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The crystal structures of L-methionine and L-norleucine have been determined by X-ray diffraction 
methods. L-Methionine crystallizes in the space group P21, Z--4, with lattice constants a=  9.498, b= 
5.189, c= 15.318, fl=97"69 ° and L-norleucine in C2, Z=4 ,  a=9.550, b=5.260, c= 15.377, fl=95"60 °. 
Intensities were measured on a four-circle diffractometer. The full-matrix least-squares refinement of 
the structure yielded the final R values 0-09 and 0-06 for L-methionine and L-norleucine respectively. The 
crystal of L-methionine contains two crystallographically independent molecules A and B having dif- 
ferent conformations; side-chain conformations at a-fl, fl-y and y-~ bonds are all trans in A while they 
are trans (to the amino group), gauche, gauche in B. The crystal of L-norleucine, on the other hand, 
contains the molecules having one and the same kind of conformation which corresponds to that of the 
A molecule in L-methionine. In both crystals, the molecules are held together mainly by hydrogen bonds 
to form a double-layer structure. The side chains in L-norleucine crystal are packed together in a manner 
resembling that of the TI[ packing type in long chain hydrocarbons, while in L-methionine crystal a 
tendency to pack in the O.L type is clearly shown. 

Introduction 

In our preceding papers (Torii & Iitaka, 1970; Torii & 
Iitaka, 1971) we showed that the crystal structures of 
L-~-amino acids having hydrocarbon side chains are 
characterized by hydrogen-bonded double layers of 
molecules stacked in such a way that their terminal 
groups of the side chains face each other. Crystal data 
for L-methionine and L-norleucine indicated that these 
crystals also contain hydrogen-bonded double layers. 
However, the space group of L-norleucine is different 
from that of L-methionine and it was expected that the 
side chains of the L-methionine molecules are packed 
in a manner resembling the O_L packing of the long 
chain hydrocarbons while those of the L-norleucine 
molecules are packed in a TI] type. We therefore under- 
took the crystal structure analyses of both crystals to 
see how the side chains are folded and accommodated 
in the particular packing of the crystal. 

Experimental 

The crystals of L-methionine, in the form of thin 
elongated plates, were obtained by evaporation of 
ethanol-water solutions at room temperature. L-Nor- 
leucine was crystallized as thin elongated plates from a 
warm saturated aqueous solution by slow cooling. The 
space groups were determined by the precession photo- 
graphs and the densities of the crystals were measured 
by the flotation method using benzene-carbon tetra- 
chloride mixture. The crystal data are listed in Table 1. 

The crystal of methionine used for collecting the 
intensity data was about 0.15 x 0.60 x 0.04 mm in size 
and that of norleucine was about 0-20 x 0.50 x 0.03 mm. 
The lattice constants and the intensity data were meas- 
ured on a Rigaku four-circle diffractometer using Ni- 
filtered Cu Kc~ radiation. The intensities were measured 

Table 1. Crystal data 
L-Methionine L-Norleucine 
C5Hll NO2S C6HI3NO2 

M.W. 149.2 131.2 
a (A) 9.498 (5) 9-550 (5) 
b 5.189 (5) 5.260 (5) 
c 15.318 (5) 15-377 (5) 
fl (°) 97.69 (10) 95.60 (5) 
Space group P2z c2 
Z 4 4 
D~ (gcm -3) 1.325 1-134 
Dm 1"316 1"136 

by an o3-20 scan method; a scan speed of 4 ° 20 per min 
was chosen for methionine and 2 ° 20 per min for nor- 
leucine. The intensities were corrected for Lorentz and 
polarization factors and each intensity set was placed 
on an approximately absolute scale by Wilson's 
method. The total numbers of the observed structure 
factors above 3o- level were 1010 out of 1441 possible 
reflexions (0__ 65 °) for L-methionine and 581 out of 776 
possible reflexions for L-norleucine. 

Determination and refinement of the structures 

The structure of L-methionine was determined on the 
basis of that of L-isoleucine (Torii & litaka, 1971). 
Both of L-methionine and L-isoleucine belong to the 
same space group and have similar lattice constants. 
Therefore the fractional coordinates of all atoms ex- 
cept y, e carbon and 6 sulphur of the two crystallo- 
graphically independent L-methionine molecules were 
assumed to be the same as those in L-isoleucine. Cal- 
culated structure factors for these trial coordinates gave 
an R value of 0.40. A subsequent three-dimensional 
Fourier synthesis phased by the trial model revealed the 
positions of the remaining four carbon and two sulphur 
atoms of the two molecules, 
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Table 2 (cont.) 

x y z B B o n d e d  to 
H ( l ) a  0"340 (10) - 0 " 2 0 1  (22) 0"490 (6) 4 (2) N(1)A 
H(2)a  0"426 (10) - 0 " 2 7 8  (20) 0"429 (6) 2 (2) N(1)a  
H(3)a 0"306 (10) -0"332 (19) 0"406 (6) 2 (2) N(l)a 
H(4)a  0"422 (14) 0"104 (34) 0"393 (8) 7 (4) C(2)a 
H(5)a 0.438 (11) -0.161 (24) 0.286 (7) 6 (3) C(3)a 
H(6)a  0"251 (13) - 0 " 1 6 3  (30) 0"266 (8) 8 (3) C(3)a 
H(7)a 0"424 (17) 0"216 (34) 0-238 (9) 16 (4) C(4)a 
H(8)a  0.304 (16) 0 .362 (32) 0.223 (9) 10 (4) C(4)a 
H(9)n 0.893 (10) 0.395 (24) 0.462 (7) 6 (2) N(1)n 
H(10)n 0.968 (15) 0.389 (32) 0.387 (9) 12 (4) N ( l ) n  
H ( l l ) n  0.805 (13) 0 .272 (28) 0 .392 (8) 7 (3) N ( l ) n  
H(12)n 0.907 (10) 0.788 (21) 0.362 (6) 3 (2) C(2)~ 
H(13)n 0"708 (11) 0"433 (27) 0"258 (7) 7 (3) C(3)n 
H(14)n 0.886 (12) 0.408 (26) 0.230 (7) 8 (3) C(3)~ 

The atomic coordinates  and thermal parameters for 
all atoms were refined by full-matrix least-squares 
calculations including anisotropic thermal parameters.  
The fo l lowing weighting scheme was adopted; 

] / w = F o / ( 1 . 3  x 15.0) when Fo < 15-0 
V w =  1/1.3 when 1 5 . 0 < F o < 2 6 . 0  
l / w =  1 / [1"3+0 .0351(Fo-26 .0 ) ]  when 26"0<Fo .  

A t  t h i s  s t a g e  a d i f f e r e n c e  F o u r i e r  m a p  w a s  c a l c u l a t e d  
using these refined parameters,  which revealed the 
posit ions of  14 hydrogen atoms out of  22 in all. The 
positional parameters and isotropic temperature fac- 
tors for the hydrogen atoms were refined by the full- 
matrix least-squares calculations ( O R F L S  program, 
Busing, Martin & Levy, 1962). The R value was reduced 
t o  0 . 0 8 9  f o r  o b s e r v e d  s t r u c t u r e  f a c t o r s .  T h e  f i n a l  a t o m i c  
parameters are listed in Table 2 along with their esti- 
mated standard deviations. The observed and calcula- 
ted structure factors are compared in Table 3. 

Table 3. Observed  and calculated s tructure fac to r s  
o f  L - m e t h i o n i n e  

. . . .  ~ ' ' ; :  ' ;  ";*"I* ' : B ~: " ? '  2 ; & .  % *' . ~ . , . ' .  I . ' . ' ,  ; 2 . ° .  ! j , 0 .  ° . , . !  ; ; ~ • , , • ° ,L , ,  

.!.°' '~ +>; r r! !,; ~ !i~ ii ~:i :~ ~ i ! i*i ! J.:. i .i:.+ ! .L':I'~ .!),ii .i,.~.,i "i"i"i 

~,~ ,i !~i ~ i ~ i i ,~ ,~ i !~ ,,": .~:~, ! .i,.~. ~ J,.~,i -i.i. i f'i i -i.,',! .! 5 ii 7~'i "i":,"i 
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Table 4 (cont.) 
x y .  z B Bonded to 

H(1)s 0-621 (5) - 0 - 1 9 5  (10) 0-487 (3) 4 (1) N(1)N 
H(2)N 0"719 (8) --0"307 (16) 0-410 (4) 8 (2) N(1)s  
H(3)N 0.580 (7) --0.347 (16) 0.389 (4) 6 (2) N(1)N 
H(4)N 0"687 (7) 0"117 (14) 0"388 (4) 4 (1) C(2)N 
H(5)N 0"680 (12) --0"155 (26) 0"256 (7) 13 (3) C(3)N 
H(6)N 0"532 (6) --0"143 (11) 0"250 (4) 4 (1) C(3)r¢ 

Crystal data of L-norleucine show that there is only 
one molecule per asymmetric unit. In L-methionine the 
two crystallographically independent molecules would 
form a pseudo-C-centered lattice if the side chains were 
disregarded. It was therefore assumed that the crystal 
structure of L-norleucine is such that the B or A mol- 
ecules in L-methionine crystal are replaced by the A 
or B molecules. On the basis of the atomic parameters 
given in L-methionine, we obtained the trial coordinates 
of all atoms except 7, 6 and e carbon atoms. A three- 
dimensional electron density map, based on these 
trial coordinates, revealed three carbon atoms at 7, 
and e positions. 

Refinement of the atomic parameters was carried 
out by the full-matrix least-squares method, including 
anisotropic thermal parameters. The following weight- 
ing scheme was adopted; 

l /w= 1/2"7 when Fo <40-0 
l/w = 1/[2.7 + 0.080(Fo- 40.0)] when 40.0 < Fo. 

A diffeience Fourier map showed the positions of six 
hydrogen atoms out of thirteen in all. The positional 
parameters and isotropic temperature factors for the 
hydrogen atoms were refined by the full-matrix least- 
squares calculations. The R value was reduced to 
0.057. The final atomic parameters and standard devi- 
ations are shown in Table 4, and observed and cal- 
culated structure factors are given in Table 5. Atomic 
scattering factors used in the present analysis were 
those given by Berghuis, Haanappel, Potters, Loop- 
stra, MacGillavry & Veenendaal (1955). 

Discussion of the structures 

Molecular structures 
Figs. 1 and 2 show the conformations of the L-meth- 

ionine and L-norleucine molecules respectively. These 
and Figs. 5 and 6 were drawn by the plotter program 
ORTEP (Johnson, 1965). The bond lengths and angles 
of the methionine and norleucine molecules are listed 
in Tables 6 and 7 respectively. In these Tables the 
corrected bond lengths for thermal motion by the pro- 
gram ORFFE (Busing, Martin & Levy, 1964) are also 
given. The methionine crystal involves two independent 
molecules, A and B. Except for the C~-S ~ and So-C ~ 
bonds, differences of the corresponding bond lengths 
in A and B are smaller than 0"860"diff .. (p  = 0.39), where 
O'diff" is the sum of the squares of the standard devia- 
tions of  the corresponding bond lengths in A and B. It 
seems that they are not significant. In the cases of  
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Table 5. Observed and calculated structure 
factors of L-norleucine 
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Table 7. Bond lengths and angles in norleucine 
molecules* 

L-Norleucine corr.t  DL-Norleucine 
O(1)-C(l)  1-247 (5)/~ 1-20 (4)/~, 
O(2)-C(1) 1.240 (7) 1"26 
C(1)-C(2) 1.541 (7) 1.49 
C(2)-C(3) 1.487 (9) 1.513/~ 1.58 
C(3)-C(4) 1"546 (14) 1-596 1.51 

"i":" ! i'i 'i .!,.:, ! "i,.f,! "i":' ; +.:, ; -i,.1, i .!..'. ~ "i',:',i .;,.:. ¢ .;,,:. i ZiY,! -',.:,,i :!::r::i C(4)-C(5) 
:i::::::i "i":~':]-~;,.~,:J "i",i',] [[)!i'i :i::i:i-i,.'i. i-':.'i,'i i![ :'. i -i,. i, i i![.il,i .!,.!,,! :i::i::! "i"i"] C(5)-C(6) 
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. : , ,  t ,  I . '.,, ?, | " ; ' "  . '  ; 2 .  ' ,  ~ " ; " , , '  ,~ : ', ; " ; " , ¢  ,; . : , .  t, : . : , .  :, : " ; "  ; '  I " ; "  : '  ' :  . '.,. ' ,  d " ; "  , '  ' ;  

• . . . .  , , , • , . . . . . . .  , . . . .  , .  , , . , ,  , • , , • • , 

C~-S ~ and S~-C ~ bonds, the difference is nearly equal 
to 2adifr.. The reason for the difference is not clear but 
it seems that this is partly due to the large anisotropic 
thermal vibrations of the terminal atoms. The average 
values of the other bond lengths are 1.526, 1.476 and 
1.250 A for the C-C, C-N and C-O bonds respectively, 
and they agree with those derived from a weighted 
average of amino acid structures (Marsh & Donohue, 
1967) within experimental error. In the bond lengths 
in norleucine, Cr-C ~ (corrected for thermal motion) is 
a little shorter than the expected length of C-C single 

C(1)-C(2)-C(3) 
N(1)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 

State of rotation 
about C(2)-C(3) 
about C(3)-C(4) 
about C(4)-C(5) 

Reference 

1.426 (18) 1.479 1.57 
1.552 (26) 1.584 1.48 
1.481 (8) 1.50 

125-0 (0.5) ° 122 (5) ° 
116.9 (0.4) 118 
118"0 (0"5) 120 
108"6 (0"4) 109 
112"8 (0"5) 112 
110.4 (0-5) 110 
112"2 (0"7) 114 
113"8 (1"0) 110 
109"9 (1"3) 120 

C(4) is trans to" N(1) C(1) 
trans trans 
trans n'ans 

(1) (2) 

* Standard deviations are shown in parentheses denoting 
the least significant digits of the corresponding values. 

I" The corrected bond length for thermal motion by the 
program ORFFE (Busing, Martin & Levy, 1964), postulating 
that C(i+ 1) 'rides' upon C(i) ( i= 1, 2, 3, 4). 

References: (1) Present work. (2) Mathieson (1953). 

Table 6. Bond lengths (A) and angles (°) in methionine molecules* 

(A) 
O(1)-C(1) 1.254 (13) 
O(2)-C(1) 1.230 (18) 
C(1)-C(2) 1.547 (15) 
C(2)-C(3) 1-525 (17) 1.536 
C(3)-C(4) 1"511 (22) 1"535 
C(4)-S(1) 1-832 (15) 1.863 
S(1)-C(5) 1-805 (27) 1.810 
C(2)-N(1) 1"485 (I 8) 

O(1)-C(1)-O(2) 125.7 (1.1) 
O(1)-C(1)-C(2) 116.7 (i-0) 
O(2)-C(1)-C(2) 117.6 (1.0) 
C(1)-C(2)-N(I)  109.3 (0-9) 
C(1)-C(2)-C(3) 112.3 (1-0) 
N(1)-C(2)-C(3) 110"8 (l '0) 
C(2) -C(3) -C(4)  111.1 (1.1) 
C(3)-C(4)-S(1) 107.3 (1-0) 
C(4)-S(1)-C(5) 99.8 (1.0) 

• State of rotation 
about C(2)-C(3) C(4) is trans to: 
about C(3)-C(4) 
about C(4)-S(1) 

Reference 

L-Methionine 
corr.1" (B) corrA" 

1"268 (16) 
1.246 (18) 
1.528 (16) 
1.531 (19) 
1.511 (34) 
1.792 (26) 
1-718 (31) 
1"467 (19) 

124-3 (1.2) 
116.7 (1.1) 
118.8 (1.1) 
110.0 (1.0) 
110.7 (1.1) 
107.4 ( l- l)  
117-8 (I.5) 
113.4 (1.7) 
101.8 (1.4) 

1.561 
1.546 
1-798 
1.758 

Dichloro-DL- 
DL-Methionine methionine- 

(~t) (fl) palladium 
1-21 (4) 1.21 (4) 1.205 (21) 
1.28 1.27 1.295 (23) 
1.47 1.52 1-536 (22) 
1.55 1.58 1-506 (23) 
1.51 1.54 1.493 (22) 
1-79 1.80 1-827 (16) 
1.77 1.78 1.800 (21) 
1.52 1.50 1.472 (23) 

121 122 123.77 (1-69) 
119 120 113.22 (1.52) 
120 118 123-00 (1.74) 
112 110 107.96 (1-35) 
111 108 107.89 (1.30) 
110 109 111.94 (1-48) 
111 113 113.68 (1.38) 
111 109 117.04 (1.25) 
100 100 100-14 (0.94) 

N(1) N(1) C(1) C(1) C(1) 
trans gauche trans trans gauche 
trans gauche gauche trans gauche 

(1) (1) (2) (2) (3) 

* Standard deviations are shown in parentheses denoting the least significant digits of the corresponding values. 
1" See footnote in Table 7. 

References: 
(1) Present work. 
(2) Mathieson (1952). 
(3) Warren, McConnell & Stephenson (1970). 
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bonds. Tables 6 and 7 also show the comparison of the 
values found in the methionine and norleucine mol- 
ecules in various compounds. It is considered that both 
methionine and norleucine molecules in the present 
crystals take the form of a zwitterion. 

The deviations of atoms from the least-squares 
planes are listed in Table 8. As usually found, the 
carboxyl groups in these two compounds are planar 
with the C = atoms while the nitrogen atom deviates 
slightly from the plane. 

In molecule A of methionine and norleucine, fl, 
7, & and e side chain atoms are extended in a trans 
planar form from the ~ carbon atoms. However, as 
shown in Table 8, the ~ carbon atom C(2)N is not strictly 
on the plane. 

The various internal rotation angles defining the 
conformation of the molecules are listed in Table 9. 
The largest difference between molecules A and B of 

_•o0),4 
O(2)A ~ C(1) A 

S(1)A r-x T 
= ~ ~ ~ ~ ~ ~  N(1) A 

C(5)A ~ ,.,,,,Y C(3) A C(2) A 
~ "  C(4)A ,", .. 

o0) s 
C(4)B 0(2)B 

) B ~  c(1)B 

C(5) B ~ ~  N(1)B 

Fig. I. An  ORTEP plot of  L-methionine viewed along the b 
axis. The a toms are represented by 50% probabili ty ellip- 
soids. 

~ (1) N 

O(2)N ~ C(1)N 
~ //---7 

C(5) N 

C( --~ja,/N ~ C(2) N N(1)N 

C(6)/~ 

Fig. 2. An ORTEP plot of L-norleucine viewed along the b axis. 

Table 8. Perpendicular distances of the atoms 
from the least-squares plane 

L-Methionine 
(I) (II) (III) 

O(I)A --0"002 /~k C(2)A 0"045 A O(l)n --0"009 ,~, 
O(2)a --0"002 C(3)a -0"039  O(2)n -0"010  
C(1)a 0"006 C(4),4 -0"043 C(I)B 0"026 
C(2)A -- 0"002 S(1)A 0"031 C(2)n - 0"007 
N(1)• 0.404 C(5)a 0.007 N(1);  0.709 

L-Norleucine 
(IV) (V) 

O(1)s -0"006  A C(3)N 0"054 A 
O(2)N -0"006  C(4)N --0"059 
C(1)N 0"016 C(5)N --0"048 
C(2)N -- 0"004 C(6)N 0"052 
N(1)~ 0.569 C(2)~ 0.361 

* Omit ted f rom least-squares plane calculation. Planes are 
of the form A X + B Y + C Z = D ,  where X, Y, Z and D are in A 
units relative to the axes a, b and c*. 

(I) 
(II) 

(III) 
(IV) 
(V) 

0-3955 X +  0"3003 Y+ 0"8680 Z =  5"8962 
0.9927 X -  0"0360 Y+ 0"1152 Z =  3.7270 
0"5428 X+0"0841 Y+0.8357 Z = 8 . 1 4 1 9  
0.3730 X+0.1679  Y+0.9125 Z = 6 . 8 1 3 5  
0"9691 X - 0 " 0 2 9 6  Y+0.2431 Z = 6 . 4 5 6 4  

methionine is found in the conformations around 
C~-C ~ bonds, the internal rotation angle around this 
bond (Z2) being 174.2 ° in A and 73.6 ° in B. In the cases 
of L-cysteine, L-valine and L-isoleucine, it is in the con- 
formations around C=-C a that the largest differences 
between the two crystallographically independent mol- 
ecules are found. In the present structures, however, 
all the molecules in L-methionine and in L-norleucine 
take the amino-trans conformation and no significant 
difference is found regarding Z1. 

Table 9. Internal rotation angles of methionine 
and norleucine 

L-Methionine Reference* 
molecule A - 1 7 . 5  ° 194.0 ° 174.2 ° 179-7 ° (1) 
molecule B - 34.3 194.4 73.6 73.6 (l)  

~t-oL-Methionine --33.7 299.9 176.9 80-5 (2) 
fl-oL-Methionine --29-4 299.0 183.6 190.4 (2) 

L-Norleucine --25"9 194"2 166"5 188"6 (1) 
DL-Norleucine -- 35.3 303-1 182.2 195.2 (3) 

In the cases of  crystalline L-methionine or L-norleucine, the 
conformat ional  angles, ~'2, Z1, Z2 and Zs defined by Lakshimi- 
narayanan,  Sasisekharan & Ramachandran  (1967), are equiv- 
alent to the following internal rota t ion angles: 

~2 = 7[0( 1 )-C(1 ) - C ( 2 ) - N (  1 )] 
Z1 = r[N(1)-C(2)-C(3)-C(4)]  
Z2 =r[C(2)-C(3)-C(4)-S(1)] or ~'[C(2)-C(3)-C(4)-C(5)] 
Zs =~[C(3) -C(4) -S(1) -C(5) ]  or r[C(3)-C(4)-C(5)-C(6)] 

where r[A-B-C-D] is defined as the angles formed by the 
projection of the A-B bond with that  of  C-D when the projec- 
tion is taken along the B-C bond.  The positive direction of  
the angle is taken coincident with that  of  the r ight-handed 
screw advancing along the B-C bond.  

* (1) Present work.  (2) Mathieson (1952). (3) Mathieson 
(1953). 



2804 L - M E T H I O N I N E  A N D  L - N O R L E U C I N E  

In molecule A of methionine,  the conformations 
about  the C"-C B, CB-C ~ and Cr-S e bonds are all trans 
and the side chain fully extends along the c axis. In 
molecule B, the corresponding conformations are 
trans, gauche and gauche, and the side chain is strongly 
folded. This may be due to the packing effect of the 
side chains. It can actually be shown that if  the side 
chains of B took the trans planar  conformation and the 
rotation of the bonds took place only at the C~-C e 

bond, very short contacts of  about 3.2/~, would be ob- 
served between the carbon and sulphur atoms ot 
neighbouring side chains as far as the shape and di- 
mensions of the lattice are not changed. 

The conformation of L-norleucine is very similar to 
that of  molecule A of methionine.  

Hydrogen bonds 
Table 10 shows the values of short intermolecular  

/ O(2)A[I(0]O)] 2" 8 5A/ "~ , , .  . . . . . . . . . . . . . . .  ] 
"- j "-,,~"-.,., ,... O 0)B[ll(010)]/ I ,,y" ~,,2"'78A . . . .  ] 

3 ~  ~ H ( I ~  ~ ' 2"8 6~"5~/" ~ H ( 9 ) B  / \'... / 

(a) (b) 

'°7 2 

(¢) 

Fig. 3. Stereographic projection showing the arrangement of oxygen and hydrogen atoms around the nitrogen atom. Notation 
of the symmetry operations is shown in Table 10. Direction of the C-N bond is taken as the polar axis. 
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N . . . O  distances and C - N . . .  O angles. The arrange- 
ments of  oxygen atoms around the amino nitrogen 
atoms are shown in Fig. 3 by stereographic projections, 
in which the N - H  directions are also indicated. Hydro- 
gen bonds form single layers and join adjacent layers 
to form double layers. In molecule A of methionine,  
the amino nitrogens are surrounded by three oxygen 
atoms nearly in tetrahedral directions. Molecule B, on 
the other hand,  has four oxygen atoms at short dis- 
tances. Considering its deviation from the N - H  direc- 
tion, O(1)A[I(100)] seems to be l inked mainly  by electro- 
static forces to the NH~- group. A similar ar rangement  
has been found in L-valine. The arrangement  of  oxygen 
atoms around the amino nitrogen in norleucine seems to 
be intermediate between those in molecules A and B of 
methionine,  but  N(1)N-..O(2)N[II(010)], which corre- 
sponds to one of  the main  hydrogen bonds in molecule 
B Of methionine,  is considerably long as in the case of  
molecule A of  methionine,  and it does not seem to par- 
ticipate in hydrogen bonding. In Fig. 4 is shown the 
network of hydrogen bonds in L-methionine superposed 
on that found in L-norleucine. It is seen that the slight 
shift of  molecule B in the - y  direction allows the N(1) 
a tom to come closer to O(1) rather than 0(2)  and the 
network structure of L-methionine will change to that 
of  L-norleucine. 

Table 10. Intermolecular short N .  • • 0 distances 
and C - N -  • • O angles 

N" • "O /_C-N" • "O 
L-Methionine 

N(1)A-O(1)8 [II(0T0)] 2.839 (14) A 88.2 (7) ° 
N(1)A--O(2)A [ I(01"0)] 2"854 (14) 113"7 (7) 
N(1)A-O(1)n [ I(0T0)] 2"737 (11) 108"1 (7) 
N(I)A-O(2)n [II(020)] 3"298 (15) 146"6 (7) 

N(1)n-O(1)A [II(000)] 2"782 (13) 108"3 (7) 
N(1)B-O(2)8 [ I(010)] 2"859 (16) 115"1 (8) 
N(1)~-O(2)A [ I(100)] 2"867 (1 l) 103"8 (7) 
N(1)n-O(1)a [ I(100)] 2"981 (12) 146"3 (8) 

Roman numerals I and II denote the operations: 
1 x y z 

II 1 - x  ½ + y  1 - z  

where the values of x, y and z are given in Table 2. 

L-Norleucine 
N(1)N--O(1)N [III(000)] 2"792 (6) A 
N(I)N--O(2)N [ I(OTO)] 2.799 (6) 
N(1)N-O(1)u [ II(0T0)] 2"813 (5) 
N(1)N--O(2)N [ II(0T0)] 3"231 (5) 

Roman numerals I, II, III and IV denote 
I x y 

1I ½+x ½+y 
III 1 - x  y 
IV 1½-x ½+y 

where the values of x, y and z are given 

98.1 (3) ° 
l ! 8 . 0  (3 )  
121.2 (3) 
81.9 (3) 

the operations: 
Z 

Z 
1 - - g  
1 - - Z  

in Table 4. 

Crystal structures 

A pronounced feature of the crystal structures is the 
stacking of the hydrogen-bonded double layers of  mol- 
ecules extending parallel to (001), which is quite similar 
to those found in L-cysteine, L-valine and L-isoleucine. 
Figs. 5 and 6 are the views of the structures of the 
single layers along the c* direction. Thermal  motions 

X .-:;.~-" :~. :~. 

~Ct l ~ ̂ l , ," /' 

Fig. 4. Comparison of the networks of hydrogen bonds in 
L-methionine and L-norleucine as viewed along the c* axis. 
The network in L-methionine (thin lines) is superposed on 
that in L-norleucine (thick lines). 

of  each a tom can be seen in Figs. 1 and 2. The orienta- 
tion of each principal  axis of  thermal  ellipsoid and the 
root-mean-square (r.m.s.) displacement along each 
axis are given in Table 12. Within the hydrogen-bonded 
layers, the ampli tude of each a tom in the direction 
normal  to the layer is larger than those in other direc- 

Table 11. lntermolecular short contacts less than 
4.2 A between side-chain carbon atoms 

L-Methionine 
Within single layer: 

C(5)A--C(4)8 [I(000)] 4" 16 (3) /~ 
C(4)A-C(3)A [I(010)] 4"01 (2) 
C(5)A--S(1)A [I(010)] 3"65 (3) 
C(4)B--S(1)A [I(010)] 4"03 (2) 
S(1)n-C(3)B [I(010)] 3"91 (2) 
S(1)n-C(5)n [I(010)] 4"16 (3) 
C(5)B--C(5)A [I(100)] 4"16 (4) 
S(1)B-C(3)a [1(110)] 4"10 (1) 

Between double layers: 
C(5)A--C(5)A [II(00]')] 3"98 (4) 
C(5)A--S(I)A [II(00]')] 3"83 (3) 
C(4)B--C(5)A [II(00T)] 4"09 (3) 
C(5)B-C(5)B [II(10T)] 4"07 (4) 

L-Norleucine 
Within single layer: 

C(4)N--C(3)N [I(010)] 4"06 (2) 
C(6)N-C(3)N [I(010)] 4"15 (2) 
C(6)N-C(5)N [I(010)] 3"99 (2) 

Between double layers: 
C(6)N--C(5)N [IV(001--)] 4"03 (2) 
C(6)N--C(6)N [IV(00T)] 4"03 (3) 

For symmetry-operation notation see Table 10. 
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t i o n s .  I n  t h e  s i d e - c h a i n  r e g i o n ,  t h e  l o n g  axes  o f  t h e r m a l  
e l l i p s o i d s  a re  p e r p e n d i c u l a r  t o  t h e  c h a i n  a n d  a l m o s t  
p a r a l l e l  t o  t h e  a d i r e c t i o n .  

T a b l e  12. R.m.s. displacement and directions of 
principal axes of thermal vibration 

Principal 
axes (j)  U(j) × 102 cos ~1 cos ~2j cos ~3j 

L-Methionine 
O(1)a 1 11 0"982 0"032 -0"187 

2 20 - 0 . 0 4 0  0.998 - 0 ' 0 4 0  
3 27 0"185 0.047 0"982 

O(2)a 1 13 0.842 -0-521 - 0 . 1 4 0  
2 20 -0"472  - 0 . 8 3 7  0"277 
3 25 0"261 0.167 0.951 

N(1)a 1 14 -0"432  0"829 -0 -354  
2 18 -0"893 -0"340  0"294 
3 24 -0"124  -0"443 - 0 . 8 8 8  

C(1)A 1 9 0.466 -0 .885  0.023 
2 19 -0 -843  -0-451 - 0 . 2 9 4  
3 21 0"270 0.117 - 0 . 9 5 6  

C(2)A 1 13 -0"030  0.991 - 0 . 1 3 2  
2 15 0"999 0"025 -0"039 
3 24 0"035 0-133 0"990 

C(3)a 1 12 -0"310  0.582 0"751 
2 21 -0"246 -0-813  0"528 
3 29 0"918 -0 .021  0"395 

C(4)a 1 12 0"241 0"174 -0"955 
2 18 0"117 -0"982  -0"149 
3 37 -0 -963  - 0 . 0 7 6  - 0 ' 2 5 7  

S(1)a 1 21 0.444 0.028 - 0 . 8 9 6  
2 26 0"088 -0"996 0"012 
3 46 - 0 . 8 9 2  - 0 . 0 8 4  -0 .445  

C(5)a 1 21 -0 -298  -0"554  0"777 
2 36 -0"196 0"832 0"519 
3 52 0"934 -0"002  0"356 

O(1)8 1 13 0.876 -0 -453  -0"165 
2 17 -0 -407  -0 -878  0.252 
3 29 0"259 0.153 0.954 

0(2)8 1 14 0.549 -0"835 0"024 
2 17 0.831 0.543 -0"125 
3 34 0"091 0"089 0"992 

N(1)n 1 9 -0 .731  0.681 0"050 
2 21 0-567 0"647 -0"510  
3 24 - 0 . 3 7 9  - 0 . 3 4 4  0.859 

C(1)n 1 2 0"737 - 0 . 5 7 0  0"363 
2 21 - 0 . 1 8 5  0"347 0"919 
3 24 0.650 0.745 -0"150  

C(2)n 1 12 - 0 . 8 6 4  0.168 -0 .475  
2 19 A - 0 . 2 6 7  - 0 . 9 5 2  0.150 
3 23 0.427 - 0 . 2 5 6  -0"867 

C(3)8 1 16 - 0 . 2 2 0  -0"669 0"709 
2 30 0.932 -0"360  -0"050  
3 34 0"289 0"650 0"703 

C(4)n 

C(5),  

S(I)B 

T a b l e  12 (cont.) 
Principal 
axes (j)  U(j) x 102 cos ~ j  cos ~2j cos ~3j 

1 28 A 0-830 - 0 . 3 0 8  - 0 . 4 6 4  
2 38 -0 -023  0-814 - 0 - 5 8 0  
3 45 - 0 . 5 5 7  - 0 . 4 9 2  -0"669  
1 26 - 0.437 0.764 0.476 
2 31 - 0.561 - 0 . 6 4 5  0.520 
3 49 0.704 - 0 . 0 4 0  0.710 
1 26 0.512 0.653 - 0.558 
2 36 0.368 - 0 . 7 5 4  - 0 . 5 4 4  
3 43 - 0.776 0-074 - 0 . 6 2 6  

L-Norleucine 
O(1)N 1 15 --0.969 0.199 0.145 

2 21 --0-178 --0.973 0.147 
3 29 0.170 0.117 0-978 

O(2)N 1 19 -- 0-499 0.866 -- 0.038 
2 21 --0.866 --0.496 0-070 
3 36 0.042 0.068 0-997 

N(1)N 1 14 0"849 --0"520 --0-093 
2 22 --0-528 --0"825 --0-201 
3 28 0"028 0"220 -- 0"975 

C(1)N 1 16 0.928 - 0 . 3 7 2  0.003 
2 20 -0 .371  - 0 . 9 2 7  - 0 . 0 5 0  
3 27 0.019 0.042 - 0 . 9 9 9  

C(2)N 1 16 0.978 --0.184 --0.094 
2 22 --0.192 --0.979 --0-072 
3 28 --0.079 0.089 --0.993 

C(3)N 1 22 -- 0"806 0"458 0-374 
2 29 -- 0"007 -- 0"640 0"768 
3 32 0"592 0"617 0"519 

C(4)N 1 27 0"337 0"287 -- 0"897 
2 35 --0"469 0"877 0"105 
3 46 0"816 0"386 0"430 

C(5)N 1 30 --0-431 --0"384 0-817 
2 37 -- 0"409 0"890 0"202 
3 60 -0"804 --0"247 --0"540 

C(6)N 1 28 0"371 0-482 --0"794 
2 45 --0"244 0"875 0"418 
3 64 0-896 0"039 0-442 

The r.m.s, displacement U(j) is directed along the j th  axes of  
the ellipsoid where cqj, ct2j and e3j are the angles between j t h  
axis and the a, b and c* axes respectively. 

I n t e r m o l e c u l a r  s h o r t  c o n t a c t s  o f  t h e  s i d e - c h a i n  a t o m s  
less t h a n  4 .2  A a r e  l i s t ed  in  T a b l e  11. W i t h i n  t h e  s ing le  
l ayer ,  t h e r e  a re  t h r e e  s h o r t  c o n t a c t s  in n o r l e u c i n e ,  
w h i l e  t h e r e  a re  e i g h t  in m e t h i o n i n e .  T h e  p a c k i n g  o f  t h e  
s ide  c h a i n s  in  n o r l e u c i n e  is v e r y  l o o s e  as  e v i d e n c e d  
by  t h e  c rys t a l  dens i t i e s .  C l o s e  a p p r o a c h e s  o f  t h e  
s i d e - c h a i n  a t o m s  in m e t h i o n i n e  a r e  n e a r l y  o f  t h e  s a m e  
o r d e r  o f  m a g n i t u d e  as t h o s e  f o u n d  in u s u a l  h y d r o -  
c a r b o n  c h a i n  p a c k i n g s ,  e x c e p t  f o r  C(5)A--S(1)A[I(010)],  

Fig. 5. Stereoscopic drawing of the crystal structure of L-methionine viewed along the c* axis. 
The a toms are represented by 50 % probabili ty ellipsoids. 
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Fig. 6. Stereoscopic drawing of the crystal structure of L-norleucine similar to Fig. 5. 

which is a little shorter than the C-S van der Waals 
contact. 

The side chains of norleucine are packed together to 
form a TII packing of the long chain hydrocarbons 
(Bunn, 1939), which is known to be one of the stable 
forms of carbon-chain packing. The subcell dimensions 
are as = 5.45, bs = 5.26, cs = 2.47 A, as = 64"0, fls = 118.0, 
~'s = 118.0 °, and the volume per CH2-group is 26.4 A 3. 
The values of bs, cs and Ys agree well with the mean 
values in the TLI subcell, but as and fls are a little larger 
and cq is smaller. 

L-Methionine molecules are packed in a manner 
somewhat like the O l packing of the long-chain 
hydrocarbons. However, the side chain of molecule 
B is folded and does not form a plane. Consequently, 
this packing form is not O _1_ in a strict sense. As clearly 
seen in Fig. 5, the Ca-C ~ bond of molecule B is not 
parallel to that of molecule A. 

The authors express their gratitude to the staff of the 
C. Itoh Electronic Computing Service Co. Ltd. for 
making the CDC6600 computer available to us. This 
work was supported by a research grant from the 
Ministry of Education. 
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