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The crystal structure of riboflavin hydrobromide monohydrate has been determined by
a three-dimensional X-ray analysis. The space group is P 212121 with four formula units in the unit
cell of dimensions a=18.28, b=6.99 and c=14.77A. The structural parameters were refined by
means of a block-diagonal least-squares method, the final R factor being 0.07. The ribitol does
not form a furanose ring but a chain. The protonation of the isoalloxazinc ring occurs at the
N(1) atom, and the C(4a)-N(10) bond is found to be a double bond. The bromide ion is situated
midway between two isoalloxazine rings separated by a period along the b axis.

Riboflavin, in the form of the mono- and dinu-

cleotide, is a prosthetic group of several enzymes

concerning biochemical oxidation-reduction. These

cnzymes act as hydrogen carriers from a substrate to

an acccptor molecule, when riboflavin altematively

accepts and releases tsvo hydrogen atoms.

The clectronic structurc of riboflavin has been

investigatcd in order to elucidate the mechanism

of the transfer of thc hydrogen atom. Guzzo

and Tollin1) have suggested from the study of

EPR spcctra that it is rcduccd into semiquinone

by strong acid. On the other hand, Pullman and

Pullman have proposed the keto form to the reduced

ribOflavin from the thcoretical calculation.2)

The present study has been undertaken to estab-

lish the relationship betwecn the structural charac-

teristics of mono-protonated riboflavin and its

biological function.

Ex perimental

The crystals were obtaincd frorn 6N HBr solution

of riboflavin. They are yellow rodS elongated along

thc b axis. Unit cell dimensions werc dctermined from

the equatorial Wcisscnberg photographs about the b

and c axes, on which the powder pattern of aluminum

wcre superposed for calibration. The crystal data

arc shown in Table 1.

Thc equi-inclination Weissenberg photographs were

taken for layer lines 0 to 5 about the b axis and 0 to 10

about c with CuKα radiation. The number of independ-

ent reflections recorded was 2261, but the mtensltles

of 225 of these were too weak to be mcasured. The

TABLE 1. CRYSTAL DATA

relative intensities were measured visually and the range

was 1 to 4000. They were corrected for Lorcntz and

polarization factors and spot-size factors for the cqui-

inclination Wcissenberg photographs, but the cor-

rections for absorption and secondary extinction were

neglected. Arod-shaped crystal having a cross section

of 0.5mm×0.3mm was used for the b axis photographs.

A crystal for the c axis photographs, cut perpendicularly

to the b axis, has a dimension of 0.2 mm×0.2 mm×

0.3mm.

Structure Determination and

Refinement

From a three-dimensional Patterson function the

bromide ion was easily located at x=0.205, y=

0.250 and z=0.119. Fourier synthesis with the

phases based on the bromide ion has an additional

mirror plane because the y parameter of the heavy

atom was a special value. The atoms in the iso-

alloxazine ring and G(1') in the ribityl group were

located near the planes of y=0.25, while the as一
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Fig.1. Composite drawing of the final electron density map viewed along the b axis.

Contours are drawn at intervals of 2.0e・A-3; those for the bromide ioll are not drawn.

The lowest is 1.5e・A-3.

Fig.2. Location of hydrogen atoms from a three-dimensional difference Fourier map.

First contour 0.1e・A-3; interval 0.2e・A-3.

signment of the peaks to the other light atoms was
somewhat puzzling because of the presence of the
additional mirror plane. Successive Fourier sum-
mations were able to give well resolved peaks for
all twenty-nine non-hydrogen atoms.
Atomic positions and anisotropic temperature
factors were refined by a block-diagonal least-
squares method. A difference Fourier map,
calculated after several cycles of least-squares re-
finement, gave a fair indication of the positions of
the hydrogen atoms. Further refinement, includ-

ing hydrogen atoms, was proceeded with anisotropic

temperature factors for all the non-hydrogen atoms

and with isotropic ones for hydrogen atoms.

Atomic scattering factors were taken from the
＾International Tables for X-Ray Crystallography

."

Anomalous scattering effect was corrected for the

bromidc ion (⊿f'=-0.9,⊿f"=1.4). weighting

scheme was as follows;
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TABLE 2(a). ATOMIC PARAMETERS AND THEIR ESTIMATED STANDARD DEVIATIONS

Anisotropic temperature factors in the exprcssion, exp{-(h2β11+k2β22+l2β33+hkβ12+hlβ13+klβ23)}, are

multiplied by 105. The estimated standard deviations given in parentheses refer to the last decimal

positions at respective values.

TABLE 2(b). THE FINAL PARAMETEKS OF HYDROGEN ATOMS

* The mean value of the e.s.d. of the parameters are σ(x)=0.13A,σ(y)=0.15A and σ(z)=0.14A.

** The heavy atoms bonded to each hydrogen atom.
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TABLE 3. OBSERVED AND CALCULATED STRUCTURE FACTORS (×2.5)
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Table 3. (continued)
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Fig.3. Bond lengths(A) and angles (degree).

the R factor was reduced to 0.07 after the refinement.

Final atomic parameters arc listed in Table 2,

and |Fo| and |Fc| are tabulated in Table 3.

Discussion

The bond lengths and angles are shown in Fig.3.

The mean value of the estimated standard devia-

tions for the bond lengths between non-hydrogen

atoms except the bromide ion is 0.02.4 and that

for the bond angles is 1.0°.

The difference Fourier synthesis (Fig.2) shows

that the addition of proton does not occur at the

O{2) atom but at N(1) by hydrogen bromide.

This is also supported by the fact that both exo-

cyclic C-O lengths correspond to that of the

double bond. The present result agrees with the

location of the proton suggested by theoretical

calculation,2,3) and suggests that the pathway 1 in

the reduction of riboflavin shown in Fig.4 is

reasonable, contrary to Guzzo and Tollin's ex-

pectation.1)

The C(4)-C(4a) bond in the isoalloxazine ring

is 1.49A, which corresponds to the single bond

length, and the C(4a)-N(10) bond is shorter than

the mean value of the other C-N lengths. There-

fore, it is presumed that π-electrons are localized

at the C(4a)-N(10) bond.

Fig.4. Alternative pathways for the reduction

of isoalloxazine.

On the theoretical calculation of the bond

orders in the ring, the Huckel approximation was

applied to a system of 16 conjugated π-electrons

and 4 mobile electrons due to the hyperconjuga-

tion of the two methyl groups, where the Coulomb

and exchange integrals were taken from the

L adik's4). There are scveral relations proposed3) R.Grabe, Biopolymer.symposia, No.1,289(1964).



1552 Nobuo TANAKA, Tamaichi ASHIDA, Yoshio SASADA and Masao KAKUDO [Vol.42, No.6

TABLE 4. BOND ORDERS AND BOND LENGTHS

for converting the bond order into length.5-10)

For G-C bonds, approximately the same values

were obtained by all the relations, and the con-

verted bond lengths by, say, Coulson's5) are in good

agrecmcnt with those observed, as shown in fable

4. On the other hand, the converted C-N lengths

show somewhat wider variations with the relations,

and agreement between the theoretical and

observed lengths is not so good. But ifexperimental

errors are taken into account, significant disagree-

ment is only for N(9)-C(8a). This may suggest

that this approximation is not necessarily satisfactory

in the present molecule.

The valence angles at the N(1) and N(3) atoms

with an extra-annular hydrogen atom are 125°

and 122°, respectiv.ｰ.ly, and that at N(10) without

hydrogen is 119°. They are consistent with the

nitrogen valence angle in heterocyclic compounds

discussed by Singh.11) There are somc small

valence angles at the C(8a) and C(4) atoms which

are bonded to the nitrogen atoms with an extra-

annular hydrogen atom, whereas slightly large

ones are found at the C(4a) and C(10a) atoms

bonded to the N(10) atom. These facts have been
reportcd in alloxane,12) anhydrous alloxane,13)
anhydrous barbituric acid,14) barbituric acid
dihydrate,15) pyridimine,16) and 2-amino-4,6-
dichloropyridinc.17)
The best planes of the isoalloxazine ring and the
six-membered rings arc listed in Table 5 together
with the deviations of the atoms from thcm, where
the nomenclatures of the rings are as follows:

TABLE 5. THE BEST PLANE OF THE RINGS

* Not included in the calculation of the equa-
tion of the plane.
** X , Y and Z in the A unit.

4) T.A. Holrman and J. Ladik, Adv. Chem. Phys.,
7,84(1964).
5) C.A. Coulson, Proc. Roy. Soc., A169,413(1939).
6) L.Pauling, "The Nature of the Chemical Bond,"
3rd ed., Cornell University Press, Ithaca, New York

(1960).
7) E.Cox and G. A.Jeffrey, Proc. Roy. Soc., A207,
110 (1951).
8) T.H. Goodwin and A. L. Porte, J. Chem. Soc.,
1956, 3595.
9) T.Anno, M. Ito, R. Shimada, A. Sado and W.
Mizushima, This Bulletin,30,638(1957).
10) M.J. S. Dewar and H. N. Schmeising, Tetra-
hedron letters,5, 166 (199).
11) C.Singh, Acta Cryst.,19,861 (1965).

12) C.Singh, ibid., 19,759 (1965).
13) W.Bolton, ibid.,17,147 (1964).
14) W.Bolton, ibid.,16,166 (1963).
15) G.A. Heffrey, S.Ghose and J. O. warwicker,
ibid., 14, 881 (1961).
16) P.,J. Wheatley, ibid,13,80(1960).
17) C.J. B. Clews and W. Cochran, ibid.,1,4(1948).
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and the I represents the isoalloxazine ring. The

dihedral angles between the planes are also given

in this table. Though the ring Ⅳ is strictly planar,

the other two rings are Puckered; the deviations of

the atoms from their best planes are significant.
The dihedral angles between the planes indicate
that the isoalloxazine ring takes, though slightly,
aboat form. However, the isoalloxazine rind in

Fig. 5. The packing of the molecules viewed along the b axis. The dotted lines show
the possible hydrogen bonds.
Medium circle: bromide ion, black circle: water molecule

TABLE 6. LIST OF POSSIBLE HYDROGEN BONDS

* May be a bifurcated hydrogen bond
** The intramolecular hydrogen bond



1554 Nobuo TANAKA, Tamaichi ASHIDA, Yoshio SASADA and Masao KAKUDO [Vol.42, No.6

1,3,10-trimethyl isoalloxazine iodide18) has been
reported to be nearly coplanar.
In the ribityl group, the C(1')-C(2'), C(2')-
C(3')and C(3')-C(4') bonds are a little shorter
than the normal C-C length of sp3 hybridization,
whereas the C(4')-C(5') does not di$er significantly

TABLE 7, CLOSE INTERMOLECULAR CONTACTS

This table shows the contacts shorter than 4.0A

between the bromide ion and the other heavy

atom, and those shorter than 3.5A in the other

cases.

from the normal one. The C-O lengths in this

group are between 1.41 A and 1.44A, and their

mcan value,1.428 A, corresponds to the usual

single C-O length. The valence angles C-C-C

and C-C-O in this group do not differ significantly

from their mean value,107° and 110°, respectively.

The ribitol does not form a furanose ring but a

chain, which has not been found in cases of nucleo-

side, nucleotide and nucleic acid. The conforma-

tion angles defined by Sundarlingam19) are; φC2'-C3'

=62° and φC3'-c4'=167°, whereas they are 34°

and -37° in the furanose ring of 5'-AMP.20)

The molecular packing viewed along the b axis

is shown in Fig.5. The hydrogen bonds are shown

by the dotted lines, where each figure represents

a distance between the non-hydrogen atoms.

Table 6 tabulates the X-H distances and X-H-Y

angles related to the hydrogen bond. The H(2,i)

-OW(i),1.92A, is the normal hydrogen bond.

The H(23,i) is located near both 0(2',i) and

0(3',i) atoms; the distances are 2.36A and 2.06A,

respectively. Thus, the two contacts, OW-H(23)-

0(2') and OW-H(23)-O(3'), secm to consist a

bifurcated hydrogen bond. Another hydrogen atom

of water molecule makes a weak hydrogen bond

with the N(10) atom related by the screw axis

along the a. This hydrogen bond may suggest the

subsequent transfer of the hydrogen atom from the

substrate.

The bromide ion contributes to the three hydro-

gen bonds with the N(3), O(2')and O(4')atoms.

Though the Br(i)-N(3,i)distance,3.51 A, seems a

little longer, the Br(i)-H(1,i) is 2.40 A, which

shows that it is a normal hydrogen bond. The

bromide ion is situated midway between two iso-

alloxazine rings separated by a period along the

b axis, and nearly above the center of the ring Ⅲ

which is indicated to have positive charge from the

theoretical calculation of the bond orders.
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