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ABSTRACT: The pH dependence of the kinetic parameters and primary deuterium isotope effects have been 
determined for tyrosine phenol-lyase from both Erwinia herbicola and Citrobacter freundii. The primary 
deuterium isotope effects indicate that proton abstraction from the 2-position of the substrate is partially 
rate-limiting for both enzymes. The C. freundii enzyme primary deuterium isotope effects [DV = 3.5 and 
D( V/Ktyr) = 2.51 are pH independent, indicating that tyrosine is not sticky (i.e., does not dissociate slower 
than it reacts to give products). Since V,, for both tyrosine and the alternate substrate S-methyl-L-cysteine 
is also pH independent, substrate binds only to the correctly protonated form of the enzyme. For the E .  
herbicola enzyme, both V,,, and V / K  for tyrosine or S-methyl-L-cysteine are pH dependent, as well as both 
DVand D(V/Ktyr). Thus, while both the protonated and unprotonated enzyme can bind substrate, and may 
be interconverted directly, only the unprotonated Michaelis complex is catalytically competent. At pH 9.5, 
DV = 2.5 and D(V/Kty,) = 1.5. However, a t  pH 6.4 the isotope effect on both parameters is equal to 4.1. 
From these data, the forward commitment factor ( c f  = 5.2) and catalytic ratio (cvf = 1.1) for tyrosine and 
S-methyl-L-cysteine ( c f  = 2.2, cvf = 24) are calculated. Also, the Michaelis complex partition ratio (c f /cvf )  
for substrate and products is calculated to be 4.7 for tyrosine and 0.1 for S-methyl-L-cysteine. The chemical 
mechanism of these enzymes appears to require two bases, one of which (pK ca. 7.6-7.8) abstracts the proton 
from the 2-position of the substrate to form a quinonoid intermediate and the second of which (pK ca. 8.0-8.2), 
acting in concert with proton transfer from the first group to C-1 of the phenolic ring, abstracts the substrate 
hydroxyl group to facilitate cyclohexadienone formation and subsequent elimination of phenol. Thus, although 
both of these enzymes catalyze the same reaction and have essentially the same acid-base chemistry, their 
abilities to bind substrates differ quite markedly. 

=e carbon-carbon lyase tyrosine phenol-lyase (deaminating) 
(EC 4.1.99.2) catalyzes a pyridoxal phosphate dependent 
elimination reaction: 

H 2 0  + L-tyrosine + phenol + pyruvate + ammonia (1) 

The enzyme is found in a variety of enterobacteria (Enei et 
al., 1972). However, only the enzymes from Erwinia herbicola 
(Kumagai et al., 1972) and Citrobacter freundii (Kumagai 
et al., 1970b) have been studied in any detail. This enzyme, 
as well as tryptophan indole-lyase, differs from other PLP- 
dependent' lyases catalyzing elimination reactions in that 
formally unactivated carbon-carbon bonds are broken (Miles, 
1986). The reaction is intriguing because of the multiple 
proton transfers in the catalytic mechanism and because of 
the internal transfer of a proton from the 2-position of the 
substrate to the leaving phenolic ring (Faleev et al., 1983). 
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This implies quinonoid formation must take place prior to 
tautomerization of the phenol ring to cyclohexadienone (Sa- 
wada et al., 1975) and subsequent elimination of phenol. 

A chemical mechanism for these reactions has been postu- 
lated and previously described (Sawada et al., 1975; Walsh, 
1979; Miles, 1986). However, there has been no in-depth 
steady-state kinetic analysis of either of the above-mentioned 
enzymes to corroborate the postulated mechanism. This study 
presents a detailed comparative investigation of the pH var- 
iation of the primary deuterium isotope effects for proton 
abstraction at  the 2-position of the substrate and pH depen- 
dence of the steady-state kinetic parameters and Ki values for 
competitive inhibitors for tyrosine phenol-lyase from E .  her- 
bicola and C. freundii. These data suggest that although the 
enzymes from different organisms both catalyze the same 
reaction and appear to have a requirement for two enzymic 
groups to be unprotonated in order to facilitate catalysis, the 
effect of protonation of these groups on reactant binding 
differs. In a companion paper (Kiick & Phillips, 1988), similar 

' Abbreviations: Ches, 2-(N-cyclohexylamino)ethanesulfonic acid; 
DTT, dithiothreitol; Hepes, N-(2-hydroxyethyl)piperazine-N'ethane- 
sulfonic acid; LDH, lactate dehydrogenase; Mes, 2-(N-morpholino)- 
ethanesulfonic acid; PAGE, polyacrylamide gel electrophoresis; SMC, 
S-methyl-L-cysteine; PLP, pyridoxal phosphate; Taps, 3- [ [tris(hydroxy- 
methyl)methyl]amino] propanesulfonic acid; TPL, tyrosine phenol-lyase. 
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data for tryptophan indole-lyase are presented that further 
bring into focus the overall catalytic mechanism for these 
carbon-carbon lyases. 

EXPERIMENTAL PROCEDURES 
Chemicals and Enzymes. Tyrosine phenol-lyase from E .  

herbicola (ATCC 2 1434) was purified as previously described 
(Phillips, 1987). The enzyme preparation exhibited a specific 
activity of 0.4 unit/mg with L-tyrosine as substrate at  pH 8 
and 25 OC. The enzyme (M,  259000) binds 2 mol of PLP/mol 
of enzyme (Kumagai et al., 1972). The protein concentration 
of this preparation was estimated by the method of Bradford 
(1976). The tyrosine phenol-lyase from C. freundii2 (ATCC 
29063) was obtained from bacteria grown in a medium con- 
taining 0.1 % L-tyrosine. The enzyme ( M ,  170 000), which also 
binds 2 mol of PLP/mol of enzyme (Kumagai et al., 1972), 
was purified by DEAE-cellulose chromatography followed by 
hydrophobic interaction chromatography on octyl-Sepharose 
CL-4B (Phillips et al., 1987). This preparation exhibited a 
specific activity of about 1.5 units/mg with L-tyrosine at pH 
8 and 25 OC. The LDH used in the coupled assays was 
purchased as a lyophilized powder from Sigma (rabbit muscle) 
or as a solution in 50% glycerol, pH 6.5, from Boehringer 
Mannheim (hog muscle). 

The compounds L-tyrosine, L-alanine, L-phenylalanine, and 
pyridoxal phosphate were from Sigma. The NADH and DTT 
were purchased from Boehringer Mannheim. The D 2 0  (99 
atom % D) was obtained from Sigma. The S-methyl-L-cys- 
teine was purchased from Aldrich, while phenol was from the 
J.  T. Baker Chemical Co. The Good's buffers were from 
Research Organics, and all other reagents and chemicals ob- 
tained from commercially available sources were of the highest 
quality available. 

Preparation of [ 2-zH] -L- Tyrosine. To K2HP04 (3 14 mg), 
KH2P04 (29 mg), S-methyl-L-cysteine (135 mg), PLP (0.5 
mg), and phenol (60 mg) were added 20 mL of D 2 0  and 0.007 
mL of 2-mercaptoethanol. The pD of the solution was 8. To 
this solution was added 0.1 mL of E.  herbicola TPL (1 .O unit). 
The solution was stoppered with a serum cap and stirred at  
room temperature for 3 days, during which time the tyrosine 
produced precipitated. The reaction mixture was then acidified 
by careful addition of 1 mL of 12 N HCl, and the precipitated 
protein was removed by filtration through a Celite pad. The 
filtrate was evaporated in vacuo to dryness, and the residue 
was dissolved in 5 mL of water, adjusting the pH to 5 with 
solid NaHC03.  After standing overnight at  4 'C, the pre- 
cipitate was collected and recrystallized from hot water. This 
resulted in 36.9 mg of silky white needles, representing a 32% 
yield of [ 2-2H]-~-tyrosine. This material was essentially pure 
as determined by its UV spectrum and TLC analysis. A single 
UV and ninhydrin-positive spot on reverse-phase plates (An- 
altech) was eluted with 50 mM sodium acetate at  pH 6. A 
'H NMR analysis obtained on a Bruker 250-MHz spectrom- 
eter of the deuteriated compound indicated >99% incorpo- 
ration of deuterium at the 2-carbon. 

Substrate Calibration. The concentrations of L-tyrosine- 
2-(H,D) were determined and standardized from measure- 
ments of their UV spectra by using an extinction coefficient 
(0.1 N HC1) at  275 nm of 1.34 mM-' cm-' (Morton, 1975). 
The concentrations from several determinations were in 
agreement within 1%. 

A culture of this organism was originally deposited with the Am- 
erican Type Culture Collection (ATCC) as Aeromonas phenologenes. 
It has subsequently been reclassified as Citrobacter freundii (synonymous 
with Citrobacter intermedius) (ATCC Catalog, 16th ed., 1985). 

Initial Velocity Studies. Tyrosine phenol-lyase was assayed 
spectrophotometrically on a Beckman DU monochromator and 
a Gilford OD converter, using a Leeds-Northrop chart recorder 
with multispeed drive. All assays were carried out at 25 'C, 
and reaction rates were measured by coupling the pyruvate 
produced to the oxidation of NADH in the presence of excess 
LDH (Cleland, 1977; Morino & Snell, 1970). The temper- 
ature was maintained with a circulating water bath with the 
capacity to heat and cool the thermospacers of the Beckman 
DU. Reaction cuvettes were 1 cm in path length and 1 or 3 
mL in volume. Assay temperatures were routinely monitored 
with a YSI telethermometer while the cuvette was still in the 
cell compartment. A typical assay contained 0.1 M buffer (see 
pH Studies below), 0.2 M KCl, 1 mM DTT, 0.05 mM PLP, 
0.2 mM NADH, 100 units/mL LDH, and variable concen- 
trations of L-tyrosine. The reaction was initiated by the ad- 
dition of enzyme, and the disappearance of NADH was 
monitored at 340 nm, E340 = 6.22 mM-' cm-'. 

For both the C.  freundii and E. herbicola enzyme systems, 
velocity as a function of enzyme concentration was determined 
at pH 6.5, 7.5, and 9.0 when either L-tyrosine or S-methyl- 
L-cysteine was used as the substrate and also at the highest 
inhibitor concentration used in obtaining the inhibition pat- 
terns. In all cases, the activity per milliliter determined equally 
reflected the rate of tyrosine phenol-lyase. No NADH oxidase 
activity was present in the C. freundii preparation. There was, 
however, a finite amount (no greater than 18% at the lowest 
concentration of substrate) of NADH oxidase activity in the 
E. herbicola preparation. This background rate was subtracted 
by obtaining the rate in the absence of L-tyrosine under all 
conditions assayed. All corrected double-reciprocal plots were 
linear. 

p H  Studies. Determination of V and V / K  for L-tyrosine 
and S-methyl-L-cysteine was carried out by varying the levels 
of the desired substrate and obtaining the initial velocity. The 
Ki for inhibitors vs either L-tyrosine or S-methyl-L-cysteine 
were determined by varying the concentrations of substrate 
at several different inhibitor concentrations (including zero). 
Individual experiments will be discussed in further detail under 
results. All assays reflected initial velocity conditions with less 
than 10% of the limiting reactant utilized over the time course 
of the reaction. The pH ranges of the buffers were as follows: 
Mes, 5.5-6.5; KP,, 6.5-7.5; Hepes, 7.0-8.0; Taps, 8.0-9.0; 
Ches, 9.0-10.0. All buffers were titrated to the appropriate 
pH with KOH. In all cases, sufficient overlaps were obtained 
when buffers were changed so that correction could be made 
for spurious buffer effects (Blanchard, 1984). The pH of the 
reaction mixture was measured with a Beckman IC, 21 pH 
meter with a combined microelectrode before and after suf- 
ficient data were collect4 for determination of initial velocities. 
Negligible pH changes were observed before and after reaction. 

Data Analysis. Reciprocal initial velocities were plotted as 
a function of reciprocal substrate concentrations. Data were 
analyzed by using the appropriate rate equations and whenever 
possible by using the FORTRAN programs of Cleland (1 979). 
Individual saturation curves used to obtain the pH profiles were 
fitted by using 

VA 
K ,  + A 

u = -  

Data for linear competitive inhibition were fitted by using 

VA 
u =  

K,( 1 + I /Kis )  + A (3) 

In eq 2 and 3, A is the reactant concentration, I is the inhibitor 
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FIGURE 1 : pH dependence of the kinetic parameters for C. freundii 
tyrosine phenol-lyase. The points are the experimentally determined 
values from a fit of the data to eq 2, while the curve for V/KsMc (open 
circles) is from a fit of the resulting values using eq 4. The curve 
for V/Ktyr is from a fit of the data using eq 5 .  For both V profiles 
(open circles, SMC; filled circles, Tyr), the lines represent the average 
value of the parameter. 

concentration, K, is the Michaelis constant, and Kb is the slope 
inhibition constant. Data for pH profiles that decreased with 
a slope of 1 or 2 at low pH were fitted to eq 4 and 5,  re- 
spectively. 

/7 
L 

log Y = log 
1 + H/Kl (4) 

( 5 )  
C 

1 + H/K1 + H / K l K 2  
log Y = log 

In eq 4 and 5, K1 and K2 represent the dissociation constants 
for enzyme groups, Y is the value of the parameter observed 
as a function of pH, and C is the pH-independent value of Y. 
Initial velocities obtained by varying the concentration of 
~-tyrosine-2-(H,D) were fitted by using eq 6 and 7. These 

(6) 

(7) 

VA 
u =  

K,(1 + FiEV/K) + A(l + FiEv) 

VA 
u =  

(Ka + A)(1 + FiEV/K) 

equations assume independent isotope effects on Vand V/K 
(eq 6) or equal effects on both V and V/K (eq 7). In eq 6 and 
7, Fi is the fraction of deuterium label in the substrate, while 
Ev and Ev,K are the isotope effect minus one for the respective 
parameters. In all cases, the best fit of the data was chosen 
on the basis of the lowest values of the standard errors of the 
fitted parameters and the lowest value of Q (Cleland, 1979). 

RESULTS 
p H  Dependence of the Kinetic Parameters. The pH de- 

pendence of the kinetic parameters for C. freundii tyrosine 
phenol-lyase is shown in Figure 1. The maximum velocity 

I I 

-1 

- 2  
log V/K 

-3 

log v -2  
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FIGURE 2: pH dependence of the kinetic parameters for E.  herbicola 
tyrosine phenol-lyase. The points are the experimentally determined 
values from a fit of the data to eq 2, while the S-methyl-L-cysteine 
V and V / K  profiles and V, are from a fit of the resulting values using 
eq 4. The curve for V/g tyr  is from a fit of the data using eq 5. 

is pH independent from pH 6.9 to 9.6. The V/K for tyrosine 
decreases below two pK values. From a fit of the data to eq 
5, an average of the two values is 7.82 f 0.06. The pH-in- 
dependent value of these parameters is VIE, = 2 s-l and 
V/(K,,,EJ = 8.5 x 103 M-1s-1 . I n contrast, the pH depen- 
dences of the kinetic parameters with tyrosine as the substrate 
for the E. herbicola enzyme are quite different (Figure 2). 
Both V and V/K are pH dependent, with V decreasing below 
a pK of 7.41 f 0.07 and V/K decreasing below two pK values 
of 7.0 f 0.2 and 8.2 f 0.2. The pH-independent values of 
these parameters are V/Et = 0.9 s-l and V/(K,,,E,) = 4.5 X 

Both tyrosine phenol-lyases can also use s-methyl-L-cysteine 
as a substrate, and the pH dependences of the kinetic param- 
eters for the C. freundii enzyme with this substrate are shown 
in Figure 1 .  The maximum velocity is pH independent from 
pH 6.3 to 9.0, while V/KSMC decreases below a single pK of 
7.63 f 0.08. The pH-independent values of these parameters 
are VIE, = 1 s-l and V/(KsMcEt) = 2.0 X lo2 M-' s-l . n  0 
the other hand, for the E. herbicola enzyme, the kinetic pa- 
rameters for S-methyl-L-cysteine are both pH dependent 
(Figure 2). The V/K for S-methyl-L-cysteine decreases below 
a pK value of 7.3  f 0.1, while Vdecreases below a pK of 6.4 
f 0.1. The pH-independent values of these parameters are 
V/Et = 0.9 s-l and V/(KsMcEt) = 1.4 X lo2 M-' s-'. 

p H  Dependence of Inhibitors. The pH dependence of the 
dissociation constants for L-alanine and L-phenylalanine were 
determined for both enzymes. From the inhibition patterns 
obtained over the pH range of 6.0-9.0, it was shown that 
inhibition by both inhibitors vs either tyrosine or S-methyl- 
L-cysteine for both enzymes is competitive (data not shown). 
The pKi profiles for both L-alanine and L-phenylalanine in- 
hibition for the E. herbicola enzyme are shown in Figure 3A. 

103 M-1 s-1. 
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FIGURE 3: pH dependence of inhibitor dissociation constants. (A) 
Inhibition of E .  herbicola tyrosine phenol-lyase. The open circles 
represent data obtained for the binding of L-phenylalanine, while the 
filled circles represent data obtained for the binding of L-alanine. (B) 
Inhibition of C. freundii tyrosine phenol-lyase. The open circles 
represent data obtained for the binding of L-phenylalanine, while the 
filled circles represent data obtained for the binding of L-alanine. In 
all cases tyrosine was varied ca. an order of magnitude around its K, 
at fixed levels (ca. 0, 0.5, and 2 Ki) of the inhibitor. The inhibition 
patterns were fit to eq 3, and the resulting values of l/Kk were fitted 
to eq 4 to obtain the curves shown. 

The Kk values for both inhibitors increase below the same pK 
(7.7 f 0.1 for L-alanine and 7.8 f 0.1 for L-phenylalanine). 
The pH-independent value of the Ki, for L-phenylalanine is 
2.8 f 0.3 mM and for L-alanine is 10 f 1 mM. These values 
are in good agreement with the previously reported Ki values 
of 2 mM for L-phenylalanine and 9.5 mM for L-alanine 
(Kumagai et al., 1972). For the C. freundii enzyme, L-alanine 
and L-phenylalanine dissociation constants also decrease below 
the same pK (Figure 3B) of 7.65 f 0.02 for L-alanine and 7.57 
f 0.03 for L-phenylalanine, The pH-independent value of the 
Ki, for L-phenylalanine is 1.49 f 0.05 mM and for L-alanine 
is 5.9 f 0.2 mM, which agrees well with the previously re- 
ported Ki value for L-alanine of 6.5 mM (Kumagai et al., 
1970b). 

pH Variation of Deuterium Isotope Effects. By use of the 
direct comparison method, the primary deuterium isotope 
effects for abstraction of the proton at the 2-position of tyrosine 
were measured as a function of pH. For the E .  herbicola 
enzyme, both DVand D(V/K) are pH dependent. At pH 9.5, 
the isotope effects are DV = 2.5 f 0.2 and D(V/K) = 1.5 f 
0.3. Both of these effects increase and become essentially equal 
a t  pH 6.5, DV = 4.1 f 0.3 and D(V/K) = 4.1 f 0.3. The 
values of the parameters as a function of pH are listed in Table 
I. In contrast, the C. freundii enzyme displays deuterium 
isotope effects of DV = 3.5 f 0.4 and D(V/K) = 2.5 f 0.4 that 
are pH independent. These parameters as a function of pH 
are also listed in Table I. 

DISCUSSION 
Protonation Mechanism for  Citrobacter Enzyme. When 

either tyrosine or S-methyl-L-cysteine is the substrate, the V 
profile for this enzyme is pH independent. This shows that 
the substrate binds only to the correctly protonated form of 
the enzyme. In such a mechanism, the pK values for catalytic 
and binding groups displayed in the V/K profile will be the 
correct ones (Cleland, 1977). For tyrosine, the V/K decreases 
below an average of two pK values calculated to be 7.8. A 
single pK of 7.6 is observed in the V/K profile for S- 

Table I: Primary Deuterium Isotope Effects’ as a Function of pH 
for Tyrosine Phenol-Lyase 

enzyme PH DV D(vlKw,) 
E .  herbicola 6.4b 4.1 f 0.3 4.1 f 0.3 

6.7 3.9 f 0.1 3.5 0.1 
7.0 3.9 * 0.3 3.5 f 0.4 
7.5 3.6 f 0.2 2.6 f 0.3 
8.6 2.9 f 0.2 2.1 f 0.5 
8.9 2.9 f 0.3 1.9 f 0.4 
9.1 2.5 f 0.2 1.5 f 0.3 

C. freundii 6.6 3.3 f 0.1 2.8 f 0.3 
7.4 3.5 f 0.2 2.2 f 0.1 
8.3 3.7 f 0.4 2.5 f 0.4 
9.5 3.4 0.2 2.5 f 0.3 

“Except where noted, the values for DV and D ( V / K )  are from a fit of 
the data to eq 6. bThe values for DV and D(V/K) are from a fit of the 
data to eq 7. 

methyl-L-cysteine. Since neither substrate has any ionizable 
groups in the range of pH measured, the observed pK values 
reflect enzyme groups that must be deprotonated in order to 
permit binding of substrate. Moreover, since the pH profiles 
do not level off at low pH, a mechanism where both EA and 
EAH can be converted to products can be ruled out (Cook & 
Cleland, 198 1 b). Only the EA complex is catalytically com- 
petent. 

Since the variable substrate concentration is extrapolated 
to zero in determining a competitive inhibitor dissociation 
constant, true pK values are observed for the pH dependence 
of Ki values for competitive inhibitors (Cleland, 1977). Both 
of the pKi profiles for the competitive inhibitors phenylalanine 
and alanine display a true pK of 7.6. Since only the group 
with a pK of 7.6 is observed in the V/K profile for S- 
methyl-L-cysteine, this group is probably responsible for ab- 
straction of the proton at the 2-position of the substrate. For 
tryptophan indole-lyase, which has a similar chemical mech- 
anism [see the following paper, Kiick & Phillips (1988)], June 
et al. (1981) have shown that dead-end quinonoid complexes 
can be formed from L-alanine and L-ethionine. This requires 
that the enzyme be able to abstract the proton from the 2- 
position of the pseudosubstrate to facilitate quinonoid for- 
mation. 

Knowing that the observed pK values in the V/K profiles 
are the correct ones allows one to calculate the value of the 
other pK in the VIK,,, profile as 8.0. Since this pK of 8.0 is 
observed only in the V/K profile for tyrosine and not in the 
pKi profile for phenylalanine or alanine, this enzyme group 
must be interacting directly with the hydroxyl moiety of 
tyrosine. Most likely this group abstracts the hydroxyl proton 
to permit the phenol ring to tautomerize to the cyclo- 
hexadienone, a postulated reaction intermediate (Sawada et 
al., 1975). More will be said below of this interaction and the 
pK assignments. 

In this 
system the Vfor tyrosine decreases below a pK of 7.4, while 
two pK values of 7.0 and 8.0 are observed in the V/K profile. 
On the other hand, the V for S-methyl-L-cysteine decreases 
below a pK of 6.4, and V/K decreases below a single pK of 
7.3. As stated above, neither substrate has any ionizable 
groups in the range of pH measured. Thus, the observed pK 
values reflect enzyme groups that must be deprotonated in 
order to facilitate catalysis. Since neither V nor V/K appears 
to level off at low pH, only the unprotonated Michaelis com- 
plex is catalytically active. Therefore, we can write the fol- 
lowing protonation mechanism in which substrate can bind 
to the protonated and unprotonated enzyme and EA and EAH 

Protonation Mechanism for  Erwinia Enzyme. 
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may be interconverted directly: 

k 7 A  
EH , , ' EAH 

All chemical interconversions are included in k3, and disso- 
ciation of all products is included in kg. In this system, k9 is 
pH and isotope independent, while k3 is the only isotope-de- 
pendent step. The distribution between EA and EAH will vary 
with pH and thus make the rate of formation of EQ pH 
dependent. Thus, V will appear to be pH dependent [for a 
further discussion of this mechanism, see Cook and Cleland, 
(198 la)]. 

If k5 = k6 = k7 = k8 = 0, the above mechanism reduces to 
one in which substrate binds only to the correctly protonated 
form of the enzyme. This is the case observed for the Citro- 
bacter enzyme. However, the Erwinia system must have either 
a finite k5 and k6 or k7 and k8 to account for the pH depen- 
dence observed in the V profile. The easiest way to distinguish 
between these three cases is from the pH variation of the 
isotope effects, as will be discussed further below. 

The pKi profiles for both of the competitive inhibitors, 
phenylalanine and alanine, display a single pK of 7.8. Most 
probably, as in the Citrobacter system (pK = 7.6), this is the 
group that abstracts the proton from the 2-position of the 
substrate. However, pK assignments of the observed pK values 
in the V/K,, profile for the Erwinia enzyme are more difficult 
due to the stickiness of the substrates. The isotope effect data 
will allow us to make the proper assignments. 

Deuterium Isotope Effects. For the Citrobacter system, the 
deuterium isotope effects in Table I on V and V/K for ab- 
straction of the proton at  the 2-position of tyrosine are pH 
independent and equal to 3.5 and 2.5, respectively. These data 
are consistent with a mechanism for C. freundii tyrosine 
phenol-lyase in which substrate binds only to the correctly 
protonated form of the enzyme. Proton abstraction is at least 
partially rate-determining in this system. 

For the Erwinia system, the deuterium isotope effects on 
both Vand V/K (Table I) are pH dependent and become equal 
at  pH 6.4. As shown by Cook and Cleland (1981a) for the 
above protonation mechanism, if k5 = k6 = 0 and/or k7 = k8 
= 0, D( V/K) will be pH independent. This is clearly not the 
case for the Erwinia enzyme. Thus, by use of mechanism 8 
for our analysis, at pH 9.5 (the plateau region of the V and 
V/K profiles) the following equations apply (Cook & Cleland, 
1981a): 

(9) 

However, at  pH 6.4 and below, which is 1.4 pH units below 
the pK for the group that abstracts the proton at the 2-position 
of the substrate, the above equations reduce to the following: 

k3K2  v =  - 
H 

Also, at this pH D(V/K) = DV = Dk3. As a result, this 
mechanism predicts the kinetic parameters and the isotope 
effects to be pH dependent, with expression of the full isotope 
effect below the pK for the group that abstracts the proton. 
The data for E. herbicola obviously conform to this mecha- 
nism. 

By substituting values of DV and D( V/K) determined at pH 
6.4 into eq 11 and 12, one can calculate both the forward 
commitment factor (cf = k3/k2 = 5 . 2 )  and the catalytic ratio 
(cvf = k3 /k9  = 1.1) for E. herbicola tyrosine phenol-lyase. 
Dividing cf by cvf yields k g / k z  = 4.7, the partition ratio for 
substrate and products from the Michaelis complex. There- 
fore, we conclude that the off-rate for tyrosine from the binary 
complex is 4.7 times slower than product release at  pH 9.5 
and thus limits the overall reaction. 

Knowledge of the above commitments allows one to make 
the proper pK assignments in the V/Ktyr profile, which could 
not have been done otherwise. From the pKi profiles we know 
the enzyme group that abstracts the proton has a pK of 7.8. 
This pK will be perturbed to lower pH by log (1 + cf)  in the 
V/K profile and log (1 + cvf) in the V profile. In the qyr 
profile, this pK should be perturbed 0.32 pH unit from 7.8 to 
7.48. The experimental value of 7.4 is in good agreement with 
this prediction. For the V/Ktyr profile, the pK should be 
perturbed 0.8 pH unit from 7.8 to 7.0, and this agrees exactly 
with the experimental value. Thus, the group with a pK of 
8.0 in the V/K,yr profile interacts with the hydroxyl group of 
tyrosine, presumably in the same way as in the Citrobacter 
system. Moreover, since this group does not appear in the V 
profile, this enzymic group must be in the correct protonation 
state in order for tyrosine to bind to the enzyme. 

For S-methyl-L-cysteine, only one enzymic group is reflected 
in the pH profiles. These data further confirm that the group 
with a pK of 8.0 in the V/KtYr profile is interacting with the 
hydroxyl moiety of tyrosine, and the group with a pK of 7.8 
abstracts the proton at the 2-position of the substrate. Since 
we know the group in the pKi profiles is responsible for proton 
abstraction, we can calculate the commitments for S- 
methyl-L-cysteine from the displacement of the pK values in 
the V and V/K profiles. When S-methyl-L-cysteine is the 
substrate, the commitments for E. herbicola tyrosine phe- 
nol-lyase are 2.2 for cf and 24 for cvf, while the Michaelis 
complex partition ratio (kg/k2) = 0.1. 

Chemical Mechanism. It is generally accepted that with 
most pyridoxal phosphate dependent enzymes some enzyme 
residue, usually the €-amino group of a lysine, forms a Schiff 
base with the C-4' aldehyde carbon of PLP (Martinez-Carrion, 
1986). Upon binding of substrate, a gem-diamine is formed 
when nucleophilic attack by the 2-amino group of the substrate 
takes place at  the C-4' position of PLP (Snell & Di Mari, 
1970; Davis & Metzler, 1972). The gem-diamine then col- 
lapses to form the external aldimine and free lysine (Figure 
4, I). This may be accompanied by rotation of the coenzyme 
(Floss & Vederas, 1982), as is the case for aspartate amino- 
transferase (Arnone et al., 1985; Kirsch et al., 1984). 

Following transimination, the enzyme group with a pK of 
7.6 for the Citrobacter system and 7.8 for the Erwinia system3 

As shown in the pH profiles, this group must be unprotonated in 
order to facilitate binding. This is in agreement with its proposed role 
as a general base. 
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FIGURE 4: Chemical mechanism for the tyrosine phenol-lyase reaction. 

abstracts the proton at the 2-position of the substrate to form 
a stabile quinonoid (Figure 4, 11). Kumagai et al. (1970a, 
1975) have observed an absorption band at ca. 500 nm upon 
binding of L-alanine, L-tyrosine, and various tyrosine analogues 
including L-phenylalanine (Kumagai et al., 1972) to the Er- 
winia enzyme and have ascribed this to the quinonoid inter- 
mediate (Miles, 1986). Similar results have been obtained 
with the Citrobacter enzyme (Nagasawa et al., 1981). The 
fact that this pK of 7.6 is observed in the pKi profiles for both 
L-alanine and L-phenylalanine further supports this role, while 
the relative size of the isotope effects for proton abstraction 
argue that this step is partially rate-limiting. Moreover, 
chemical modification of the enzyme with diethyl pyro- 
carbonate and studies with the modified enzyme suggest the 
enzymic group modified is a histidine residue and this group 
is responsible for proton abstraction at the 2-position of the 
substrate (Kumagai et al., 1975). 

Activation of the carbon-carbon bond (C-3 and C-4 of the 
substrate) can now take place. The group with a pK of 8.2 
for the Erwinia system and 8.0 for the Citrobacter ~ y s t e m , ~  
abstracts the hydroxyl proton facilitating electron movement 
to C-4 of the substrate where the group with a pK of 7.6-7.8 
donates its proton to permit formation of the cyclohexadienone 
tautomer of tyrosine (Figure 4,111). In support of this, Faleev 
et al. (1983) have shown that the proton at the 2-position of 
the substrate is transferred to the leaving phenolic ring. 
Therefore, proton abstraction and cyclohexadienone formation 
must take place prior to elimination to form phenol and the 
enzyme-bound aminoacrylate (Figure 4, IV). Release of 
phenol, hydrolysis, and transimination can now take place as 
have been previously described (Miles, 1986). 
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