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Abstract—Imidazole derivatives form cyclic compounds with pyridoxal phosphate
(PLP). The conditions of the cyclization reaction depend on both the pH of the media and
the concentration of the substrate. Imidazole and imidazolelactic acid do not react
with PLP.

Histamine, histidine and its methyl derivatives each form a Schiff’s base which is
transformed during incubation into a complex compound with a maximum absorption
spectrum at 330 mp—probably imidazoletetrahydropyridine.

The optimal pH for the reaction with histamine is 7-0-9-0; optimal concentration
is 5 X 1072 M, but the complex is still formed with 105 M of histamine. The optimal
pH for reaction of PLP with histidine and its methyl derivatives is 7-2; optimal concen-
tration 10~ M ; the complex is still formed in 10~* M of histidine.

Methyl derivatives of histidine (L-1-methyl and L-3-methylhistidine) form a Schiff’s
base and cyclic compound. The mechanisms of the cyclization reaction and the impor-
tance of the phenomenon in the regulation of the level of the amines in the tissues are
discussed.

PYRIDOXAL, pyridoxal phosphate (PLP), or PLP-dependent enzymes under certain
conditions may react in an irreversible way with amines and aminoacids. In such
reactions Schiff’s bases are transformed into cyclic compounds. Various complex
combinations may occur, depending on the reacting aminoacid and pyridoxal or
PLP. Pyridoxal or PLP may enter into the irreversible reaction with 1-amino-2-thiol
compounds (cysteine, cystamine) to form thiazolidine derivatives.!™* A similar type
of reaction may occur with l-amino-2-imidazole compounds, to form a cyclic com-
pound imidazoletetrahydropyridine.!~* As a result of PLP reaction with 3-hydroxy-
phenylethylamine, cyclic compounds are formed of the tetraisoquinoline type.®

The formation of complex cyclic compounds, which lead to the removal of the
coenzyme, may be of importance in the processes of inhibition of enzymatic reactions
involving PLP. Under certain conditions some amines and aminoacids may inhibit
decarboxylation processes;>~7 there may be a competition for kynureninase between
kynurenine and aminoacids,® which may be inhibitors of the reaction catalyzed by
this enzyme.* A complex cycliccompound may result from PLP reaction with histamine ;?
the reaction was shown to occur at histamine concentrations only slightly higher than
those found in certain tissues under physiological conditions.

In the experiments now reported an attempt has been made to determine the optimal
conditions (pH and substrate concentration) for cyclization of the Schiff’s base and for
the formation of complex combinations of PLP and some imidazole derivatives.
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METHODS

Tests were performed on the course of the in vitro reaction of PLP with imidazole
(Im) as well as with its derivatives: imidazolelactic acid (ImLA), histamine acid
phosphate (Hi-P), histamine dihydrochloride (Hi-2HCl), pr-histidine (pL-His),
L-histidine-dihydrochloride (L-His-2HCI), L-1-methylhistidine (L-1-MeHis) and L-3-
methylhistidine (1.-3-MeHis). The PLP concentration used was kept constant at
7 x 1075 M. Substrate concentrations were varied as follows:

Substrate 10-'M 5x102M 10°2M 10*M 10~*M 10-°M
Im + + +

ImLA —+ -} -+

Hi-P + -+ + + -+ +
Hi-2HCI + -+ + + -+ +
DL-His + -+ -+ + +

L-His-2HCI + -+ -+ + +

L-1-MeHis + + + -+ +-

L-3-MeHis -+ - + —+ -+

With each concentration a series of determinations was performed, in phosphate
buffer within a pH range from 5 to 9 at pH intervals equal to 1. In some experiments
other pH ranges were used in addition and these are specified in the text.

The course of the reaction was tested by plotting the absorption curve obtained for
PLP at wavelengths from 250 to 500 myu. 1 ml of PLP solution was mixed with 1 ml
of the compound tested in suitable concentration and 1 ml of buffer of defined pH.
The absorption spectrum was determined at 10 mp intervals (zero time) then the
reacting mixture was incubated at 37° in water bath.

Readings were then taken every 15 min using a Hilger—-Watts Uvispek H 700 spectro-
photometer for absorption measurements, and an LBS 3A (Poland) pH meter for pH
determinations from pH 5-0 to 14-0 as well as an IL (U.S.A.) instrument with a scale
expander for pH 6-8-8-0.

RESULTS

1. General character of the reaction

PLP shows two absorption maxima: at 390 and 330 mu; the latter being a weaker
one. When a Schiff’s base is formed (zero time) the absorption maximum shifts
toward visible light. At high hydrogen ion concentrations (pH=>5-0-6-0) the maximum
was observed at 400 my, while it occurs at 410 my in alkaline solutions. The shift is
accompanied by the appearance of a yellow color, characteristic for the formation of a
Schiff’s base.® During incubation of PLP-imidazole derivative mixtures the azometin
peak gradually disappeared and at the same time a new absorption maximum appeared
at 325-330 mg, probably due to gradual cyclization of the Schiff’s base and the for-
mation of a complex compound.

2. PLP reaction with Im and ImLA

No shifts of the absorption spectrum were observed and neither a Schiff’s base nor a
complex compound were formed, during the reactions of Im or ImLA with PLP.
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3. PLP reaction with histamine

The reaction was additionally tested at pH=7-2 and 7-5. The results of the reaction
between Hi-2HCI with PLP are illustrated in Fig. 1 (Hi-P reaction with PLP was
identical).

With both Hi-2HCI] and Hi-P, the absorption spectrum of the reacting mixture
shifted to 400-410 mg, i.e. characteristic for Schiff’s base. During incubation the
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F1G. 1. Reaction of histamine-2HCI (5 X 102 M) with pyridoxal phosphate (PLP) (7 x 10-5 M)

0, 15, 30, 45 and 60 time of incubation in min. (1) Phosphate buffer pH 60 (2) Phosphate buffer pH
8-0. Dotted line—the absorption spectrum of PLP.

azometin peak gradually decreased and a new absorption maximum appeared at 330
mu.

It may be inferred that during incubation azometin is transformed into a new
product; within 1 hr the Schiff’s base is completely transformed into the new com-
pound. The absorption spectrum remained unchanged when tested 24 hr after incu-
bation was stopped. The course of the reaction depends on pH. Figure 2a presents the
results for Hi-2HCI.

The reaction was slowest at pH 5-0; optimal at pH 7-2 and was not modified by
further alkalization. It should be noted, however, that the pH of the reacting mixture
was acidified by both the compounds tested. At optimal substrate concentration
(5 x 1072 M) pH was lowered by 0-2, thus suggesting that the rate of complex for-
mation is highest at neutral pH of the medium.

The kinetics of azometin transformation into the new compound depends on the
pH of the medium. In acid medium the increase in extinction with unit time (tested
every 15 min) was linear.

In neutral or alkaline medium the formation of cyclic compound was most rapid
during the first 15 min (Fig. 3a).



1954 D. KierskA and Cz. MASLINSKI

AE[_ T T T T T T T AE
2501 HISTAMINE-2HC1 A - DL-HISTIDINE —1200

5:10'2M
2001~ T 150
10'M 1M
5x407?M
1021
150~ RS ~1100
103M
102M
100 4 -150
10°3M
107M
501~ __T t 1 101-"4_1 0
T T . T ==t 200
L-1-METHYLHISTIQINE
10°
1

D

)

|

« 0
,—_’d//—x——"\ﬂ SM

1 1l 1 )

-

)
T T T T
150[~ L-HISTIDINE~2HC]

1+ —{50
1074
5x10°M
5x402M
100 107'M + —100
10°2M //\
-2
LS + 107 M50

-3
104 e, 1M
104 e "~
0_I | SN N S 1 1 __I | I 10]“M~0
56 60 70 80 90pH50 60 70  BOpH

FiG. 2. pH-dependence of cyclization reaction between pyridoxal phosphate (7 x 1075 M) and (a)
Histamine-2HCI (b) pvr-histidine (¢) L-histidine-2HC] (d) L-1-methylhistidine (in various concen-
trations).

The course of the reaction depended on the substrate concentration (Fig. 2a). The
concentration of 5 x 10~2 M was optimal. Concentration of 10~5 M was the lowest at
which azometin was still found to be transformed into a complex compound.

4. PLP reaction with histidine

The reaction was tested at pH 6-8, 72 and 7-5 with bL-His and at pH=6-2, 6-4 and
6-6 with L-His-2HCl. With both substrates absorption maximum typical for that of a
Schiff’s base was observed, as well as transformation of azometin into the cyclic
compound. However, there were marked differences between the two histidine com-
pounds tested.

In the reaction with DL-His the complex compound was formed over the whole pH



Formation of complexes between pyridoxal phosphate and some imidazole derivatives 1955

AE T 1 T T T T T ! T T AE
ssgl- SMOPM  HISTAMINE-2HC1 Al 1™  oL-HsTONE B
724200
70
AN
75
200
150
1501
100
100
150
504
-0
AE
of 4200
AE :_‘, + + + +
' L-HsTioNe-zRc: ©
- 720 5
150 72 150
S
—80
100 ~68 I~ 100
50~ -+ 50
60
- +- -0
0 50
! L 3 1 [ 1 1 1 I ]
[i] 15 30 45 60 mmun [1] 15 30 45 60 min

Fi1G. 3. The rate of cyclization reaction during incubation of pyridoxal phosphate (7 x 10~° M) with:
(a) Histamine-2HC! (5 x 10~2 M) (b) pr-histidine (10-* M) (¢) r-histidine-2HC1 (10! M) (&) ¢-1-
methylhistidine (107'M); pH 5-9.

range tested (5:0-8-0), but changes in pH were clearly accompanied by changes in the
dynamics of the reaction (Fig. 2b). Three rates can be distinguished, depending on pH;
the reaction ran rather quickly at pH 5-0-6-0, but its rate was highest at pH 7-0-7-4
and further alkalization of the medium resulted in a decrease in the reaction rate. As
the DL-His itself only altered the pH of the mixture by 0-05, the optimum pH for the
reaction was found to be only slightly alkaline at pH 7-2. The reaction was most rapid
within the first 15 min of incubation, especially at pH 8-0 when it is almost complete
(Fig. 3b), then its rate decreased, though to an extent lower than in the case of hista-
mine. pL-His concentration of 10~! M was optimal, although complex compound was
still formed at 10~* M concentration.

The reaction with Hig-2HC1 was found not to occur at pH 5-0-6-0 (Fig. 4). The
formation of the Schiff’s base and its transformation into the new compound was
observed at pH higher than 6-2; the reaction was optimal at pH 7-2-7-5 (Fig. 2¢) and



1956 D. Kierska and Cz. MASLINSKI

a3
azs
ozo
015
018

ons

oz0
025
ozao
015
010
oos

o3a
0Zs

azo

g1o

oas

1 ] !
250 200 350 400 430 mAL

Fic. 4. Reaction of rL-histidine-2HCI (10! M) with pyridoxal phosphate (PLP) (7 x 1073 M). 0, 15,
30, 45 and 60 time of incubation in min. (1) Phosphate buffer pH 50 (2) Phosphate buffer pH 7-2
(3) Phosphate buffer pH 8-0. Dotted line—the absorption spectrum of PLP,

at more alkaline pH cyclization of the Schiff’s base was lower. His-2HCl itself acidified
the mixture by about 0-3, thus optimum pH of the reaction PLP-His-2HCI mixture is
equal to 6-7-7-0. Cyclization of azometin was most rapid within the first 15 min of
incubation (Fig. 3c). The concentration of His-2HC! for complex compound for-
mation was optimal at 10~' M, although the reaction was still found to occur at
104 M.

S. PLP reaction with methyl histidine derivatives

It was suggested” that a proton at position 1 of the imidazole ring is involved in the
process of cyclization of the Schiff’s base. If this hypothesis is true, the process should
not occur when hydrogen is substituted by another group, for example the methyl one.
L-1-MeHis and L-3-MeHis were tried. The results of reaction between L-1-MeHis with
PLP being presented in Fig. 5.

Methyl derivatives appeared to react with PLP like pL-His. Figure 2d presents the
course of the reaction of L-3-MeHis depending on pH (L-3-MeHis reaction was iden-
tical). Optimal pH was 7-:0-7-2 for both methyl derivatives and optimal concentration
10-! M. Both the compounds produced a slight alkaline shift of the mixture (by
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FiG. 5. Reaction of 1L-1-methylhistidine (10~! M) with pyridoxal phosphate (PLP) (7 X 10~% M).
0, 15, 30, 45 and 60 time of incubation in min. (1) Phosphate buffer pH 5-0 (2) Phosphate buffer pH
7-0 (3) Phosphate buffer pH 8-0. Dotted line—the absorption spectrum of PLP.

about 0-05). The reaction rate was highest within the first 15 min of incubation. It was
striking that at that time and at pH 8-0 the Schiff’s base almost totally transformed into
the cyclic compound (Fig. 3d).

DISCUSSION

A Schiff’s base is formed by the reaction of an aldehyde with an amino group. In
the results described above, Im and ImLA failed to react with PLP because of the lack
of an amino group.

In the reaction of PLP with imidazole derivatives containing the amino group, a
Schiff’s base was formed immediately after mixing the compounds. During incubation
this base was transformed into a new compound with an absorption maximum
330 my; believed to be an imidazoletetrahydropyridine. It was isolated in crystalline
form from alcoholic solutions.? It is stable, since the extinction was unaltered after
24 hr. It cannot be excluded, of course, that dissociation may occur under different
experimental conditions.

The formation of a cyclic compound is closely associated with the pH of the
medium. This is in turn related to the properties of the imidazole ring—its secondary
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10 amphoteric features,!! and the

‘pyrrol” and tertiary ‘“‘pyridine” nitrogen atoms,
character of the side chain.

In the case of Hi the reactions ran slowly at low pH. The reaction was optimal at
pH 7:0 and further rise in pH was without effect on the dynamics of the reaction. It
may be related with an ionization of histamine. In pH 7-5 histamine monocation
(Hi*) concentration is 96-6%, while in pH 8-5 the concentration is 95-1 9.1 The
cyclization reaction was optimal at a Hi (Hi-P and Hi-2HCI) concentration of 5 -
10-2 M, and not at highest concentration of 10~! M. A similar finding was also re-
ported in the reaction of PLP with glycine.® It seems possible that the bond at position
5 cannot be increased in length when there are too many molecules in the medium and
this may be the reason why the complex is formed at a lower rate. A Hi concentration
of 1075 M was the lowest one at which a cyclic compound was still formed and this
concentration is only slightly higher than found in many body tissues.!3-1¢

The effect of changes in pH on the formation of the cyclic compound was most
obvious in the reaction of PLP with Hi. Like all aminoacids, His has the ability to
transfer a proton from a carboxyl to an amino group and thus form a dipolar ion.
The fact that PLP reacts at a lower rate with His than with Hi might thus be asso-
ciated with the presence of the carboxyl group on the alfa C of His and with the fact
that this group, located near H atom, makes the latter more acid in character. The
effect of pH was more distinct with the PLP-His—2HCI reaction than with the PLP-
DL-His reaction. At acid pH (5-0-6-0) the reaction with His-2HCI did not occur while
the reaction with pDL-His was still observed. This was probably due to the higher
acidity of His-2HC], resulting from both the presence of the COOH group and the
neighboring H atom and the presence of two HCl molecules per one His molecule. The
acidity of the solution was thus higher (by 0-5 compared with the buffer) and the
dynamics of the cyclic compound formation might be made lower in this way. In
alkaline solution an excess of OH~ ions is accompanied by the presence of aminoacid
RCOO- ions. The presence of this carboxyl group, which forms negative ions at such
a pH, probably results in a lower rate of azometin cyclization.

The formation of a complex compound in the PLP reaction with methyl derivatives
of His and similarity of this reaction with PLP-DL-His reaction, clearly indicate that
the azometin rings is closed without participation of the proton at the N atom of the
imidazole ring. It might be supposed that the double bond in the imidazole ring
(Fig. 6) does not equally belong to both carbon atoms (C, and Cs), but it exerts a
certain inductive effect on the atom at position 5. In the C—H bond the H atom is less
electronegative than the C atom, which results in the appearance of a partial charge on
these atoms. Some minus charge 8~ may appear in Cs, which may lead to polarization
and a loose C—H linkage (H* proton is weakly bond with C;). Since the cyclization

NH—CH,
P N-TH

k OH TH, N ik

/\ | AR A N/
HO-C'  [—~CH,~0-P-OH HC=C  HO-C C-LH,~D-P-OH C=={
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F1G. 6. Formation of a cyclic product between histamine and pyridoxal phosphate.
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reaction runs at the highest rate in a weakly alkaline medium, an excess of OH~ ions
may make this linkage still more loose. The nonpolarized electron pair on the N atom
of the azometin bond may exert an attractive force on the H* proton of this loose
linkage, thus making it possible for the transfer of H* to N atom. The process is
associated with the disappearance of the CH=—=N double bond and with the formation
of a transient electron deficiency on the C atom of the formyl group of PLP.
Attractive forces may then appear between the two differently charged carbon atoms:
C?* of the PLP formyl group and the C°~ at position 5 of the imidazole ring:
the new ring can be closed and the cyclic compound can be formed.

REFERENCES

. D. Hevr, E. Luz, S. A. HArris and K. FOLKERS, J. Am. chem. Soc. 70, 1670 (1948).

D. HevL, E. Luz, S. A. Harris and K. ForLkEers, J. Am. chem. Soc. 70, 3669 (1948).

D. Hevi, E. Luz, S. A. Harris and K. FOLKERS, J. Am. chem. Soc. 74, 414 (1952).

W. B. JaxoBy and D. M. BONNER, J. biol. Chem. 208, 709 (1953).

H. F. ScHorr and W. G. CLARK, J. biol. Chem. 196, 449 (1952).

R. HAKANSON, Hoppe-Seyler's Z. Physiol. Chem. 348, 1730 (1967).

G. RoriLio and B. MoNDpovi, Archs Biochem. Biophys. 114, 598 (1966).

E. V. GORYACHENKOVA, Dokl. Akad. Nauk S.S.S.R. 80, 643 (1951).

R. L. BLAKLEY, Biochem. J. 61, 315 (1955).

E. A. BARNARD and W. D. STEIN, in Advances in Enzymology Vol. 20, p.51 (Ed. F. F. Norb)

Interscience, New York (1958).

. L. V. YerisHINA, V. L. Svoviecki, O. V. Lesepev, L. L. FiLiprova, V. V. CHMIELNICKE, V. V.
Sovestianova and T. S. NoOVIKOVA, in The Chemistry of Heterocyclic Compounds (russ.), p. 102
(Ed. “ZINATNIE” RIGA) (1967).

12. R. C. DAGE and H. F. HARDMAN, Europ. J. Pharmac. 11, 13 (1970).

13. B. GusTaFssoN, G. KaursoN and E. ROSENGREN, Acta physiol, scand. 41, 217 (1957).

14. P. A. SHORE, A. BUurkHALTER and V. H. ConN, Jr., J. Pharmac. exp. Ther. 127, 182 (1959).

15. H. Duner and B. PERNOW, Acta med. scand. 168, 307 (1960).

16. G. N. BeaLr, Archs int. Pharmacodyn. 159, 484 (1966).

SooNamALN -

-
-



