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PROTON RELAXATION STUDIES OF DYNAMICS OF PROTEINS IN THE SOLID STATE
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Department of Physics, University of Nottingham, University Park, Nottingham, UK

Abstract - Dynamical information concerning proteins and other macromole-
cules in the solid state may be obtained from investigations of proton
magnetic relaxation. Measurements have been made of T; for protons at 18,
30 and 60 MHz on polycrystalline o-chymotrypsin, insulin, lysozyme and
ribonuclease A in the temperature range 10 to 300 K. Analysis identifies
the predominant source of relaxation between 70 and 250 K as methyl group
reorientation in amino acid sidechains. Activation parameters character-—
izing a distribution of methyl rotors are deduced. Deuteration gives
information concerning the relaxation contribution of water and other
exchangeable protons. Investigations were extended to solid polymers
devoid of methyl groups such as polyglycine and poly-L-proline to give
information concerning relaxation contributions from main chain motions
and ring puckering. The measurement of dipolar relaxation enables slower
motions to be investigated. Measurements of Tjp in solid a-chymotrypsin
and solid lysozyme exhibit behaviour similar to T; but displaced about

100 K lower in temperature, and enable other dynamical effects to be obser-
ved at higher temperatures.

INTRODUCT I ON

In the functional performance of proteins in living systems their structure, conformation and
dynamical behaviour play a central role. X-ray diffraction has been conspicuously successful

in determining the detailed three-dimensional structure adopted by protein molecules in the
crystalline state and has more recently given information concerning their dynamical behaviour
(Ref. 1,2). Dynamical information is also gained from fluorescence polarization spectroscopy
(Ref. 3), fluorescence quenching (Ref. 4), thermodynamics and statistical mechanics (Ref. 5),
ab initio dynamics (Ref. 6,7) and from high-resolution NMR spectroscopy of proteins in solut-
ion (Ref. 8-10). Moreover a recent comparison of high-resolution 1 C NMR spectra of lyso-
zyme in polycrystalline form with that of lysozyme in solution (Ref. 11) is consistent with
the view that the molecular conformation is closely similar in solid and liquid states.

It is therefore of interest to investigate the dynamical properties of protein molecules

in the solid state by proton NMR relaxation studies. Such studies complement those obtained
in solution and relate to the motions of the molecules in the environment in which their X-ray
structures were determined. Moreover in the solid state a much wider range of temperature is

accessible without molecular degradation and this gives the opportunity to characterize the
molecular motions with activation parameters.

Four proteins have been investigated in polycrystalline form, namely O-chymotrypsin,
insulin, lysozyme and ribonuclease A (Ref. 12,13). These protein molecules are composed of
241, 51, 129 and 124 amino acid residues respectively; lysozyme and ribonuclease consist of
single polypeptide chains, insulin of two chains (21 and 30 residues) and o-chymotrypsin of
three chains (13, 131 and 97 residues). Since methyl groups are found to play an important
role in the proton spin-lattice relaxation of these four solid proteins, work has also been
carried out on solid polyglycine and poly-L-proline, both of which contain no methyl groups,
and this enables the contribution of other molecular motions to be assessed.

Large biomolecules have many degrees of freedom and the many modes of molecular motion
are characterized by a wide range of frequencies each with its own temperature-dependence.
Measurements of the nuclear spin-lattice relaxation time T, are particularly responsive to
dynamic behaviour in the spectral range from 105 to 1010 Hz and yield information in this
range. We have recently extended investigations to the measurement of the proton dipolar
relaxation time TlD in solid proteins. This parameter is responsive to much slower motions
and gives information in the spectral range 1 to 10° Hz, enabling a wide range of dynamical
behaviour to be covered overall.
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MATERIALS

The o-chymotrypsin was supplied by Sigma from bovine pancreas, 3x crystallized and lyophilis-
ed, dialysed salt free (type II).

A high purity sample of solid bovine insulin was kindly provided by the Research Depart-
ment of the Boots Company, Nottingham. Assay by disc polyacrylamide gel electrophoresis show-
ed < 0.1% each of pro-insulin, arginine insulin, intermediate, mono- and di-desamidoinsulin;
pro-insulin by radioimmunoassay 3.6 * 0.6 ppm, high molecular weight impurity 0.33%; zinc
0.3%. The sample had been crystallized and dried in vacuo. It was stored at -20°C to mini-
mize formation of high-molecular weight impurity. A second sample of bovine pancreatic in-
sulin, obtained from Sigma, product no. 15500, gave results within experimental error the same
as the Boots sample.

The lysozyme was obtained from BDH, described as crystalline from egg white, 3x crystal-
lized, approximately 25000 units per mg. A sample of 'deuterated' lysozyme was also prepar-
ed by three recrystallizations from D20, replacing all exchangeable protons with deuterons.

The ribonuclease A was supplied by Sigma from bovine pancreas, 5x crystallized (type
1-A), protease-free and essentially salt-free.

The poly-L-proline was supplied in powder form by Sigma who confirmed that the material
was in poly-L-proline II form. Two samples were used: one, P-3886 had an average molecular
weight of 40000, and the other, P-2254, had an average molecular weight of 9000; these molec-
ular weights correspond to polymer chains of about 400 and 90 monomeric units respectively.
250 MHz high resolution proton NMR spectra in D20, kindly obtained by Dr. H. Booth, confirmed
the absence of methyl groups in both samples.

Polyglycine was supplied in powder form by Sigma (P-0254), average molecular weight 6000
(about 100 monomeric units).

In each case specimens of about 1 g were pumped for 24 hours at room temperature and seal-
ed off.

EXPERIMENTAL PROCEDURE

Measurements of the proton NMR spin-lattice relaxation time T, were made at frequencies wo/Zn
of 18, 30 and 60 MHz using a Bruker B-KR 322s variable-frequency pulsed NMR spectrometer in
conjunction with an AEI RS2 electromagnet and Datalab signal averaging facilities, over a
range of temperature from 10 K to 300 K, and in the case of polyglycine to 400 K. A
90°-1-90° or sat-1-90° pulse sequence was used. Recoveries of nuclear magnetization were
exponential within experimental error, and could therefore be characterized by a single relax-
ation time Tl' The accuracy of T1 values was typically 5 to 10%.

Measurements of the proton dipolar relaxation time Tjp were measured using the three-
pulse sequency of Jemeer and Brockaert (Ref. 14) namely 902 -t,-452 o—t2—45° o. The maximum
signal following the third (observation) pulse was found to follow a strictly exponential de-
cay within experimental error, whose time constant is TID; the accuracy of measured values
was about 5%. Measurements at 18 and 60 MHz were the same within experimental error.

RESULTS AND DISCUSSION: SOLID PROTEINS

Work was first carried out between 120 and 300 K and the results for solid a-chymotrypsin and
solid lysozyme are shown in Figs. 1 and 2 respectively. The temperature variation of the
proton spin-lattice relaxation time T1 exhibits minima characteristic of nuclear relaxation
effected by thermally activated molecular motions. However unlike the behaviour found earli-
er for solid monomeric amino acids (Refs. 15-17), the data in Figs.1l and 2 cannot be analyzed
in a consistent manner at all three frequencies on the assumption that the molecular motions
are characterized by a single correlation time T The curves are broad and shallow, and T1
is not independent of W at high temperatures nor proportional to w, at low temperatures as
predicted by the dipolar relaxation theory of Kubo and Tomita (Ref. 18) for motion character-
ized by a single correlation time. These features are typical of molecular motions charact-
erized by a distribution of correlation times Te and for large molecules such as proteins such
a conclusion is not unexpected. It should be noted however that measurements made at a single
NMR frequency over a restricted range of temperature can often be fitted to the Kubo-Tomita
theory using a single thermally-activated correlation time, and this underlines the importance
of making measurements at several measuring frequencies.

We have therefore analyzed the data in terms of the Kubo-Tomita relaxation equation ex-
tended in the manner suggested by Connor (Ref. 19) to cover a distribution of correlation
times:
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Fig. 1. The temperature dependence of T, in solid O-chymotrypsin between 120 and
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Fig. 2. The temperature dependence of T; in solid lysozyme between 120 and 300 K.
The full lines are theoretical curves calculated in the manner described in the text.

2 2 -1 22 -1
T1 =C [jw F(S)[Tc(l + wOTc) + 4Tc(1 + 4w°Tc) ]ds (1)

where C is the relaxation constant and F(S) is a normalized logarithmic distribution function
of the correlation times, with

S = ln(‘tc/‘tcm)_ . (2)

PAAC 54:3 - C
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We suppose that the median correlation time T01n follows a simple activation law:

T = TO n exp(EA/RT). (3)

The full lines in Figs. 1 and 2 are theoretical curves least-squares fitted to Equations
(1), (2) and (3), using the Nottingham University ICL 1906A computer, for a Gaussian or log-
normal distribution:

.

F& = @rh ! exp-s/8%, )

in which the distribution parameter B is temperature-dependent (Ref. 20):
2 2 2
= T)"™. (5)
B 60 + (BQ/R )

The same parameters C, To p, Ej, BO, BQ were used for the three frequencies; the RMS deviat-
ion of the points was 7.5%. Several other distribution functions F(S) were considered and in
particular the Fuoss-Kirkwood distribution (Ref. 21) and the Gaussiandistribution with temper-
ature-independent parameter B; for these two distributions a closely similar quality of fit
was obtained over this temperature range.

In order to discriminate between the three distributions F(S) which fitted the data sat-
isfactorily down to 120 K, experiments were extended to 10 K since the behaviour forecast by
the three distributions diverges strongly from each other at lower temperatures. Results for
solid lysozyme are shown in Fig. 3. Over this much wider range of relaxation times only the
lognormal distribution with temperature-dependent 8 gave a tolerable fit at all three frequen-
cies, with parameters given in Table 1, and shown as full lines in Fig. 3. It will be notic-
ed that the experimental points fall systematically below the theoretical curves below 50 K
and also above 250 K. The additional sources of relaxation responsible are discussed later.
In the computer fitting procedure experimental points outside the range 50 to 250 K have there-
fore not been included. :

Measurements of T; for solid insulin are shown in Fig. 4 together with computer-fitted
theoretical curves (Ref. 13). Qualitatively similar results have been obtained for solid Q-
chymotrypsin and solid ribonuclease A (Ref. 12). The average RMS deviation of the experi-
mental points from the theoretical lines for the four proteins is 17%, which is very satis-

factory considering that the values of T1 cover two decades.
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Fig. 3. The temperature dependence of T; in solid lysozyme between 10 and 300 K.
The full lines are theoretical curves calculated in the manner described in the text.
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Fig. 4. The temperature dependence of T; in solid insulin between 40 and 300 K.
Squares 60 MHz, triangles 30 MHz, circles 18 MHz. The full lines are theoretical
curves calculated in the manner described in the text.

TABLE 1. Relaxation parameters for solid proteins

Protein 9c -2 EA o9 TO m Bo BQ

(107 s ©) (kJ/mo1) (s) (kJ/mol)

0-Chymotrypsin 3.07 10.1 -11.9 [¢] 6.4
Insulin 1.97 13.5 -12.9 0.5 5.1
Lysozyme 1.81 12.6 -12.6 0o 5.6
Ribonuclease A 2.30 16.2 -13.6 0 8.0
Accuracy +0.2 1.5 + 0.6 +0.5 +0.6

The best values of C, T, p, Ep, Bo and By are given for all four proteins in Table 1.
The quoted estimates of accuracy were obtained by holding one parameter constant at a series
of fixed values in the vicinity of the optimum value and the other parameters were then var-
ied to minimize the RMS deviation. In this manner it was possible to explore the minimum
in the 5-parameter space.

We notice from Table 1 that the constant part By of the distribution parameter B is neg-
ligibly small, so that B is effectively given by the temperature-dependent part (BQ/RT).
Thus it appears that the distribution of correlation times arises essentially from a distri-
bution of activation energies; the range EA + BQ encompasses some 84% of the distribution,
since the error function I(1l) = 0.843.

We now consider the source of this spin-lattice relaxation. Previous work on amino
acids (Ref. 15-17), peptides (Ref. 22) and homopolypeptides (Ref. 23) in the solid state has
shown that an important source of proton spin-lattice relaxation arises from the hindered
rotation of methyl groups in the sidechains of the residues alanine, isoleucine, leucine,
methionine, threonine and valine. Several pieces of evidence support the view that this is
the case in the four solid proteins also. First we notice that the minimum value of T, at
60 MHz in all four occurs at about 180 K as in most of the related materials (Ref. 15-17,22,
23). Secondly the distributions of activation energies E, * Bo given in Table 1,for example
13.5 + 5.1 kJ/mol for solid insulin, 12.6 * 5.6 kJ/mol for solid lysozyme, are similar to
the range 14.5 * 8 kJ/mol found for the methyl groups in the solid amino acids (Ref. 16,17).
While we should not expect the hindrances to methyl reorientation to be the same in the pro-
tein as in the pure polycrystalline amino acid, nevertheless it is satisfactory that they are
not very different.
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Next we consider the strength of the relaxation process, given by the relaxation const-
ant C. If the reorientation of the methyl groups provided the only source of relaxation in
the solid protein, the whole assembly of protons being maintained at a common spin temperat-
ure by rapid spin diffusion, the relaxation constant would be given by

'—é
cr==c. (6)

where Cy is the relaxation constant for isolated methyl groups, and n is the number of protons
which the three methyl protons must, on average, relax. The relaxation constant C, for iso-
lated methyl groups is 8 x 10° s'2 (Ref. 17). In Table 2 the values of n, C' and C are giv-
en for the four solid proteins. From the ratios C'/C we see that methyl group reorientation
can account for 62 to 89% of the proton spin-lattice relaxation. This leaves 11 to 38% to be

accounted for by other sidechain motions, segmental motion, reptation and whole-body motions.

TABLE 2. Relaxation constants
. No. of No. of ¢ c ¢
Protein Protons Methyl n 9 -2 9 2 <
Groups (107 s 9) (107 s 9)

0o~Chymotrypsin 1752 149 11.8 2.03 3.07 0.66
Insulin 377 28 13.5 1.78 1.97 0.89
Lysozyme 956 61 15.7 1.53 1.81 0.84
Ribonuclease A 907 54 16.8 1.43 2.30 0.62

Data in columns 2 and 3 compiled from 'Atlas of Protein Sequence and Structure 1967-
1968' by M. O. Dayhoff and R. V. Eck, National Biomedical Research Foundation, Silver
Spring, USA (1968). :

It is to be seen from Fig. 2 that above 250 K the experimental values of Tl for solid
lysozyme fall below the extrapolated theoretical curves; on the other hand for the sample of
'deuterated' lysozyme they do not. This suggests that the additional proton relaxation above
250 K in ordinary lysozyme arises from motion of water molecules and side groups containing
exchangeable protons. Below 250 K the values of T1 for the 'deuterated' sample are about 10%
lower than for normal lysozyme, suggesting that about 10% of the protons in the sample were
exchanged.

Below 70 K the experimental values of Ty fall systematically below the theoretical curves
for all four solid proteins, as illustrated for solid lysozyme in Fig. 3 and for solid insulin
in Fig. 4. Here the correlation times for methyl group reorientation by excitation over hin-
dering barriers become too long for efficient relaxation and other motional processes evident-
ly become more important. One of these is the motion of groups with weaker dipolar interact-
ions, such as methylene and imino groups, brought about by sidechain and backbone motions.

We make further reference to these when discussing solid polyglycine in the next section. A
second class of relaxation processes, particularly important at low temperatures, are non-
classical processes such as phonon-assisted methyl group tunnelling and phonon-scattered
Raman processes (Ref. 24,25).

RESULTS AND DISCUSSION: HOMOPOLYPEPTIDES

The measured values of T; for the higher molecular weight sample of solid poly-L-proline for
the three measuring frequencies are displayed as a function of temperature in Fig. 5. Meas-
urements with the lower molecular weight sample gave values within experimental error the
same as for the higher molecular weight sample.

The T1 data for solid poly-L-proline between 50 and 300 K have been computer-fitted to
the extended Kubo-Tomita relaxation equation (1) in conjunction with Equations (2) to (5)
using the same procedures as for the solid proteins. The best values of the relaxation para-
meters are given in Table 3. The RMS deviation of the measured points from the theoretical
curves is 15%.

We note that the relaxation mechanism is quite strong for a polymer without methyl groups
or sidechains. The relaxation constant C has the value 0.96 x 109 s'2, about half of the
value for the solid proteins (Table 1) and about one-third of the values for solid poly-
alanine, polyleucine and polyvaline. The strength of the mechanism suggests a source of
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Fig. 5. The temperature dependence of T1 in solid poly-L-proline between 10 and
300 K. Squares 60 MHz, upright triangles 30 MHz, inverted triangles 18 MHz. The
full lines are theoretical curves calculated in the manner described in the text.

TABLE 3. Relaxation parameters for solid homopolypeptides

Material 9C -2 EA 1og Tom Bo BQ
(107 s %) (kd/mol) (s) (kJ/mol )
Poly-L-proline 0.96 + 0.1 11.7 £ 1.5 -13.2 + 1 2.2 £ 0.5 6.0 1
Polyglycine 0.10 + 0.03 7 + 1.5 -11 + 1 0 + 0.5 7 + 2

relaxation within each monomeric unit of the chain, a conclusion which is consistent with the
experimental finding that T1 is the same for poly-L-proline samples of different chain length.

The most likely source of relaxation is conformational motion of the proline ring for
which there is evidence from C relaxation of proline and proline peptides in solution (Ref.
26) and from broad-line proton studies in poly-L-proline (Ref. 27). Analysis of the contrib-
ution of ring puckering motions to the proton spin-lattice relaxation of poly-L-proline yields
a relaxation constant C close to the measured value (Ref. 28), and provides good support for
this identification of the molecular motions responsible for the observed proton relaxation
behaviour in this polymer.

In O-chymotrypsin there are nine proline residues, in insulin one, in lysozyme two and
in ribonuclease A four. Ring puckering motions, causing reorientation of proton pairs on
the ring, can therefore be expected to contribute to proton relaxation in proteins.

The behaviour of T; for solid polyglycine (Ref. 28) contrasts significantly with that
for poly-L-proline. The values of Ty are typically an order of magnitude longer and vary
less rapidly with temperature. Equation (1) has been computer-fitted to the data between 70
and 300 K and gives a reasonable fit (13% RMS deviation), yielding the parameters listed in
Table 3.

The relaxation constant C for solid polyglycine is about ten times smaller than that for
poly-L-proline, and about 25 times smaller than those for solid proteins (Table 1) and methyl-
containing homopolypeptides (Ref. 23), indicating a much weaker relaxation mechanism in solid
polyglycine. A wide distribution of correlation times is indicated by the spread of activat-
ion energies Ep * BQ =17 £ 7 kJ/mol . These facts may suggest that unlike poly-L-proline,
there is not a source of relaxation in each monomeric unit, and that the relaxation reflects
the motions of segments of the chain which modulate the dipolar interactions of the methylene
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and imino groups. Furthermore the rather large mean pre-exponential factor Tom (Table 3),

about forty times the value of h/kT at 250 K, suggests that the relaxation is generated by
motions which require a considerable degree of co-operation of the elements of the chain and
characterized by a substantial entropy of activation.
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Fig. 6. Comparison of the variation with temperature of T; for solid polyglycine
and solid ribonuclease between 10 and 300 K.

The constrast of relaxation behaviour between the solid proteins, typified by ribonucle-
ase, and solid polyglycine is illustrated by the relaxation times T, at 60 MHz in Fig. 6.
Between 50 and 300 K the methyl contributions dominate the relaxation process for solid ribo-
nuclease and at the temperature of the minimum of T; its value is 25 times shorter than that
for polyglycine. On the other hand below 50 K the main chain motions are most important for
both polymers and their relaxation times are more nearly equal.

RESULTS AND DISCUSSION: DIPOLAR RELAXATION

Experimental values of the proton dipolar relaxation time T1 for solid g-chymotrypsin between
40 and 300 K are shown in Fig. 7. Results for solid lysozyme and 'deuterated’
qualitatively similar to those of a-chymotrypsin. All display a minimum in T at about

90 K. Such minima reflect the optimum efficiency of relaxation of the dipolar reservoir by
some dynamical process; this efficiency is greatest when the correlation time T, character-

izing this process satisfies w T < 1, where w,2 = YH and H is the effective local dipolar
field Lc L L L

lysozyme are

While a rigorous theoretical description of the dependence of Tqp on T, has not yet been
given which spans both the weak collision regime (wLTc < 1) and the strong collision regime

(wLTc > 1), nevertheless an expression which reasonably bridges both regimes is the following
(Ref. 29-31):

-1 2 2 -1

T1D = CTc(l + wLTc) , 7

where C is the relaxation constant encountered in Equation (1). For molecular motion char-
acterized by a distribution of correlation times, we may generalize Equation (7) to

-1 2 2 -1
TlD =C fﬁw F(S)Tc(l + wLTc) ds (8)
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Fig. 7. The temperature dependence of the dipolar relaxation time T1D for solid
o-chymotrypsin between 40 and 300 K.

where S is defined in (2).

From Equation (7) we see that for a single correlation time T, the minimum value of Typ
should occur when w;T, = 1. For a distribution of correlation times symmetrical about T¢y ,
such as the Gaussian distribution of Equation (4), we see from (8) that the minimum value of

T1D should still occur close to

w T =1, 9)

Taking Equation (9) in conjunction with (3) and the data in Table 1 we predict that the mini-
mum in Tjp should occur close to 90 K for solid O-chymotrypsin and solid lysozyme as was
found experimentally. We may therefore confidently conclude that the Typ minimum is assoc-
iated with the same dynamic processes as the T; minima, predominantly methyl group reorient-
ation. However, whereas the median correlation time Top was of order 1079 s at 190 K, the
temperature of the T; minimum for 60 MHz, the processes are much slower at the T1D minimum at
90 K, with Top of the order 1075 s.

A comparison of Equations (1) and (8) shows that the minimum value of T should be very
much shorter than the minimum value of T1 for the same molecular motion and indeed this was
found to be the case experimentally. In Fig. 8 measured values of T,p are shown together
with those of T1 at the three measuring frequencies; at their respective minima T; is more
than two orders of magnitude longer than T1D'

Above 130 K the rise in Typ for o-chymotrypsin (Fig. 7) is arrested and levels off with
the constant value 3 ms, falling again above 260 K; a similar behaviour was found for 'deut-
erated' lysozyme. Other motions are evidently contributing to the dipolar relaxation here.
Since these motions have a substantially lower relaxation efficiency than the methyl group
reorientations responsible for the minimum at 90 K, and occur at a higher temperature, they may
tentatively be associated with more hindered backbone and sidechain motions.

With normal lysozyme a more continuous decrease in T;j was found above 180 K (Fig 8).
This suggests a significant dipolar relaxation contribution in this region from slow motions
associated with water molecules’and other groups with exchangeable protons. A small, but
reproducible, discontinuity in T1D was noted at 273 K (Fig. 8) and may be associated with
water in the structure.
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