motions without consideration of the magnitude of the cross-relaxation
effects. In fact, even in simple spin systems and smaller molecules the effects of cross-
relaxation can be seen (17). The influence on the relaxation curves is in the opposite
direction, however, reflecting a change in sign of R,,j. Also the magnitude of R,ij can-
not exceed or even equal that of R,, in the case of smaller molecules.
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