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Abstract: The stereochemistry of one of the S-replacement reactions catalyzed by tyrosine phenol-lyase has been elucidated
by studying the reaction of tyrosine (stereospecifically deuterated at C-3) with resorcinol, catalyzed by the purified enzyme
from Escherichia intermedia. The configuration of deuterium in the product, 2,4-dihydroxy-L-phenylalanine, was elucidat-
ed by nmr comparison with a stereospecifically synthesized sample. The results show that the exchange occurs with retention
of configuration at C-3. A mechanism involving an enzyme-bound aminoacrylate moiety is discussed.

Tyrosine phenol-lyase (L-tyrosine phenol-lyase (deami-
nating) EC 4.1.99.2, formerly known as §-tyrosinase) is a
pyridoxal phosphate-dependent multifunctional enzyme
which catalyzes «,8 elimination (eq 1-4),%3 3 replacement
(eq 5 and 6),%7 racemization (eq 7),% and the reverse of .3
eliminations (eq 8 and 9)%!9 to form L-tyrosine or its deriv-
atives from pyruvic acid, ammonia, and phenols.

L-tyrosine + H,O0 —> phenol + pyruvic acid + NH;
(1)

S-methyl-L -cysteine + H,O —
methylmercaptan + pyruvic acid + NH; (2)
L-cysteine + H,0 — H,S + pyruvic acid + NH; (3)

L-serine — pyruvic acid + NH, (4)
L -tyrosine + pyrocatechol —»

3,4 -dihydroxyphenyl-1 -alanine + phenol (5)
S-methyl-L-cysteine + resorcinol —»

2,4 -dihydroxyphenyl -1 -alanine + phenol (6)

L(D)-alanine —> pr-alanine (7)
phenol + pyruvic acid + NH; —> L-tyrosine + H,O
(8)

pyrocatechol + pyruvic acid + NH, —»
3,4 -dihydroxyphenyl-L -alanine (9)

The function of tyrosine phenol-lyase including the syn-
thesis of 2,4-dihydroxyphenyl-L-alanine from tyrosine and

Journal of the American Chemical Society | 97:15 | July 23,1975



resorcinol can be accounted for3!! (Figure 1) by adopting
the general mechanism for pyridoxal phosphate-dependent
reactions proposed by Braunshtein and Shemyakin'? and by
Metzler, et al.'3 Pyridoxal phosphate binds through an
azomethine linkage between the formyl group of the coen-
zyme and the e-amino group of lysine residues in the ho-
loenzyme3 (I, Figure 1) to give the activated enzyme. The
first step for the catalysis by tyrosine phenol-lyase is the in-
teraction of the holoenzyme with substrate II by a transal-
dimination reaction'4 which replaces the azomethine link-
age between coenzyme and apoenzyme with a similar bond
between coenzyme and substrate (I1I, Figure 1). The sec-
ond step for the catalysis by the enzyme is a labilization of
the hydrogen atom at C-2 of the substrate.!!

The resulting carbanionic intermediate IV, a resonance
hybrid of such structures as IVa and IVb, is now capable of
eliminating the group R provided it can be released as an
anion. In the cases of serine, cysteine, and S- methylcys-
teine, where R = OH, SH, and SCH3, this is obviously fea-
sible; for tyrosine, release of a p- hydroxyphenyl carbanion
is unlikely, and it seems more reasonable to postulate an ini-
tial tautomerism which will allow elimination of the pheno-

late anion:
/@/\(COOH @COOH
HO N\ N
CH2 COOH

AL

The resulting intermediate V, an enzyme-bound a-ami-
noacrylate-pyridoxal phosphate complex, may again’ be
considered a resonance hybrid of such structures as Va and
Vb. The final step in this sequence varies depending on the
enzymatic reaction conditions. In the case of the «,5-elimi-
nation reactions (eq 1-4), the a-aminoacrylate moiety of V
is simply hydrolyzed to yield pyruvate and ammonia, regen-
erating tyrosine phenol-lyase. Alternatively, in the presence
of phenol homologs such as resorcinol, a Michael-type addi-
tion to V can occur, giving rise to the 8-replacement prod-
uct, 2,4-dihydroxyphenyl-L-alanine (VI).

While the elimination step in this sequence is a well-rec-
ognized reaction of the pyridoxal phosphate family, e.g., in
the conversion of homoserine to threonine, the striking abil-
ity of tyrosine phenol-lyase to catalyze Michael additions to
the aminoacrylate intermediate makes it of special theoreti-
cal and practical significance. It seemed of particular inter-
est to elucidate the stereochemistry at the 3 carbon of the
amino acid as a clue to the mechanism of this enzymatic
process. If the elimination of phenolate ion from tyrosine
were stereospecific, the prochirality at C-3 of the original
substrate would be conserved in the intermediate V, which
has a ¢ plane through the C-3 atom. Then if the Michael
step is also stereospecific, the prochirality at C-3 would per-
sist to the B-replacement product V1. Since it is reasonable
to expect that both the nucleophile eliminated to form V
and that added to V should be oriented perpendicular to the
plane of the extended = system of Va, it seemed likely that
the 3 replacement should be stereospecific. The outgoing
and incoming nucleophiles might be oriented on the same
side of the plane of Va, leading to overall retention at C-3,
or on opposite sides of the plane, leading to inversion at C-3.
It is recognized that there are many opportunities for loss of
configurational specificity: nonstereospecific elimination of
phenolate ion from 1V, random addition of the nucleophile
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from either face of Va, or sufficient contribution of the res-
onance contributor Vb to allow free rotation about the bond
between C-2 and C-3; any of these would destroy the non-
equivalence of the diastereotopic hydrogens at C-3 and lead
to overall racemization at that site. This paper deals with a
study of the stereochemical change at C-3 during the tyro-
sine phenol-lyase catalyzed reaction of tyrosine with resor-
cinol to yield 2,4-dihydroxyphenyl-L-alanine.

Experimental Section

Stereospecifically Deuterated Amino Acids. Two diastereomers
of tyrosine chirally labeled with deuterium at C-3 were prepared'>
via the azlactones by the method of Kirby and Michael'¢ (see
Table I): (=)-(2S,3R)-[3-*H]tyrosine (VI1Ib), which was resolved
with chymotrypsin, and (&)-(2S,3S;2R,3R)-[2,3-2H;]-tyrosine
(Vllc), used as the racemate. Their nmr data are listed in Table I.

An authentic sample of (%) 2,4-dihydroxyphenylalanine (1Xa)
was synthesized by the method of Lambooy.!” Deuterium was
stereospecifically introduced at C-3 by repeating the synthesis with
2,4-(CH30);C¢H3CDO, using again the method of Kirby and Mi-
chael,' to _give (%)-(25,3R;2R,3S)-[3-2H]-2,4-dihydroxyphe-
nylalanine (IXb). Their nmr data are listed in Table 1.

Incubation Experiments, The enzyme was purified from Esche-
richia intermedia grown on a tyrosine-containing medium accord-
ing to the method described by Kumagai, et al.* Instead of
employing pyrocatechol for the replacing substrate (eq 5), the in-
cubation was carried out in the presence of resorcinol (cf. eq 6)
since 2,4-dihydroxyphenyl-L-alanine (VII1) was more easily acces-
sible and purified in the free state than the 3,4-isomer. Both sub-
strates VIIb and Vllc were treated with tyrosine phenol-lyase, and
the products were purified according to the method previously re-
ported” with the following modification. Incubation was carried
out at 30° for 24 hr in a reaction mixture containing deuterated ty-
rosine (3.0 mmol), resorcinol (3.7 mmol), pyridoxal phosphate
(0.02 mmol), sodium sulfite (1.5 mmol), EDTA (0.5 mmol), potas-
sium phosphate buffer (10 mmol, pH 7.8), and 10 mg of the crys-
tallized enzyme in a total volume of 200 ml. The reaction was ter-
minated by heating at 80° for 20 min, and denatured protein was
removed by filtration. The filtrate was applied to an Amberlite
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CG-120 column (40 X 2.5 cm, H* form), and the column was £
cluted with a gradient of hydrochloric acid in a concentration from g o o o o
0.6 to 2.0 V. The fraction containing the product was further puri- Z = zg a : = E ey
fied on aluminum oxide and recrystallized from aqueous ethanol. E & S e en S - S
The optical rotations and nmr data of both products, VIIIb and Ers T o <
Vlllc, are listed in Table I, together with those of the authentic @) ..g 'L L) 'L 7 'L ]
nondeuterated specimen VIlla. All the enzymatic products were T oW Bl L))
levorotatory in conformity with the L-configurational series of nat-
urally occurring amino acids in general. As indicated in Table I,
the nmr spectrum of the biosynthetic amino acid V1lla was identi-
cal with that of the synthetic sample 1Xa, while the nmr spectrum a
of the monodeuterated biosynthetic sample VIIIb was identical E
with that of the monodeuterated synthetic amino acid 1Xb. ;> 2 E g
Mass Spectra. The synthetic product IXb and both enzymatic o= 2 =)
products VIIIb and VIlic showed the largest fragment peak at m/ E% = E il
e 180. On the other hand, the unlabeled authentic specimens VIlla "S- =5 8 E
and XA, whether obtained enzymatically or by synthesis, gave gl A 0 R
spectra with similar fragmentation patterns and a maximum frag- & % 2
ment at m/e 179. The loss of water from the parent amino acid to E L
form the major fragments at 179 or 180 suggests cyclodehydration <~ =
to the dihydrocoumarin upon electron impact.!® The mass spec- E
trum also shows that one atom of deuterium is lost during conver-
sion of VlIc to Vlllc, and the nmr spectrum makes it clear that the
deuterium at C-2 is lost. g
Q
Discussion £ T = P é
An exchange reaction (Figure 2) between L-tyrosine and SE = T = g
resorcinol, catalyzed by tyrosine phenol-lyase, takes place = 1 © A
readily to form 2,4-dihydroxy-L-phenylalanine (VIIIa), in
which the phenol ring has been replaced by the resorcinol
ring. The product is identical with that formed by the same "
enzyme-catalyzed exchange between S-methyl-L-cysteine &z : °a <
and resorcinol,” and the structure is verified not only by S I "II" I "I’
analysis of its spectroscopic properties but also by direct N g %y 3 J,J
comparison with an authentic synthetic sample.'” The nmr & o °l $s8 <
spectrum, in which the couplings between the three side- 2} Kol
chain protons are easily discernible, makes possible a study é‘ A
of the stereochemical result at C-3 during the exchange S| E oo o 2
process. _ sl|lE=e g 22 5
Use of (—)-(2S.3R)-[3-?H]tyrosine (VIIb)!5!¢ as sub- .. Z‘t%: 2 TN NN ~
. .« 7 - o 321
s‘rate led to a product (VIIIb) containing one atom of deu- g gg p T g ! i
t rium, as shown by the mass spectrum. The product was s O£ RS ] &
evidently a single diastereomer since the nmr spectrum & AR T o
showed the proton at C-2 and a single proton at C-3, each '§
appearing as a doublet, with a coupling constant of 4.5 Hz. )
The absence of the Hig signal, as well as the 25,3R and 2
3R, 3S couplings, taken with the coincidence of the J; ; E
coupling constant of 4.5 Hz with that of J25 35 = 5.0 Hz in Z .
the substrate VIIb of proved configuration, establishes § = N =§'= o
unambiguously that the deuterium in VIIIb has the 3R con- < & .
figuration, and that the exchange reaction has taken place *;*‘ 8 N S 2 ~a
with complete retention of configuration at C-3. As final 5| 3& = 5 =
proof, a stereospecifically labeled sample IXb of racemic < 52 . 3 o
(2S,3R; 2R, 3S)-[3-2H]-2,4-dihydroxyphenylalanine was 8 F = 0
synthesized by the method of Kirby and Michael,'¢ and it e ’é*
proved to have ir, nmr, and mass spectra identical with © 2 2 2
those of VIIIb. =
It was then possible to confirm this result with a sub- =
strate of opposite chirality at C-3, racemic (2S,3S; &
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e Aromatic proton signals of VII and VIII appeared around 6.50-7.18 and 6.30~7.25 ppm, respectively. ® Literature [«}?2p —10.6 in 1 N HCI, ¢ 4.0,

(VILe); (-)-(2S,35)-[23—"H,]- and its enantiomer



2R, 3R)-[2,3-2H;]tyrosine (VlIc), also prepared by Kirby’s
method. Although tyrosine phenol-lyase has been shown to
have racemase activity with alanine,? we were able to show
in simultaneous runs with D- and L-tyrosine, stopped after
short incubation periods, that D-tyrosine was inactive under
conditions which produced VIIIa from L-tyrosine in the ty-
rosine phenol-lyase catalyzed exchange with resorcinol, and
that consequently it is safe to conclude that only the natural
(2S,3S) component of the racemic mixture takes part in the
reaction. The product of this exchange reaction (VIlIc)
contained only one atom of deuterium, and the J, ;3 cou-
pling constant of 8.0 Hz showed clearly that the deuterium
occupies the 3S configuration. This supplemental result
provides supporting evidence that the S-replacement reac-
tion is not only completely stereospecific but occurs with re-
tention of configuration at C-3.

The loss of deuterium from C-2 during the enzymatic
transformation of VIlc to VIlIc suggests, of course, the loss
of chirality at that position and is in full agreement with the
postulated role of the coenzyme in forming intermediate IV
(Figure 1). A final stereospecific protonation at C-2 results
in formation of the “natural” 2S configuration in 2,4-dihy-
droxyphenyl-L-alanine.

The crucial finding of this study is that the S-replace-
ment reaction of tyrosine with resorcinol takes place with
complete retention of configuration at C-3, and this is pre-
sumably true of other 3 replacements catalyzed by tyrosine
phenol-lyase. After our work had been completed, two re-
sults of related enzymatic studies appeared: (1) Floss, et al.,
reported!® that the synthesis of tryptophan from serine and
indole, catalyzed by tryptophan synthetase, occurs with re-
tention of configuration at C-3 of serine, and (2) Fuganti, et
al.,?0 reported that the synthesis of tyrosine from serine and
phenol, catalyzed by tyrosine phenol-lyase, takes place with
retention of configuration at C-3 of serine. Thus, the grow-
ing family of pyridoxal phosphate-dependent enzymatic
reactions which carry out «,83 eliminations and their rever-
sals through an enzyme-bound a-aminoacrylate-pyridoxal
phosphate complex appear to share a common stereochemi-
cal course. This leaves no doubt that the functional or bind-
ing groups in the enzyme interact with the aminoacrylate
complex to keep it relatively planar (as in Va), maintaining
the prochirality at C-3 and the distinction between His and
Hig throughout the reaction.

In 1971, Dunathan summarized the elegant work of his
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and other groups on the stereochemistry of pyridoxal phos-
phate-catalyzed reactions2! and concluded that in all reac-
tions examined to that date all bond breaking and bond
making took place on only one side of the cofactor-sub-
strate imine. It is striking that the results reported in this
paper and other recent work extend this generalization to
the «,83 eliminations and their reverse reactions as well. The
subtle yet powerful stereochemical conclusions of this sort
are clearly laying the groundwork for more detailed under-
standing of pyridoxal phosphate catalysis.
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