
November, 1966] The Crystal Structures of L-Tryptophan Hydrochloride and Hydrobromide 2369

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN VOL. 39 2369-2378 (1966) 

The Crystal Structures of L-Tryptophan Hydrochloride 

and Hydrobromide 

By Takaji TAKIGAWA,* Tamaichi ASHIDA, Yoshio SASADA 
and Masao KAKUDO 

Institute for Protein Research, Osaka University, Kita-ku, Osaka 

(Received April 26, 1966)

The hydrochloride and hydrobromide of L-tryptophan crystallize in the monoclinic space

group P21. The cell dimensions of the hydrochloride are: α=7.45,b=5.30, c=14.67 A,β=

98.80°,and those of the hydrobromide are:α=7.64, b=5.41, c=14.58 A,β=100.47°. There

are two molecules in the unit cell. The two compounds are isomorphous. The crystal structure 
of the hydrobromide was first determined by the heavy atom method with two-dimensional data, 
and then that of the hydrochloride was refined by three-dimensional least-squares procedure. The 
molecular and crystal structure is mainly discussed for the hydrochloride here. The average of 
six C-C bond lengths in the benzene ring is 1.396 A, that of C-N bond lengths in the indole ring is
1.384 A. In the carboxyl group, one C-O bond length, 1.147 A and two O-C-C angles, 106.8°
and 125.7° are significantly different from those reported for amino and carboxyl acids so far

investigated. The molecule consists of two planes of the carboxyl group and of the indole ring,

the planes making an angle of 70.6°with each other. As to the conformation about the C(α)-

C(β)bond, C(γ)lies at the gauche position with both of the carboxyl and the amino groups.

The molecules are arranged in double layers parallel to the ab plane; the polar layer is held 
together by a network of the three N-H. . . Cl- hydrogen bonds, 3.17, 3.19 and 3.24 A and one 
O-H... Cl-, 3.04 A, and in the non-polar layer, the indole rings are packed mainly by van der 
Waals forces, the shortest C...C and C...N contacts being 3.74 and 3.42 A respectively.

The three-dimensional structures of the amino 

acids have been studied by many authors to furnish 

the structural basis for protein research.1) Out 

of twenty-odd naturally occurring amino acids, 

some seventeen compounds have been determined 

by X-ray analysis so far. Although the preliminary 

examination was reported for DL-tryptophan di-

hydrochloride by Dawson and Mathieson,2) 

detailed X-ray analysis for tryptophan has not 

yet been published. This paper deals with X-
ray analysis of the crystal structures of L-tryptophan 

hydrochloride and hydrobromide. 

Experimental 

L-tryptophan hydrochloride and hydrobromide,

were obtained in the form of needle-like crystals by 
dissolving L-tryptophan in concentrated hydrochloric 

and hydrobromic acid respectively at room temperature
and by standing them  at 5℃.

Rotation, Weissenberg and precession photographs 

showed the crystals to be monoclinic, the unique b 
being coincident with the needle axis. The unit-cell 
dimensions were determined from zero layer Weissenberg 

photographs taken about three crystallographic axes 
with standard aluminum powder reflections. The 
densities were measured by flotation in a benzene-
carbon tetrachloride mixture. 
Crystal data so obtained are:

For hydrochloride,

For hydrobromide,

* Present address: Faculty of Pharmaceutical Sci-
ences, Osaka University, Toyonaka, Osaka. 

1) e. g., A. Rich and D. W. Green, Ann. Rev. 
Biochem., 30, 93 (1961). 

2) B. Dawson and A. Mathieson, Acta Cryst., 4, 
475 (1951).

The only systematic absence in these two crystals is 
observed for (OkO) reflections with k odd. The space 
group was determined to be C22-P21, an alternative 
centrosymmetric space group C22h-P21/m being excluded 
because of the asymmetry of the molecule. 

Somewhat different crystal was obtained by dissolving 
L-tryptophan in dilute hydrobromic acid (1 N). The 
cell constants with less accuracy are a=31.30, b=13.86, 
c=5.73 A, space group being P212121. Density was 
measured to be 1.444 g. cm-3. Elementary analysis 
and the crystal data indicated that the asymmetric 
unit consisted of 2tryptophan.HBr•11/2H2O. No fur-
ther study was attempted for this crystal.
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For the hydrochloride, three-dimensional intensity 

data were collected by equi-inclination Weissenberg 

procedure with nickel-filtered CuKa radiation. Pho-

tographs were taken for layers (hOl) to (h4l) and (0kl ) 

to (5kl) by the multiple-film technique. Out of 1387 

accessible reflections, 1258 non-zero reflections were 

observed and they amount to 80% of the reciprocal 

lattice points within the limiting sphere for Cu-Kƒ¿ 

radiation. 

For the hydrobromide, only intensity data for (hOl ) 

and (Okl) zones were recorded on Weissenberg and 

precession photographs respectively, the latter being 

taken with zirconium-filtered MoKa radiation. 

Intensities were estimated visually against the standard 

scale and they were corrected for Lorentz and polari-

zation factors. For the equi-inclination Weissenberg 

data, a correction for spot-shape was made according 

to Phillips' equations) Sizes of crystals used in the

experiment were:0.10×0.15×2.0 mm. and 0.15×

0.15×0.40mm. for the b and a axis photographs of the

hydrochloride respectively,0.15×0.15×2.5 mm. for

the b axis photographs of the hydrobromide. 
Three-dimensional structure factors were put on a 

common scale by comparing data from photographs 
of the different axis. Estimated errors in the scaling 
were less than 10%. 

Since the a axis data seemed to be less accurate than 
the b axis data, the former was only used, in the subse-
quent analysis, for reflections unaccessible by the b 
axis photographs. 

Structure determination 

Hydrobromide.-A modified Patterson pro-
jection along the b axis was constructed for the 
hydrobromide. From a heavy Patterson peak, 
the x- and z-coordinates of the bromide ion were 
determined to be 0.100 and 0.125 respectively. 
Based on the signs of the bromide ion, Fourier 
summation was carried out. Almost all the atoms 
were resolved on the resulting Fourier projection, 
and it was not difficult to give approximate coordi-
nates even for a few overlapped atoms. Succesive 
Fourier refinement was made until the discrepancy
factor, R=Σ||FO|-|Fc||/Σ|FO|, became 0.19,

the overall temperature factor B=4.O A2 being

applied. A least-squares refinement was then 
proceeded using 240 independent (hOl) reflec-
tions. Anisotropic temperature factors were ap-
plied only for the bromide ion. After three cycles 
of the refinement, the R factor dropped to 0.086.
In the a axis projection with the plane group

pg, the y coordinate of the bromide ion was 
arbitrarily fixed at 1/4. On the Fourier projec-
tion based on the phases of the bromide ion only, 
much overlapping was observed, since it involved 
an additional mirror symmetry. With the aid 
of the molecular model of tryptophan and the b 
axis projection, the Fourier projection on (100) 
was interpreted reasonably and approximate y 
coordinates of all the atoms were obtained. Suc-
cessive Fourier refinement decreased the R factor 
to 0.196. Further refinement was carried out by 
least-squares refinement, and after three cycles 
the R factor became 0.101. 

Hydrochloride.-As seen from Fig. 1, the 
modified Patterson projections of hydrochloride and 
hydrobromide were similar to each other in general 
feature. This observation and approximately 
the same unit cell dimensions of the two crystals 
suggested that these two were isomorphous. The 
x- and z-coordinates of the chloride ion were 
determined to be 0.100 and 0.122 respectively 
from the Patterson projection. Fourier projec-
tions on (010), (100) and (001) were made with 

phases which were derived by assuming that the 
coordinates of the non-hydrogen atoms except 
the chloride ion were the same as those in the 
hydrobromide. The approximate coordinates of 
all the atoms were obtained from these Fourier 
projections and they were improved by three-
dimensional Fourier synthesis. 

The refinement of the structure was carried out 
by three-dimensional least-squares procedure. The 
least-squares program was constructed with the 
block-diagonal matrix approximation. In the 
earlier stage, temperature factor for each atom 
was taken as isotropic. 

Three cycles of the refinement deduced the

Fig. 1. Patterson projection on (010), modified by the factors of M(sinθ)=exp{8(sinθ/λ)2}
a) of the hydrobromide b) of the hydrochloride

3) D. C. Phillips, Acta Cryst., 7, 746 (1954).
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R factor from 0.193 to 0.131. Disagreement between 

the observed and calculated structure factors 

increased with increasing k values. It was suggested 

that the anisotropic thermal vibration should 

be taken into account. Three cycles of least-

squares refinement, with the anisotropic tempera-
ture factors for all the atoms, deduced the R factor 
to 0.117. Since the systematic disagreement 
remained, interlayer scales of the b axis data 
were adjusted by comparing the observed and

TABLE I. THE FINAL FRACTIONAL COORDINATES AND THE ESTIMATED STANDARD DEVIATIONS (in A).
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caluculated structure factors. The contributions 
from hydrogen atoms were introduced at this 
stage. Hydrogen atoms were placed in such a 
way to give the bond distances, 1.09 A for C-H,

1.01 A for N-H and 0.97 A for 0-H, and bond 
angles in accord with the probable trigonal or 
tetrahedral arrangement of the bonds. Three 
hydrogens on the amino nitrogen and one on

TABLE III. THE OBSERVED AND THE FINAL CALUCULATED STRUCTURE FACTORS
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TABLE III (Continued)

the carboxyl group were put on the lines to the 

chloride ions with which they hydrogen-bonded. 

After three cycles of the least-squares refinement, 

average shifts in the coordinates of the non-hydrogen

atoms were ⊿x/α=0.0003, ⊿y/b=0.0006 and ⊿z/c

=0.0001 and their maximum shifts were 0.0008, 
0.002 and 0.004 respectively, and the R factor 
dropped to 0.087. Additional two cycles of the 
least-squares were made in order to adjust the 
interlayer scale factors, leaving coordinates and 
temperature factors fixed. The R factor was

0.088 and Σ|Fc|/Σ|Fo| for each k value con-

verged fairly to the unity. The weights in the 

least-squares calculation were given systematically 

as a function of the absolute values of the structure 

factors. Damping factors for the shifts were as 

follows; 0.7 in the overall scale factor, 0.5 in the 

overall temperature factor, 0.7 in the coordinates 

of non-hydrogen atoms, 0.5 in the anisotropic 

temperature factors of non-hydrogen atoms, and 

0.1 in the coordinates and isotropic temperature 

factors of hydrogen atoms. The atomic scattering
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factors were taken from the International Tables 

for X-ray Crystallography.4) 

The final atomic coordinates with their standard 

deviations are listed in Table I and the anisotropic 

temperature factors are given in Table II. The 

estimated standard deviations were caluculated 

by the Cruickshank's formula.5) A list of the 

observed and the final caluculated structure factors 

is given in Table III, in which reflections with 

asterisk were omitted in the least-squares refine-

ment. The final superimposed sections of electron 

density distribution cut through the every atomic 

centers are shown in Fig. 2.

Fig. 2. The final three-dimensional Fourier syn-
thesis. Sections passing approximately through 
the center of the atoms are superimposed on 
(010). Contour intervals of 1.5 e.A-3 for light 
atoms and 3.0 e.A-3 for the chloride ion ; the 
first contour begins at 1.5 e.A-3.

Fig. 3. The three-dimensional (Fo-Fc) synthesis. 
Sections passing approximately through the 
center of the hydrogen atoms are superimposed 
on (010). Contour intervals of 0.2 e.A-3, the 
first contour begins at 0.2 e.A-3. The dotted 
contours are in the lower section.

A three-dimensional (Fo-Fc) synthesis was 
then caluculated where F, did not include the 
contributions from the hydrogen atoms, and 
phase was that of Fc. Fourier synthesis in this 
manner gives somewhat modified electron density 
distribution for hydrogen atoms. 

In the resulting map as shown in Fig. 3, peaks 
were found in positions which could associate

TABLE IV. THE COORDINATES AND PEAK HEIGHTS 

OF HYDROGEN ATOMS OBTAINED FROM THE THREE-

DIMENSIONAL (Fo-Fc) SYNTHESIS

TABLE V. INTRAMOLECULAR DISTANCES BETWEEN 
NON-BONDED ATOMS (in A)

with the thirteen hydrogen atoms, their coordinates 
and heights being shown in Table IV. Maximum 
difference between the coordinates from the dif-
ference synthesis and those from the least-squares 
is 0.23 A. 

All the numerical computations were done on 
a NEAC 2101 of this laboratory, a NEAC 2206 
of the computing center of Osaka University, a 
HITAC 5020 of the computing center of the 
University of Tokyo and an. IBM 7090 of Japan 
IBM Co. Ltd. Main programs used are `NLP-
W-01-T' for Lorentz polarization and spot shape 
correction written by Nobuo Tanaka, 'FR-S-01-T' 
for the two-dimensional Fourier synthesis by 
Tsunehiro Takano and Yoriko Nishi, 'HBLS' 
for the least-squares by Tamaichi Ashida and 
'SFFR' for three -dimensional Fourier synthesis 

by Yoshio Sasada. 

Discussion of the structure 

The present structure determination of L-
tryptophan hydrohalides has revealed that the

4) "International Tables for X-ray Crystallography," 
Vol. III, Kynoch Press, Birmingham (1962), p. 202. 

5) ibid., Vol. II, Kynoch Press, Birmingham 
(1959), p. 330.
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Fig. 4. (a) Bond lengths and their standard devia-
tions in parentheses (in A). 
(b) Bond angles and their standard deviations 
in parentheses (in degree). 

crystals of the hydrochloride and hydrobromide 
are isomorphous with each other and conforma-
tion of the tryptophan cations is essentially the 
same in both crystals. As the accuracy of the 
analysis of the hydrobromide is not so high, the 
crystal and molecular structure of the hydrochloride 
will be mainly discussed here. 

All the interatomic bond distances and angles 
caluculated from the final coordinates are shown 
in Fig. 4, together with their standard deviations. 
Some of the important intramolecular distances 
between non-bonded atoms are given in Table V. 

 Carboxyl and Amino Group.-The planarity 
of the carboxyl group with a-carbon atom has 
been established in many investigations. For 
the present molecule, the equation for this median 

plane is determined to be

where X, Y and Z in A refers to the crystallographic 

ƒ¿*
, b and c axes respectively and coefficients were 

obtained by the least-squares method. The 

deviations of all the atoms from the least-squares 

plane are less than 0.0001 A and they are strictly 

coplanar. The amino nitrogen is 0.154 A out of 

the plane. the C-N bond making an angle of

6°with the plane.

The deviations of the amino nitrogen range 
from 0.00 to 0.82 A for the amino acids so far 
investigated. The C-N distance 1.505 A coincides 
well with those in, e. g., histidine hydrochloride 
monohydrate6) (1.495 A). Two C-O bond lengths 
are 1.325 and 1.147 A and three angles around
the C(1)atom are O(1)-C(1)-O(2)=127.5°,

O(1)-C(1)-C(2)=106.8° and O(2)-C(1)-C(2)=

125.7°. This short C-O bond length l。147A

and two O-C-C angles,106.8°and 125.7°differ

significantly from those reported for amino acids 

so far. Hahn's treatment7) for the relation 

between bond lengths and angles of the carboxyl 

groups can not be applied in the present case. 
Indole Ring.-The median plane through the 

atoms in the indole ring with the methylene 

carbon attached to it can be described by the 

equation,

The plane forms a dihedral angle  of 70.6°with

that of the carboxyl group described above. The 
deviations of the atoms from the least-squares 

plane are listed in Table VI. The maximum 
deviation from the plane is 0.019A and the average 
0.009 A. It is concluded that the atoms are on 
nearly the same plane within the limit of error, 
as in the related compounds, glycyl-L-tryptophan 
dihydrates) and 3-indolylacetic acid9). Bond 
lengths in the indole ring are tabulated in Table 
VII-a with those of the compounds quoted above. 
The average of six C-C bond lengths in the benzene 
ring is 1.396 A, while that of C-N bond lengths 
in the indole ring is 1.384 A respectively. The 
bond lengths found in the present molecule are 
all in good agreement with those of 3-indolyl-
acetic acid9) within the limit of error. 

Longuet-Higgins and Coulson10) have determined 
the mobile bond orders of the indole molecule 
by the molecular orbital treatment. Theoretical 
bond lengths derived from the bond orders by 
the empirical equation (Coulson,11) Cox and

6) J. Donohue and A. Caron, Acta Cryst., 17, 1178 
(1964). 

7) T. Hahn, Z. Krist., 109, 438 (1957). 
8) R. A. Pasternak, Acta Cryst., 9, 341 (1956). 
9) I. L. Karle, K. Britts and P. Gum, ibid., 17, 

496 (1964). 
10) H. C. Longuet-Higgins and C. A. Coulson, 

Trans. Faraday Soc., 43, 87 (1947). 
11) C. A. Coulson, Proc. Roy. Soc., A 207, 91 (1951).
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TABLE VI. DEVIATION FROM THE LEAST-SQUARES 
PLANE (in A)

TABLE VII. THE DIMENSIONS OF THE INDOLE GROUP

a) Bond lengths (in A)

b) Bond angles (in degree)

I ; L-tryptophan hydrochloride 
II ; 3-indolylacetic acid9) 

III ; glycyl-L-tryptophan dihydrate8) 
IV ; theoretical value10-12) 
V ; mobile bond order10) 
* Pasternak points out that the coordinates of 

C(10) is less accurate than the other atoms.

Jeffrey12)) are given in Table VII-a. The bond 
lengths in the indole ring of L-tryptophan hydro-
chloride agree well with the theoretical values 
within the limit of error. 

But in glycyl-L-tryptophan dihydrate,8) some 
bond lengths, especially C(6)-N(2), differ from 
those in L-try ptophan hydrochloride. Significantly 
short C(6)-N(2) bond, 1.307 A of length, in glycyl-
L-tryptophan dihydrates) may suggest that in this 
compound the contribution from the resonance 
of ortho- or para-benzoquinone type increases.

It will be interesting that the conformation changes 

as a result of introduction of glycyl residue, as 

shown in Fig. 5. 

Bond angles in the indole ring are also shown in 

Table VII-b. Bond angles in the indole ring of 

the present molecule show the fairly good agreement 

with those of the related compounds and those

in the benzene ring do not deviate from  120°.

Conformation about the  C(α)-C(β).Figure 5

shows the conformation about the  C(α)一C(β)

bond in the present molecule by the stereographic 
projections together with those in histidine hydro-
chloride monohydrate,6) glycyl-L-tryptophan di-
hydrate8) and L-tyrosine hydrobromide13). In
the present molecule, C(γ) lies at gauche position

with both of carboxyl and amino group. The 

same conformation has been found in the crystal 

of histidine hydrochloride monohydrate,6) whose

(I)(II)

(III)(IV)

Fig.5. Stereographic projection of the conforma-

tion about the C(α)-C(β)bond.

I; histidine hydrochloride monohydrate 

II; L-tryptophan hydrochloride 
III; glycyl-L-tryptophan dihydrate 
IV; L-tyrosine hydrobromide

12) E. G. Cox and G. A. Jeffrey, ibid., A207, 110 
(1951). 
13) R. Srinivasan, Current Sci. (India ), 27, 46 (1958).
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TABLE VIII. INTERMOLECULAR DISTANCES LESS THAN 4.0 A

a) Hydrogen bond

b) Other short contact

Molecule M is at (x,y,z), M' at (1-x, 1/2+y, -z), A at (1+x,y,z) and B at (1+x, 1+y,z).

Fig. 6. (a) A projection of the structure along the 
 b axis.

(b) A projection of the structure along  α axis.

Hydrogen bonds are indicated by the broken lines.

molecule also includes the five-membered ring

next to C(β), while Ramachandran and Lak-

shminarayanan14) have pointed out that in tyrosine 

and phenylalanine, both of which contain benzene

ring, C(γ) goes only to the position at trans with

the nitrogen and gauche with the carboxyl group. 
The enviroment of the molecule.-Views 

of the crystal structure along the b and a axes are 
shown in Fig. 6 and intermolecular distances 
less than 4.0 A and angles including hydrogen 
bonds are given in Table VIII. An amino nitrogen 
atom forms three N-H...Cl- hydrogen bonds, in 
lengths of 3.17, 3.19 and 3.24 A; three acceptor 
halogen atoms are approximately at three vertices 
of regular tetrahedron centered around the nitrogen 
atom, with the a-carbon atom directed toward 
the fourth vertex. The fourth hydrogen bond is 
O-H...Cl- in length of 3.04 A. Similar hydrogen 
bond distances are reported for N-H...Cl-, 3.08, 
3.25 and 3.27 A, and for O-H...Cl-, 2.98 A in 
L-cystine hydrochloride. 15) 

In L-tryptophan hydrobromide, the correspond-
ing distances between nitrogen and bromide ion 
are 3.30, 3.31 and 3.35A, although the accuracies 
of these values are not so high. These values are 
comparable to those found in the other hydro-
bromide; 3.28, 3.41 and 3.42 A in L-cystine di-
hydrobromide.16) One O...Br- approach of 3.13 AA 
in the present crystal is similar to a value; 3.17 A 
in L-cystine dihydrobromide.16) 

Molecular arrangement in the crystal can be 
well described as double-layered system parallel 
to the ab plane, which is characteristic for a structure

14) G. N. Ramachandran and A. V. Lakshmina-
rayanan, to be published in Biopolymers. 

15) L. K. Steinrauf, ,J. Peterson and L. H. Jensen, 
J. Am. Chem. Soc., 80, 3835 (1958). 

 16) J. Peterson, L. K. Steinrauf and L. H. Jensen, 
Acta Cryst., 13, 104 (1960).
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containing polar and non-polar groups together. 
The polar layer is held together by a network of 
the hydrogen bonds, as described above, between 
the chloride ions and amino nitrogen and between 
the chloride ion and carboxyl group. In the 
non-polar layer, the indole rings are packed mainly 
by van der Waals forces, in a manner similar to 
that found for the typical aromatic molecule. 
No unusually short contacts between non-bonded 
atoms are found in the crystal structure, and the 
shortest C ... C and C ... N distances are 3.74 and 
3.42 A respectively. The weakly basic nitrogen

atom of the indole ring does not take part in the 
hydrogen bond. This structure well interprets 
the observed cleavage in the ab plane. 

We wish to express our deep thanks to all our 
collaborators for their helpful discussions and for 

permission to use the computer programs. Thanks 
are also due to the staffs of Computing Centers of 
Osaka University and of the University of Tokyo 
for numerical computation. The computing time 
of IBM 7090 was made available to us through 
the project of 'UNICON'.


