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Proton magnetic relaxation and molecular motion in 
polycrystalline amino acids 

II. Alanine, isoleucine, leucine, methionine, 
norleucine, threonine and valine 

by E. R. ANDREW, W. S. HINSHAW, M. G. H U T C H I N S  
and R. O. I. SJOBLOM 

Department of Physics, University of Nottingham, University Park, 
Nottingham NG7 2RD, England 

and P. C. CANEPA 

Department of Physics and Astronomy, Universitv of Florida, 
Gainesville, Florida 32611, U.S.A. 

(Received 4 June 1976) 

A p ro ton  magne t ic  relaxation s tudy  has been  carr ied out  on a fu r the r  seven 
polycrystal l ine amino  acids f rom 130 to 500 K at 60.2 M H z ,  s u p p l e m e n t e d  by  
m e a s u r e m e n t s  of the  s p e c t r u m  down to 4 K on five of them.  T h e s e  amino  
acids all have one or two methy l  groups  in the i r  side chain,  and  exhibi t  two 
relaxat ion min ima .  Clear  evidence is given tha t  the relaxation m i n i m a  at 
lower t empera tu res  are a t t r ibu tab le  to reor ienta t ion  of the me thy l  groups,  
while those at h igher  t empera tu re s  are a t t r ibu tab le  to reor ienta t ion  of the  
- N H a  groups  in the  zwit ter ion conf igura t ion of the molecules.  Values of the 
relaxat ion constants ,  act ivat ion energies and  t ime factors which  best  charac-  
terize the  kinetics of bo th  mot ions  are tabula ted .  Effects of methy l  group 
tunne l l ing  are found  for me th ion ine  and  valine. 

1, INTRODUCTION 

In a preceding paper [1] (to be referred to as I) an account was given of the 
proton spin-lattice relaxation and molecular motion in the solid state for seven 
of the amino acids commonly encountered in proteins. In all seven the side 
group R in the molecule +HzN-CHR-COO- contained no molecular rotor, and 
the mechanism of relaxation was ascribed to reorientation of the -NH 3 group in 
the zwitterion structure. In this paper we consider a second group of seven 
amino acids, all of which include one or more methyl groups in the side chain R 
(see table 1), and all show evidence of independent relaxation through the - N H  a 
and -CH 3 groups, which are separately identified. 

2. EXPERIMENTAL DETAILS 

Four of the compounds, namely, alanine, isoleucine, threonine and valine, 
were in the L form, and the other three, leucine, methionine and norleucine, 
were in the DL form. The preparation of specimens and the details of the 
nuclear magnetic resonance measurements were described in I. Work was also 
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Proton relaxation in solid amino acids 797 

done on the partially deuterated species of L-alanine, +D3NCH(CHa)COO-.  
This species was prepared by repeated crystallization of alanine from D~O. 
The progress of deuteration was monitored by high resolution proton N.M.R. 

3. RESULTS AND ANALYSIS 

The  measured values of proton spin-lattice relaxation time T 1 are shown as a 
function of temperature in figures 1 to 4. All the measurements were made at 
60.2 M H z  except for L-valine, for which measurements were also made at 
38"8 MHz.  In  each of the figures the full line is a calculated theoretical line. 
Five of the amino acids exhibit two clearly resolved minima, while in the remain- 
ing two there is clear evidence of a second relaxation process effective at lower 
temperatures, although the second minimum was not reached. 

The  existence of two minima in the variation of T l with temperature suggests 
that the nuclear relaxation is generated by the random reorientation of two 
distinct molecular rotors within the solid. The  results have therefore been 
analysed using the following relaxation expression : 

T1-1 = E Ci[ri(1 + ~ + 4ri(1 + 4~ (1) 
l 

This is an extension of the well-known relaxation expression of Kubo and Tomita 
[2] to several independent relaxation processes, assuming no correlation or 
interference between them. In equation (1) ,~/27r is the N.M.R. frequency of 
measurement, and C i and r~ are the relaxation constants and correlation times 
of the random molecular motions responsible for spin-lattice relaxation. The 

LOg "1"1 
1"1 i n s  
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Figure 1. The variation of proton spin-lattice relaxation time Tt with inverse temperature 
T -1 for polycrystalline amino acids at 60'2 MHz. Curve 1 : L-alanine, curve 2 : 
DL-methionine. The full lines are theoretical curves calculated in the manner 
described in the text. 
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Figure 2. The variation of proton spin-lattice relaxation time T~ with inverse temperature 
T -I for polycrystalline amino acids at 60.2 MHz. Curve i : L-alanine-da, curve 2 : 
L-threonine. The full lines are theoretical curves calculated in the manner des- 
cribed in the text. Note that deuteration of the NH3 group in L-alanine has removed 
the high-temperature minimum (figure ! ). 
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Figure 3. The variation of proton spin-lattice relaxation time with inverse temperature 

T 1 for polycrystalline amino acids at 60.2 MHz. Curve 1 : DL-leucine, curve 2 : 
L-isoleucine, curve3 : DL-norcleucine. The full lines are theoretical curves cal- 
culated in the manner described in the text. 

analysis  fu r the r  a s sumed  that  the corre la t ion t ime  of each mo t ion  followed a 
s imple  act ivat ion law 

zi = z0~ exp E / k T .  (2) 

A c o m p u t e r  p r o g r a m m e  m i n i m i z e d  the r .m.s,  percentage  difference be tween  
observed  and  calculated values of 7'1 re f in ing  s imu l t aneous ly  the paramete rs  
charac ter iz ing  each of the two relaxat ion processes. T h e  best  values of C, % 
and  E for each process are listed in table 1 and  the full  l ines in f igures 1 and  4 
were calculated f rom equa t ions  (1) and  (2) us ing  these values. In  the case of 
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F i g u r e  4.  T h e  v a r i a t i o n  of  p r o t o n  s p i n - l a t t i c e  r e l a x a t i o n  t i m e  T~ with i m ' e r s e  t e m p e r a t u r e  
T -1 for polycrystalline L-valine. Curve 1: 60-2 XIHz, curve 2: 38-8 MHz. 
The full lines are theoretical curves calculated in the manner described in the text. 

L-valine the data at 60.2 and 38"8 M H z  were refined together and the two 
calculated theoretical curves are based on the same values of C, T o and E. 

For alanine, isoleucine, leucine, norleucine and threonine the agreement 
between the measurements  and the theoretical curves calculated on the assump- 
tion of two relaxation processes is excellent over the whole range. For methio- 
nine the agreement is very good over most of the range except in the vicinity of 
the maximum of T 1 at 240 K, where the experimental points fall below the 
calculated curve. This  may suggest a third, weaker, relaxation mechanism 
effective here, the possibility of which is discussed later. T h e  points around 
the maximum were therefore not included in the final computer  fitting. For 
valine there is good general agreement over the whole range for both measuring 
frequencies, but  the detailed agreement is not quite as good as in the other cases, 
particularly below 350 K, the r.m.s, deviation (table 1) being about twice that 
of other compounds.  Here too the simple assumption of just two independent  
relaxation processes requires examination. We note from equation (1) that at 
higher temperatures,  where to2r~2~ 1, the relaxation time is proportional  to 
%-1 and is independent  of frequency,  and we see for valine (figure 4) that on 
the high temperature  side of each min imum the curves and sets of measurements 
for the two frequencies come together. On the other hand at lower temperatures,  
where oJ~ri2>> 1, T 1 is proportional to oJz2i, also in agreement with experiment  ; 
fur thermore,  the value of the relaxation time at each minimum, T 1 ,nin, is 
proportional  to frequency,  in agreement with (1). 

The  two motional processes responsible for relaxation also manifest them- 
selves in the narrowing of the N.M.R.  spectra with increasing temperature.  
The  second moment  of the proton magnetic resonance spectra is shown as a 
function of temperature  for two of this group of amino acids in figures 5 and 6, 
and is seen to fall in two successive steps as the frequency af the motion of each 
process becomes comparable with the spectral width. Plateau values of the 
second moment ,  accuracy about 5 per cent, are listed in table 2. 

Also shown in table 2 are computed theoretical values of second moment  
of the spectrum calculated using the well-known expression of Van Vleck [3] 
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Figure 5. 

Figure 6. 
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The variation of second moment .1,I a of the proton magnetic resonance spectrum 
with temperature T for polycrystalline L-threonine. 
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The variation of second moment M2 of the proton magnetic resonance spectrum 
with temperature T for polycrystalline L-valine, 

Amino acid 

Calculated M2/G" 
Measured plateau CHs CHa and T. 

values/G = Rigid Rot NHa Rot CHa NHa 

Isoleucine 
Leucine 
Methionine 
Threonine 
Valine 

30 
26 
21 
27'5 
26 

20 11 32.1 20"8 13.8 
18'5 8 31"2 20"7 13'7 100 

27.4 21'9 13.8 
20 11 '5 28"3 21 "2 11 "0 90 
17 11 33.0 20"0 11 "7 100 

(all) 
26"5 

(A only) 
26"2 

(B only) 

265 
290 
230 
210 
240 

Table 2. Plateau values of second moment M.o. 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
j
o
b
l
o
m
,
 
R
o
l
f
]
 
A
t
:
 
2
1
:
5
5
 
1
9
 
N
o
v
e
m
b
e
r
 
2
0
1
0



Proton relaxation in solid amino acids 801 

References 

L-alanine [13, 16] 
L-isoleucine [17] 
DL-leucine [18] 
DL- and L-methionine [19, 20] 
L-norleucine [20] 
L-threonine [21 ] 
L-valine [15 ] 

Table 3. X-ray and neutron-diffraction references. 

and the procedure of Sj6blom [4]. For this purpose the proton coordinates in 
the crystal lattice were projected from the X-ray diffraction data (table 3) 
assuming tetrahedral angles and C-H and N-H bond lengths of 1.10 A and 
1.04 A respectively [5, 6]. We expect the dipolar averaging due to molecular 
reorientation to narrow the spectrum when rl is the same order as (2rr3v) -1, 
where 8 v is the linewidth [7]. The spectra are of the order 10 G wide, and using 
equation (2) for ~r; together with the values of E and r o from table 1 the tempera- 
tures T n at which the spectra may be expected to narrow have been calculated 
and are given in table 2. 

When comparing the values of activation energy E in table 1, where it is 
possible, with those of other workers, it has to be borne in mind that our data 
have been fitted over the whole range of temperature. Other workers have 
generally based their values on the limiting slope of the graph which plots In T 1 
against T - l ;  as equations (1) and (2) show, this gives E from a linear plot 
provided oJ%-2,~ 1 or >> 1. This method tends to give lower values of E, since 
the data may not be sufficiently far from the minimum to meet the requirements 
of the inequalities strongly enough, and since long values of T1 are stressed in 
the evaluation and these are more affected by secondary relaxation processes. 
Thus for the high temperature process our values of E from table 1 for alanine 
is 39 kJ/mole compared with 35 kJ/mole from Zaripov [8]. For DL-norleucine 
the respective values are 42 and 38 kJ/mole. Goren and Knispel [9] obtained 
the value 44 kJ/mole for L-isoleucine from the slope on the low temperature 
side of the high temperature minimum, in good agreement with our value of 
45 kJ/mole, but for L-isoleucine their value of 29 kJ/mole is significantly less 
than our value of 45 kJ/mole based on the whole curve. 

For L-alanine comparison may be made between our results on the normal 
compound and on the deuterated version +DaNCH(CH3)COO- for which the 
high temperature proton relaxation process is effectively suppressed (figures 1 
and 2), isolating the low temperature process for more direct evaluation. As 
table 1 shows, the values of E for the normal and deuterated species were 22.4 
and 22.5 kJ/mole, agreeing very well within the estimated uncertainty of + 1 
kJ/mole, and implying that deuteration, as expected, had little affected the 
constraints imposed on the methyl groups. 

Some evidence of non-exponential recovery of magnetization was noted in 
the case of L-alanine, dependent on the particular pulse sequence used. Such 
non-exponential behaviour has been noticed by other workers for triangular 
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802 E . R .  Andrew et al. 

rotor systems and has been explained in terms of the correlated motion of the 
three-spin system and the coupling between the nuclear magnetization and the 
rotational polarization [10, 11]. 

4. DiscussiON 

X-ray and neutron-diffract ion investigations, listed in table 3, give strong 
evidence that these seven amino acids are in the zwitterion form in the crystalline 
state. In the first group of seven amino acids discussed in I it was concluded 
that reorientation of the - N H  3 group provided the main relaxation mechanism, 
and we may therefore expect that this motion will provide one important  relaxa- 
tion mechanism for this second group of seven also. This  second group also 
all exhibit a second relaxation mechanism. Since this group of amino acids all 
include one or more methyl groups in the side chain (table 1), whereas those in 
I did not, we may expect that reorientation of the - C H  a groups provides the 
second relaxation mechanism. We next have to decide which molecular rotor 
is responsible for the low temperature  relaxation process and which is responsible 
for that at high temperatures.  

Since the - N H  3 groups participate in hydrogen bonds which have an 
important  role in the structure and cohesion of the crystal, whereas the - C H  3 
groups do not, we may expect the methyl groups to be more free to rotate and 
to be responsible for the lower temperature  relaxation processes. This  is 
reinforced by the observation for alanine and threonine, which both have one 
- N H s  group and one - C H  s group that the value of T1 ,,,in for the lower tempera-  
ture minimum is significantly higher than that for the higher temperature  
minimum. An explanation of this observation is to be found in the fact that 
the C - H  bond length is some 5 per cent longer than the N - H  bond length, and 
its dipolar interaction is correspondingly weaker. Moreover,  in I it was found 
for - N H  3 reorientation that C -1, where C is the relaxation constant in equation 
(1), is proportional to n, the number  of protons in the amino acid molecule, with 
nC close to 30 x 109 s -2. For all the seven amino acids in this paper the values 
of the product  nC for the higher temperature  relaxation process (table 1) fall 
in the range 27 to 31 x 109 s -2. For the lower temperature  relaxation process 
the values of the product  nC fall outside this range. Thus  for alanine and threo- 
nine, which have one methyl group, the nC values for the low temperature  
process are 24 and 22 x 109 s .2 respectively. Finally the most cogent evidence 
of all is f rom the comparison of the spin-lattice relaxation in L-alanine and in 
L-alanine-d~ ( + D 3 N C H ( C H 3 ) C O O ) ,  figures 1 and 2 ; deuteration of the N H  3 
group has removed the high temperature  minimum. 

Having identified the higher temperature  relaxation mechanism with the 
- N H  3 group reorientation and the lower temperature  mechanism with methyl 
group reorientation we now turn to a more detailed examination of each amino 
acid in turn, starting with L-alanine. Th e  ratio of the relaxation constants C 
for the - N H  3 and - C H  a groups is 1.24 + 0.05 (table 1 ). If we neglect the smaller 
contributions to relaxation arising from modulation of the weaker dipolar 
interactions between protons in one rotor and remoter  protons external to the 
rotor, we may ascribe the ratio 1.24 to the stronger dipolar interactions between 
the protons in the N H  3 group compared with those in the CH 3 group. For three 
protons at the vertices of an equilateral triangle of side b, the values of C for 
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Proton relaxation in solid amino acids 803 

magnetic dipolar relaxation is given by [12] 

C--- 97ah2 
20b6. (3) 

The neutron-diffraction investigation of L-alanine by Lehmann et al. [13] 
shows that the protons in the CHa group are equilateral within experimental 
error with a mean separation of 1.755 +0.005 ,~.. For the NH a group the 
proton separations differ slightly on account of hydrogen bonding, but the 
differences are less than 1 per cent, the mean separation being 1.686 + 0.007 A. 
The ratio of relaxation constants expected from equation (3) is therefore 1.27 _+ 
0.03, in satisfactory agreement with the observed ratio of 1-24 + 0.05, and further 
supports the correct identification of the two relaxation processes. 

Threonine, like alanine, has one -NH a group and one -CH s group, and the 
ratio of relaxation constants (table 1) in this case is 1-40+ 0.05. Making the 
same assumptions as for alanine, use of equation (3) gives a ratio of effective 
mean inter-proton distances of 1-057 in the two groups. Comparison with 
directly measured distances must await a neutron-diffraction investigation. 
However, taken with a C-H bond length of 1.10 .~ the ratio leads to a mean N-H 
bond length of 1.04 A, close to the mean value found in other amino acids [6]. 
The three observed plateau values of second moment (table 2) are in very 
satisfactory agreement with the calculated values for a rigid molecular array, 
for rapid CH 3 reorientation, and for rapid reorientation of both -CH 3 and - N H  a 
groups, respectively. The temperatures T n at which the spectrum is expected 
to be narrowed by these two motional processes (table 2) are also in excellent 
agreement with observation (figure 5). 

Norleucine also has a single methyl group in its side chain R. The ratio of 
relaxation constants (table 1) for the two groups is 1.30+ 0-05 (cf. 1.24 for 
alanine and 1.40 for threonine), and corresponds to a ratio of effective mean 
inter-proton distances of 1"045 in the two groups. 

The only other amino acid in this group with a single methyl in the side 
chain is methionine, where it is connected to the rest of the molecule by a sulphur 
atom. The distinctive feature of the relaxation hehaviour for this solid is the 
unusually low value 6.7 kJ/mole of E for the low temperature relaxation process 
(table 1), reflecting the larger distances between the methyl group and its 
neighbours. As a consequence we were not able to reach the low temperature 
minimum (figure 1) with the cryostat available for relaxation measurements, 
but from the parameters which best fit the relaxation data a minimum is predicted 
at about 88 K. For a hindered rotor in its lowest torsional oscillator state in a 
three-fold sinusoidal potential well, the tunnelling rate exceeds 105 Hz when 
the height of the barrier is less than 12 kJ/mole [14]. Though the potential 
barrier best describing the constraints under which the methyl group moves in 
solid methionine may not be precisely sinusoidal, the activation energy E is 
sufficiently low that we must expect that the proton N.M.R. spectrum will be 
narrowed by methyl group tunnelling even at the lowest temperatures. The 
low temperature plateau value of second moment (table 2) is in fact much lower 
than the calculated rigid-lattice value, but is in good agreement with that cal- 
culated for fast methyl group reorientation. The spectrum narrows further 
around the temperature T,~ predicted for the effect of -NH a group reorientation 
(table 2). After falling to 14 G z, the value predicted for combined fast -CH a 
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804 E .R.  Andrew et al. 

and - N H  s group reorientation, the experimental second moment continues to 
decrease, though more slowly, reaching 5 G 2 at 480 K. The additional form 
of motion responsible for this further narrowing may also be responsible for the 
deviations of T1, in the vicinity of the maximum at 240 K, from the best cal- 
culated curve based on equation (1) with just two relaxation processes (figure 1). 
Possible candidates are reorientational motion of the side group R or of the whole 
molecule. 

We now turn to the two isomers of norleucine, namely, leucine and iso- 
leucine, both of which have branched side chains R containing two methyl 
groups. We note from table 1 that while the activation energies for the -NH3 
group motion for the three isomers are significantly different, the values for the 
methyl group motion are the same within experimental error. 

Since the relaxation data for leucine (figure 3) are well accounted for by 
just two relaxation processes, it seems that the correlation times associated with 
reorientation of the two methyl groups in the molecule are closely the same and 
that their environments impose closely similar constraints. Since the ratios of 
relaxation constants for - N H  3 and -CH z groups for alanine, threonine and 
norleucine, all of which have just one methyl group, are 1.24, 1.40, 1.30 res- 
pectively, one might expect that for leucine with two similar methyl groups this 
ratio would be halved to the order of 0-66 + 0"04. In fact the observed ratio 
(table 1) is 0.81, and the two methyl groups are evidently somewhat less than 
twice as effective in relaxation in leucine compared with the single methyl 
group in the other three amino acids. 

The theoretical rigid-lattice second moment for leucine is significantly 
higher than the highest values recorded at temperatures down to 4 K (table 2). 
Perhaps a clue to these two small discrepancies is to be found by noting that the 
activation energy for methyl group reorientation in leucine is 13.2kJ/mole 
(table 1). For a three-fold sinusoidal barrier whose height is 13-2kJ/mole 
above the lowest torsional state, the tunnelling frequency in that state is 10 kHz 
[14]. The width of the proton spectrum, defined as the interval between 
derivative turning points, is 35 kHz below 100 K. Thus the tunnelling 
frequency, though less than the linewidth, is nevertheless comparable with it, 
and tunnelling effects may be sufficient to account for the small difference 
between the theoretical and observed second moments, and for the small reduc- 
tion in relaxation efficiency. The predicted values of T,~ are in satisfactory 
agreement with observation. Above 290 K the observed second moment falls 
to 10G 2at 340 K and then slowly to 6-5G 2at 5 0 0 K ;  t h e ' p l a t e a u '  value of 
8 G z in table 2 represents an average over this range. Additional motion, 
perhaps of the side chain, is evidently contributing in this range. 

The low temperature relaxation minimum of isoleucine was not completed. 
Extrapolation, using plausible values of the relaxation parameters, suggests a 
minimum in the vicinity of 160 K. The three calculated values of second 
moment are in tolerable agreement with the three observed plateau values (table 
2), though all about 2 G 2 higher. More reliable values of the theoretical 
second moment must await a neutron-diffraction determination of hydrogen 
positions in the crystal. The predicted line-narrowing temperature T, agrees 
well with observation. 

Finally we turn to valine which has some interesting features. The observed 
second moment below 80 K, based on good spectra, has the constant value 
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26 + 1 G 2 (figure 4), much less than the calculated value for a rigid array, 33.0 G ~ 
(table 2), and yet much more than the calculated value for all methyl groups 
rapidly reorienting, 20.0 G 2. The crystal structure [15] shows an asymmetric 
unit with two crystallographically independent molecules with different molecular 
conformations. We have therefore also calculated the second moment on the 
assumption that only the methyl groups in one molecule are reorienting, obtaining 
the values 26.5 G 2 (methyls in molecule A rotating) and 26-2 G ~ (methyls in 
molecule B rotating). These two values are very close to the measured value, 
and we draw the provisional conclusion that the low temperature second moment 
is less than the rigid-lattice value because two of the four methyl groups in the 
asymmetric unit are undergoing fast tunnelling. 

If the low temperature relaxation minimum for valine is generated by two 
methyl groups in the asymmetric unit, and the high temperature minimum by 
two - N H  a groups, we might expect a ratio of relaxation constants in the region 
1.2 to 1.4 as found in alanine, threonine and norleucine ; in fact it is 1.02 (table 1). 
The greater efficiency of the methyl rotors in this compound may perhaps be 
attributed to the modulation of the inter-methyl dipolar interaction, since both 
methyl groups in the molecule are attached to the same carbon atom and therefore 
in close proximity. 

Support for this interpretation comes from the observation of Zaripov [8] 
of an additional relaxation minimum about 90 K, which may be attributed to 
the less hindered methyl groups. An unexpected feature of this lower minimum 
is that the value of T 1 rain is 2"2 times higher. Zaripov attributed this difference 
to longer inter-proton distances in the two methyl groups responsible for the 
lower temperature minimum ; they would however need to be about 14 per cent 
longer which seems rather unlikely. One alternative explanation is that the 
lower temperature minimum found by Zaripov is due to only one of the tunnelling 
methyl groups, and that one needs to go to still lower temperatures to find the 
effects of the fourth methyl group ; the four methyl groups in the asymmetric 
unit do after all have different crystallographic environments. Another alterna- 
tive explanation is that the" lower minimum is indeed due to the two tunnelling 
methyl groups, but that tunnelling reduces their relaxation efficiency; there 
was some evidence of this in leucine. We should note too that since there are 
two molecules with different conformations in the asymmetric unit it is not 
unexpected that the relaxation data in figure 4 are fitted less well than for the 
other amino acids with just two independent relaxation processes. Finally it 
will be seen that the predicted values of T n (table 2) for spectral narrowing are 
in very good agreement with observation (figure 6). 

Further discussion of the relative values of E and T O is deferred to paper I I I 
where a comparison is made for all the amino acids studied. We note however 
that for the methyl rotors values of E fall in the range 6.7 to 22-5 kJ/mole, while 
for the hydrogen-bonded -NH 3 groups the values of E fall in the higher range 
32.5 to 51-7 kJ/mole. 

The measurements of proton magnetic resonance spectra described in this 
paper were carried out at the University of Florida during the tenure of E.R.A. 
as Visiting Professor of Physics. We are most grateful to Professor T. A. Scott 
for providing facilities for this part of the work. 
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