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ABSTRACT. Tyr 64, hydrogen-bonded to coenzyme phosphat@reponema denticolaystalysin, was
changed to alanine by site-directed mutagenesis. Spectroscopic and kinetic properties of the Tyr 64 mutant
were investigated in an effort to explore the differences in coenzyme structure and kinetic mechanism
relative to those of the wild-type enzyme. The wild type displays coenzyme absorbance bands at 418 and
320 nm, previously attributed to ketoenamine and substituted aldamine, respectively. The Tyr 64 mutant
exhibits absorption maxima at 412 and 325 nm. However, the fluorescence characteristics of the latter
band are consistent with its assignment to the enolimine form of the Schiff bidgg. \mlues of~8.3
and~6.5 were observed in a pH titration of the wild-type and mutant coenzyme absorbances, respectively.
Thus, Tyr 64 is probably the residue involved in the nucleophilic attack drofjglyridoxal 3-phosphate

(PLP) in the internal aldimine. Although the Tyr 64 mutant exhibits a lower affinity for PLP and lower
turnover numbers fow,S-elimination and racemization than the wild type, the pH profiles for tei#.p)

and kinetic parameters are very similar. Rapid scanning stopped-flow and chemical quench experiments
suggest that, in contrast to the wild type, for which the rate-determining ste3-@limination ofs-chloro-
L-alanine is the release of pyruvate, the rate-determining step for the mutant in the same reaction is the
formation ofa-aminoacrylate. Altogether, these results provide new insights into the catalytic mechanism
of cystalysin and highlight the functional role of Tyr 64.

Cystalysin fromTreponema denticolés a homodimeric ~ formation and dissociation of the enzyme and ligand Schiff
pyridoxal B-phosphate (PL®-dependent enzyme which bases, allowing more facile transimination. It also has a
catalyzes thea,S-elimination of L-cysteine to produce catalytic role, possibly participating as a general base
pyruvate, ammonia, and.8 (1). Several sulfur- and non-  abstracting the & proton from the substrate and as a general
sulfur-containing amino acids also serve as substrates foracid protonating thes-leaving group %). There has been
this reaction 2). Like other PLP enzymes, cystalysin is evidence of a two-base racemization mechanism of both
endowed with a high degree of catalytic versatility. Indeed, enantiomers of alanine in which Lys 238 has been unequivo-
the enzyme catalyzes an alanine racemase rea@)pthé cally identified as the catalyst acting on theface, while
pB-desulfination ofL-cysteinesulfinic acid, and thg-decar- Tyr 123 interacting with water molecules seems to be critical
boxylation ofL-aspartate and oxalaceta®) (vith turnover for an efficient proton abstraction/donation function on the
times measured in seconds. It also catalyzes with turnoverre face @).
times _measured in mi_nutes the overall transamin_ation ofboth  The crystal structure of cystalysin, determined at 1.9 A
enantiomers of alanine3). The pH dependencies of the

o A s resolution, reveals tertiary and quaternary structures similar
kinetic parameters for the,5-elimination and racemization

) ) to those of aminotransferas&d.(The PLP cofactor is bound
reactions have been determined, and gspobserved have  jny the center of each cystalysin monomer in a wide catalytic
been tentatively assigned to active site residugs3].  (jeft This crevice is formed by both the large PLP-binding
Additionally, site-directed mutagenesis studies have provided 4,main and the small domain of one subunit and by the large
evidence that Lys 238, the PLP-binding lysine, is an essential yomain from the neighboring subunit. The phosphate ester
residue for theo,5-elimination reaction catalyzed by cys- o ¢35 s involved in multiple hydrogen bonds with either
talysin. In particular, we have proposed a triple role for Lys rotein residues (Ser 237, Val 98, Val 99, and Tyr 64*) or
238. This residue strengthens PLP binding and enhances the, o\ ~+er molecules. Additional interactions are formed

between amino acid residues and groups on the coenzyme
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(Tyr 111) (12), in tryptophan indole lyase (Tyr 7218), and
in MalY (Tyr 61) (14). This residue’s function appears to
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spectroscopy using a previously determined extinction coef-
ficient of 12.77x 10* M~* cm™! at 281 nm ). The PLP

be different among the PLP enzymes examined so far. In content of wild-type and mutant enzymes was determined

tyrosine phenol lyase, Tyr 71 plays a critical role in both
PLP binding and the-elimination reaction X1), and Tyr

by releasing the coenzyme in 0.1 N NaOH and using an
of 6600 M* cm™* at 388 nm 15).

70 in aspartate aminotransferase has a function in stabilizing preparation and Reconstitution of the Apo Form of the
the holoenzyme complexes and in preventing the dissociationTyr 64 Mutant The apo form of the Tyr 64 mutant was

of the coenzyme from the enzyme molecude10). On the

prepared as previously reported for the wild ty/2. (or

other hand, the three-dimensional structures of cystathioninereconstitution, a 10-fold molar excess of PLP was added,

p-lyase (12) and cystalysin®) suggest that Tyr 55 and Tyr

and after 1 h, the solution was loaded on a desalting Hi-

64 guide, respectively, the amino group of the PLP lysine prep 26/10 column previously equilibrated with 20 mM

to the substrate leaving group.
To investigate the role of Tyr 64 in the cystalysin

potassium phosphate buffer (pH 7.4). The enzyme was
concentrated in microconcentrators. The apparent equilibrium

mechanism, we have prepared the Y64A mutant and constant for dissociation of PLP from the wild type and Tyr
characterized its structural and functional properties. The 64 mutantKqpLpy, Was determined by measuring either the
results indicate that mutation of Tyr 64 not only weakens o,S-eliminase activity of apoenzymes in the presence of PLP

PLP binding but also alters its mode of binding and,

or the CD spectrometric titration of the apoenzymes with

consequently, the pH dependence of the coenzyme absorPLP. The apo forms of wild-type and mutant enzymes were

bance of wild-type cystalysin. The inability of the Tyr 64

in Bis-Tris-propane at the desired pH over a concentration

mutant to form a substituted aldamine, the predominant form range of 16-400 nM for enzymatic measurements and at

of the wild type at high pH, strongly suggests that Tyr 64 is
the residue involved in the nucleophilic attack orf G#the
coenzyme. In addition, the Tyr 64 mutant is seen to be 10

10 uM for CD measurements. A series of PLP stocks were
prepared, and a minimum amount of each was added to the
apoenzyme to achieve the desired PLP concentration. After

20-fold less active than the wild type, thus suggesting that incubation for 15 min, eliminase activity in the presence of

Tyr 64 is not an essential residue fays-elimination and
racemization. The wild-type and mutant pirate profiles,

p-chloro+-alanine or CD spectra in the visible region were
measured after each addition of PLP.

both measured at saturating PLP concentrations, are found The KypLpyValue of the enzymecoenzyme complex was

to be very similar. Nevertheless, rapid scanning stopped-
flow studies together with chemical quench experiments

provide evidence that the rate-limiting step of the overall
o,f-elimination reaction is the release of pyruvate for the
wild type, while it is the release of the leaving group for the
Y64A mutant.

EXPERIMENTAL PROCEDURES

Materials. PLP, $-chloroi-alanine, .- and p-alanine,
glycine, L-methionine, NAD and NADH, pyruvate, rabbit

obtained according to eq 1:

Y = Yl [El; + [PLP] + Kypip) —

J(E] + [PLP} + K9? — 4[ELPLPIA2[EL} (1)

where [E] and [PLP] represent the total concentrations of
cystalysin dimer and PLP, respectively, refers to the
enzymatic activity or visible CD signal change at the PLP
concentration, an®nax refers to the enzymatic activity or

muscle lactate dehydrogenase, alanine dehydrogenase in 50%D signal when all enzyme molecules are complexed with

glycerol, andp-amino acid oxidase were from Sigma. All

the coenzyme.

other chemicals were of the highest grade commercially Enzyme Actity MeasurementsThe o, 5-elimination activ-

available. Bis-Tris-propane at a final concentration of 20 mM
was used over the pH range of 58.2, and the ionic
strength was kept constant by addition of KCI.
Site-Directed Mutagenesi§he Tyr 64 mutant form of
cystalysin was made on the wild-type construct pUQRLS8:

ity of cystalysin towards-chloro+i-alanine was measured
by the spectrophotometric assay coupled with lactate dehy-
drogenase as described previousdy. (n the experiments
designed to assess the formation of pyruvate during quench
kinetic measurements, the level of production of pyruvate

(1) using the QuikChange site-directed mutagenesis kit from was determined by an assay based on measuring the amount
Strategene (La Jolla, CA). The kit employs double-strand of the dinitrophenylhydrazine derivative by high-performance

DNA as a template, two complementary oligonucleotide
primers containing the desired mutation, donl endonu-

liquid chromatography (HPLC) essentially as described by
Neidle and Dunlop16). The conversion of alanine in the

clease to digest the parental DNA template. The oligonucle- — D Or D — L direction was measured usimgamino acid

otide was synthesized by MWG-Biotech AG (Anzinger,

oxidase and lactate dehydrogenase-atanine dehydroge-

Germany). The Tyr 64 mutant was produced using as anase as the coupling enzymes, respectively, as reported

primer 3 GACGAAACAGTGTTAGGAGCTACAGGAC-
CTACTGAAGAG 3 and its complementary oligonucleotide.
The coding region of the mutatddy gene was sequenced
to confirm the mutationEscherichia colistrain DH5x cells
were transformed and used for expression.

Expression and Purification of the Tyr 64 Mutafthe
conditions used for expression and purification of the Tyr
64 mutant were as described for the wild-type enzyg)e (

previously @). Aminotransferase activity was measured by
monitoring either absorbance changes at 325 nm or the PMP
formation as reported previousI$)( To determine the kinetic
parameters of the catalytic activities, the assays were
performed as indicated above using a fixed amount of
enzyme in the presence of exogenous PLP (100 ang:¥DO

for the wild type and mutant, respectively), where the
substrate concentration was varied from 0.02 to 10 mM and

The protein concentration was determined by absorbancefrom 0.15 to 500 mM for eliminase and racemase activities,
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respectively. The experimental data were fit to the Michae- 12 mL/s. Absorbance scans (500) from 300 to 550 nm were
lis—Menten equation to determin€;, andk., values. collected on a logarithmic time scale with a J&M Tidas 16
Spectral Measurementébsorption measurements were 256 diode array detector (Molecular Kinetics, Pullman, WA).
made with a Jasco V-550 spectrophotometer. The enzymeData were analyzed using either SPECFIT (Spectrum
solution was drawn through a O:2n filter to reduce light Software Associates, Chapel Hill, NC) or Biokine 4.01
scattering from the small amount of precipitate. Fluorescence (Biologic, Claix, France) to determine the observed rate
spectra were taken with a FP750 Jasco spectrofluorometerconstants. Single-wavelength time courses were fit to an
using 5 nm excitation and emission bandwidths at a protein equation of the following general form:
concentration of 2QuM. Spectra of blanks, i.e., samples
containing all components except cystalysin, were taken A=A+ ZAi exp(—Kkypd) (7)
immediately before the measurements of samples containing
protein. CD spectra were obtained using a Jasco J-710wWhereA is the absorbance at timigA is the amplitude of
spectropolarimeter with a thermostatically controlled com- €ach phasek,sis the observed rate constant for each phase,
partment at 25°C. For near-UV and visible wavelengths, andA. is the final absorbance.
the protein concentration varied from 1 to 2 mg/mL in a  Rapid Chemical Quench Studiebhe chemical quench
cuvette with a path length of 1 cm. Routinely, three spectra kinetic measurements were performed at 5 and@5or
were recorded at a scan speed of 50 nm/min with a the wild type and mutant, respectively, by mixing #0Q
bandwidth of 2 nm and averaged automatically, except whereportions of wild-type or mutant enzymes 16 M) and 70
indicated. For far-UV measurements, the protein concentra-uL portions of 20 mMp-chloro+-alanine in 20 mM Bis-
tion was 0.1 mg/mL with a path length of 0.1 cm. Tris-propane (pH 7.4). The reactions were quenched by
pH StudiesThe logKgepLpy 10g ke, and logkealKm values mixing the solutions with an equal volumé®M perchloric
for the wild type and mutant versus pH were fitted to the acid in the quench syringe. Reaction times ranged from a

appropriate equations: minimum of 9 ms to 0.8 s. The amount of pyruvate in the

solutions was determined by HPLC as described above.

_ Pyruvate produced at different reaction times was plotted

logY=lo 2 X : )
9 9 14 H 2) against time and fitted to eq &7):
K
! P, = Al — &™) + k Eft 8)
logY=log— S 3) N he brod - -
H K, whereP; represents the product concentration at aging time

1+—+— t, Ais the amplitude of the burst phade,is the burst rate

Ky H constantkss is the steady-state rate constant, &jds the
H total enzyme active site concentration.
Y, + YH(?) All data analysis for determining_model—derivgd_ kinet_ic
log Y = log L (4) parameters was performed by nonlinear curve fitting using
14 H KaleidaGraph 3.52 (Synergy Software, Reading, PA). In all
K, cases, the best fit of the data was chosen on the basis of the

lowest values of standard errors of the fitted parameters.
whereK; andK; represent the ionization constants for the
enzyme and reactant functional group, respectivéig,the RESULTS
value of the parameter observed at any |iHis the pH- Spectroscopic Properties of the Y64A Mutdrike wild-
independent value of, H is the hydrogen ion concentration, type cystalysin, the Tyr 64 mutant binds 2 mol of PLP per
andY, andYy are constant values afat low and high pH,  dimer. At pH 7.4, the wild type displays characteristic

respectively. _ absorption and CD spectra with maxima at 418 and 320 nm,

Absorbance data were fitted to eq 5 or 6: which can be attributed to the ketoenamine form of the Schiff
A —A base and a substituted aldamine, respectiv@y The

12 A, (5) absorption and CD spectra of the Tyr 64 mutant exhibit

maxima at 412 and 325 nm. The relative intensities of the
absorbance and the positive dichroic bands at 412 nm were
_ AA A 5 significantly lower than those at 418 nm of the holoenzyme,
a 1 + 10PKspecPH 2 ©6) while the intensities at 325 nm were higher than those at
320 nm of the holoenzyme (Figure 1A,B). With respect to
whereA; and A; are the higher and the lower absorbance the wild type, the mutant displays a decrease in the intensity
limits at a particular wavelength, respectively. of negative dichroic bands in the aromatic region of 288
Pre-Steady-State Kinetic Analysis by YVis Stopped- 296 nm and an increase in the intensity of the positive band
Flow Spectroscopyl'he wild type or Tyr 64 mutant (20M) at 275 nm. The circular dichroism spectra in the range of
was mixed using a Biologic SFM300 mixer with an equal 190-240 nm of mutant and wild-type enzymes appear to
volume of f-chloroi-alanine in 20 mM Bis-Tris-propane  be almost indistinguishable. Like the wild type, the mutant
(pH 7.4). Reactions proceed at 25 or A5, and coenzyme  emits at 337 nm upon excitation at 280 nm (data not shown).
absorbance changes were monitored with a TC10-100 (pathExcitation at 412 nm of the Tyr 64 mutant shows an emission
length of 1 cm) quartz cell coupled to a BioKine PMS-60 spectrum at 500 nm whose intensity~8-fold lower than
instrument. The dead time was 3.6 ms at a flow velocity of that of the wild-type enzyme. It is of interest that upon

L 10 P
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production in the presence @kchloro+-alanine at a saturating
concentration and at varying concentrations of PLP. The points

shown are the experimental values, while the curves are from fits
to the data using eq 4.

that for either wild-type or mutant cystalysin the tiigp.p)
is slightly higher than the corresponding apparkag.e)
obtained from activity in the presence@ichloro+-alanine.
The trueKqeLpy values for the wild type are<1 M at pH
7 and 13+ 2 uM at pH 9. For the mutant, the tru€eLe)
values have been found to be £72, 21+ 3, and 99+ 12
uM at pH 7, 8, and 9, respectively. The finding that the
apparentKqeLpy values for both wild-type and mutant
enzymes obtained from activity in the presencg-ahloro-
L-alanine are lower than the tri@e_p) values indicates that
. : substrate does increase the affinity for PLP. It is possible

at a concentration of 50M. (B) CD spectra. Symbols for the wild ¢ this effect is due to a substrate-induced conformational
type and mutant are the same as those in panel A. (C) Fluorescence . . - . .
emission spectra upon excitation at 320 or 325 nm for the wild change. Previous _Spectro_scoplp studies have_prOVIded evi-
type (11uM) or Tyr 64 mutant (50uM), respectively. Symbols  dence of changes in the orientation of PLP and in the relative
for the wild type and mutant are the same as those in panel A. orientations of aromatic residue(s) and of the cofactor upon
binding of the ligand to cystalysir2).

The Tyr 64 Mutation Alters the pH Dependence of the

Relative fluorescence

400 450 500

Wavelength (nm)

Ficure 1: Absorption and CD spectra of the wild type and Tyr 64
mutant of cystalysin. (A) Absorption spectra of the wild type)
and Tyr 64 mutant{ — —) in 20 mM Bis-Tris-propane (pH 7.4)

excitation at 320 nm the wild type exhibits a consistent
emission at 367 nm2j, while upon excitation at 325 nm,  Absorption Spectra of Cystalysitn a previous work, the
the mutant displays a very faint emission at 4360 nm pH dependence of the absorbance and fluorescence titrations
(Figure 1C). Altogether, these data suggest that, althoughof the free wild-type cystalysinPLP complex has been
small conformational alterations may occur in the active site determined at an enzyme concentration of @6 (2). The
topography, no appreciable change in the secondary andresults reported above indicate that Kag p)value increases
tertiary structure occurs upon substitution of alanine for above a K of ~8, ranging from values of & 0.8 nM at
Tyr 64. low pH to 20+ 1.54M at high pH. Thus, we became aware
The Tyr 64 Mutation Weakens PLP Bindirgigure 2 that the spectrophotometric pH titrations have not been
shows that the apparent dissociation constant for RupB.p) correctly carried out in that the enzyme concentration was
determined from the effect of the coenzyme concentration not higher than th&ye.r)Over the entire pH range that was
on the eliminase activity of the apoenzyme form of the wild examined. This observation prompted a re-examination of
type and Tyr 64 mutant increases as the pH increases. Thehe pH dependence of the wild-type absorbance titration at
pH dependence dfypeLp) fits well to eq 4, giving KqeLe) an enzyme concentration higher thége, p)in the pH range
values of 8.1+ 0.1 and 7.83t 0.07 for the wild type and  of 5.9-9.4. As shown in Figure 3A, the effect of pH on the
mutant, respectively (Table 1). The data of Figure 2 indicate absorption spectra was essentially identical to that reported
that the extent to which the Tyr 64 to Ala substitution previously. The intensity of the 418 nm band decreases, while
weakens PLP binding depends on pH. The appdfg@te) that of the 320 nm band increases with an increase in pH.
for the Tyr 64 mutant is~180-fold higher than that of the  However, in contrast with spectra previously recorded at 4.6
wild type at low pH, while it is~5-fold higher at high pH.  «M enzyme, spectra recorded at an enzyme concentration
The measuredqpLp) iS an apparent dissociation constant higher thatKqeLp)exhibit a clear isosbestic point at 351 nm
because it is determined from activity in the presence of (Figure 3A). The KspecOf this transition is~8.3 (inset of
p-chloro+-alanine. TrueKypp) values for PLP binding to  Figure 3A), and as previously proposed, it can be attributed
the apo form of wild-type and mutant enzymes have been to the ionization of an enzyme group shifting the equilibrium
determined by CD titration measurements. The results showbetween the species absorbing at 418 and 320 nm, previously
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Table 1: X Values Associated with Wild-Type and Tyr 64 Mutant Cystalysin

wild type Y64A mutant
pH-independent pH-independent
pKal pKa2 pKa3 limits pKal pKa2 pKa3 limits
keaf0,B-€limination}: 7.8+0.1 41425t 7.9+0.2 4.0+ 0.4 stat
at low pH low pH
209+ 3st 17+1st
at high pH at high pH
KealKm(ou,8-elimination} 6.22+ 0.07 8.93+ 0.08 33.4+2.6 6.18+ 0.09 8.73+£ 0.08 4.51+0.4
mM-tst mM-tst
kea(racemizatiord) 6.29+ 0.05 15+ 01s? 6.51+ 0.04 0.36+ 0.02 st
KealKm(racemizatior) 6.45+ 0.04 0.067+ 0.003 6.0+0.1 0.019+ 0.001
mM~tst mM~tst
KapLpf 8.1+ 0.1 8+ 0.8nM 7.83+ 0.07 1.4+ 0.4 at
at low pH low pH
20.0+ 1.5uM 93+ 3at
at high pH high pH
absorbance 8.27+ 0.05 6.5+ 0.1
internal at 418 nm at412 nm
aldimine pH
titrationd
8.38+ 0.07 6.6+ 0.2
at 320 nm at 325 nm
absorbance 6.0+ 0.1
quinonoid
pH titratior?

a Assay conditions: 50 nM wild type and 100/ exogenous PLP or 0.2M Tyr 64 mutant and 40&M exogenous PLP2 Assay conditions:
6 uM wild type and 10QuM exogenous PLP or 20M Tyr 64 mutant and 40@M exogenous PLP: Measurements were taken at 10 nM wild type
or 400 nM mutant in the apo form$Coenzyme absorbance pH titration of &8 wild type and 50uM mutant.® pH absorbance titration at 506
nm of theL-methionine-wild type complex. All the measurements were performed in 20 mM Bis-Tris-propane &.25

0.8 pH. As shown in Figure 3B, the 412 nm absorbance

decreases with an increase in pH with the concomitant
increase in absorption at 325 nm. At pt8, a blue shift of

the 412 nm band could be observed which is possibly related
to a small fraction of unbound PLP. Therefore, only the data
at 412 and 325 nm ranging from pH 6 to 8 were considered
for fitting a pKspecvalue (egs 5 and 6) (inset of Figure 3B).
The Kspecvalues obtained are 65 0.1 and 6.6t 0.2 for

the absorbance at 412 and 325 nm, respectively (Table 1).
The same K value has been obtained by measuring the
decrease of the intensity of the 412 nm CD signal of the
Tyr 64 mutant in the presence of saturating PLP concentra-
tions (data not shown). Thus, mutation of Tyr 64 alters the
pH dependence of the absorbance spectra of cystalysin.

The Tyr 64 Mutation Does Not Alter the pH Dependence
of the Kinetic Parameterdn this work, the pH dependence
of the kinetic parameters of wild-type and mutant enzymes
for a,B-elimination of 5-chloro+.-alanine and racemization
FisURE 3: pH dependence of the Uisible spectra of wild-type of alanine has been measured at saturating concentrations

and Tyr 64 mutant cystalysin. (A) Spectra of the wild type (50 of PLP. The results fou,-elimination are reported in panels
uM) were acquired in 20 mM Bis-Tris-propane at pH 5.90, 6.61, A and B of Figure 4. The logc./Km (obtained in the presence
6.99, 7.37, 7.61, 7.89, 8.15, 8.43, 8.70, 8.88, 9.21, and 9.41. Theof exogenous PLP) decreases belod ymlues of 6.22+
inset shows the pH dependence of the absorbance at@)lan@ 0.07 and 6.18+ 0.09 and abovelp values of 8.93+ 0.08

320 nm Q). (B) Spectra of the Tyr 64 mutant (50M) were ;
monitored in 20 mM Bis-Tris-propane at pH 5.8, 6.07, 6.23, 6.55, and 8.73+ 0.08 for the wild type and Tyr 64 mutant,

6.75, 6.99, 7.37, 7.61, 7.89, 8.15, 8.41, and 8.70. The inset shows'€SPectively. The pH-independent valueskafK, are 33.4

0.4

Absorbance

300 400 500

Absorbance

300 400 500
Wavelength (nm)

the pH dependence of the absorbance at @)2d 325 nm Q). + 2.6 and 4.5+ 0.4 mM* s for the wild type and Tyr
The solid lines represent the theoretical curves according to eqs 564 mutant, respectively (Table 1). The l&gy profile for
and 6. both wild-type and mutant enzymes increases from a constant

value at low pH (414 2 and 4.0+ 0.4 st for the wild type
attributed to a ketoenamine and a substituted aldamine,and mutant, respectively) to another constant value at high
respectively ). It has been suggested that a good candidate pH (209+ 3 and 17+ 1 s* for the wild type and mutant,
for an ionizing residue affecting this equilibrium in cystalysin respectively), giving K, values of 7.8+ 0.1 and 7.9+ 0.2
could be Tyr 64. Variation of the absorbance spectra of the for the wild type and mutant, respectively (Table 1). Thus,
Tyr 64 mutant (5:M) has been monitored as a function of the mutant retains 10% of the wild-type,s-eliminase
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Ficure 5: pH dependence dfp of substrate analogues for wild-
type cystalysin and of the absorbance at 506 nm of theethion-
ine—wild type complexKp values for binding of glycine®) and
L-methionine Q) to wild-type cystalysin were determined in 20
mM Bis-Tris-propane at the indicated pH by measuring the
fractional change in the absorbance at 429 or 506 nm as a function
of glycine orL-methionine concentration, respectively. The lines
represent the average valueky, equal to 2.9+ 0.3 and 70+ 2

mM for glycine andL-methionine, respectively. The inset shows
the AAnax at 506 nm of tha-methionine-wild type complex as a
function of pH. The points shown are the experimental values, while
the curve is from a fit to the data using eq 6. The enzyme
concentration was &M.

complex exhibits a pH dependence consisting of a decrease
in the 429 nm absorbance and an increase in the 506 nm
absorbance with an increase in pH. TA&nax at 506 nm
versus pH profile increases above I ypalue of 6.0+ 0.1
(inset of Figure 5) (Table 1). This value, roughly coincident

(O) with -chloro+-alanine. The concentrations of the wild type \ith that observed in théa/Kn profile, possibly reflects

and mutant are 50 and 400 nM, respectively. The assay were

performed at 25C in 20 mM Bis-Tris-propane at the indicated

the ionization of a group responsible for abstraction of the

pH in the presence of exogenous PLP at concentrations of 100 andProton at thea-carbon of the substrate. Thekpof 8.7

400 uM for the wild type and mutant, respectively. The points

observed in thé../Kn, profile likely reflects the K of the

shown are the experimental values, while the curves are from fits substrate amino groug2);

to the data using eq 4 for log. and eq 3 for logkealKm.

activity. For both wild-type and mutant enzymes, the log
keat profile exhibits a partial change in eliminase activity as
the pH is decreased below7.9, thus indicating that an
enzyme group must be unprotonated for optimal activity.
However, even when this group is protonated, thg-
eliminase reaction proceedsa20% of the maximum rate
observed above pH 8 for wild-type and mutant enzymes.

To establish if the ionizing group with akpof ~6.3
observed in thd../Kn profile is involved in the binding of

The variation of the kinetic parameters for racemization
of the wild-type and Tyr 64 mutant enzymes measured in
thep — L direction is illustrated in panels A and B of Figure
6. All the measurements of racemase activity have been
performed at saturating concentrations of PLP. Thekigg
and logk../Km profiles of the Tyr 64 mutant are qualitatively
identical to the corresponding profiles for the wild type. The
pK values derived from these profiles are reported in Table
1. The pH-independent value &f; for the mutant is 0.36
s1, ~17-fold lower than that of the wild type. Altogether,
the results for the racemization reaction of both wild-type

substrate or catalysis, the pH dependence of the dissociatiorand mutant cystalysin indicate that a single ionizing group

constantsKp, of the wild type with glycine and-methionine
has been determined. Both glycine andnethionine are

with a pK, of 6—6.4 is involved in catalysis and must be
unprotonated to achieve maximal velocity. The pH profiles

unproductive substrate analogues, but while binding of for both the wild type and the Tyr 64 mutant measured in

glycine to wild-type cystalysin gives rise to an external
aldimine absorbing at 429 nm, bindingiefmethionine gives
rise to an equilibrium mixture of external aldimine and
quinonoid species2). The fractional changeAA) in the

theL — b direction are essentially identical to those measured
in the opposite direction (data not shown).

It should be noted that while the,—pH profile for the
o,B-elimination reaction catalyzed by the wild type is

absorbance at 429 or 506 nm as a function of glycine or significantly different from that reported previouslyKmwf
L-methionine concentration, respectively, has been used t06.6 in ref 2), that derived here for racemization deviates

calculate theKp and theAAnay for external aldimine and

slightly from that published previousi\8). These results

quinonoid species, respectively. As shown in Figure 5, the could be easily explained considering that previous kinetic

log Kp profiles for both the substrate analogues are pH-

independent. This finding indicates that the group wittka p
of ~6.2 present in th&../K, is not involved in binding of
these substrate analogues. However, whiletAg., at 429
nm of the wild type-glycine complex is pH-independent,
the AAmaxat 429 and 506 nm of the wild type -methionine

data foro,5-elimination have been obtained in the absence
of exogenous PLP at an enzyme concentration (50 nM) that
is much lower than th&qeLpyat high pH, whereas those for
racemization were made at an enzyme concentratioivi)o

at least close to thiéyp.p)over the entire pH range that was
examined.
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Ficure 7: Single-wavelength stopped-flow measurements of the

reaction of wild-type cystalysin wit8-chloro+-alanine at 15C.

Reaction of wild-type cystalysin (10M) with -chloro+i-alanine

(10 mM) was carried out at 18C in 20 mM Bis-Tris-propane (pH

7.4). Time courses at 418 and 330 nm are reported. The solid lines

are from a fit to eq 7. The inset shows the dependence ofthe

2.4 : . . . for the decrease in the intensity of the 418 nm band as a function
6 7 8 9 of pg-chloroi-alanine concentration. The points shown are the

pH experimental values, while the curve is from a fit to the data using

o eq 9. The concentrations shown in parentheses are final concentra-
Ficure 6: pH dependence of the kinetic parameters for racemase jons after mixing.

activity of the wild type and Tyr 64 mutant. (A) Lok profile
and (B) logkeafKm profile for alanine racemase activity in the— Thereafter, the intensity of this band increases linearly with

;o?]'EZﬁ‘t'gQio‘;fS”;‘i tvr\]'gdv\}?fg et):,)e a:r?d T%Ltg?]t rg?éagt S%d;n%e time which is consistent with pyruvate formation during the

respectively. The assays were performed at@5n 20 mM Bis- steady state. Thus, to slow the reaction of the wild type with
Tris-propane at the indicated pH in the presence of exogenous PLPj3-chloro+-alanine enough so that its kinetics could be
‘;"éscogcct.e”glr a“_?r’]‘: Og.ln?g ;?g 4g‘z'r£°{hthWigjr%gi %Tdé?uéim’ ile measured, the experiment was repeated &CL5\s shown

1Vi . | W X | values, wnile ; H e . .
thee:urves }z/ire fror% fits to the data using e% 2 for bothkggand in Figure 7, upon addition ¢é-chloro+.-alanine to cystalysin,
log KeafKim. a decrease in the 418 nm absorbance with a concomitant

increase in the 330 nm signal could be seen. The rate of
The Tyr 64 mutant is able to catalyze transamination of formation of the external aldimine has been monitored by
L-alanine at a saturating concentration (500 mM) with an measu_ring the rate of disappearance of the 418 nm band as
initial rate that is 40% of that of the wild type. On the other @ function of substrate concentration. The apparent first-order
hand, the rate of transamination ofalanine (500 mMm)  rate constantkes shows a hyperbolic dependence on
catalyzed by the mutant is-1.4-fold higher than that /-chloroi-alanine concentration in the range of-iZD0 mM
catalyzed by the wild-type enzyme (data not shown). (inset of Figure 7). Thé&,psdata were fitted to the following

The Tyr 64 Mutation Allows the Detection of theAmi- equation:
noacrylate Schiff Basés reported previously for wild-type 3 ) .
cystalysin ), the binding ofL-serine to the Tyr 64 mutant Kops = Ko [A-chloro+ alanlne.] 5
leads to the appearance of an external aldimine absorbing at K, + [B-chloro+-alanine]

429 nm. During the steady-state conditions, only an increase ] ) o
in the 330 nm region, due to the formation of pyruvate, is Which describes the following two-step binding model
observed (data not shown). To obtain information about the 8sSuming that the first step is rapid

identity of intermediates in the reaction of cystalysin with K

f-chloro+-alanine and the rates of appearance and decom-E + ﬁ-chloro-l_-alanine-——‘l

-1.67

Log kea/Km

-2.01

(9)

position of these intermediates, we have carried out rapid- o ok,
kinetic and steady-state spectroscopic studies. The rate of E—p-chloro-alanine Intermedlatgj—‘z
o,S-elimination of the wild-type enzyme towaygtchloro- E=p-chloro+-alanine Schiff base (10)

L-alanine is so high~60 s at pH 7.4) that the reaction

with this substrate cannot be followed by conventional whereK; is the dissociation constant for the intermediate
spectroscopy. Only an increase at 330 nm due to pyruvate(Michaelis complex or geminal diamine) formed prior to the
formation could be seen upon addition of this substrate to formation of the Schiff base species dnd andk_, are first-

the enzyme. When rapid scanning stopped-flow measure-order rate constants for the interconversion between the
ments of this reaction were carried out at°’®5 an immediate  intermediate and the final Schiff base species. Estimated
conversion of the 418 nm band into a 325 nm species couldvalues ofk:,, k-, andK; based on the data in the inset of
be observed, possibly due to the conversion of the internal Figure 7 are 364 76 s%, 104+ 6 s'%, and 74+ 3 mM,
aldimine to an external aldimine. This event is very fast and respectively. Th&; value is consistent with thk,, value
occurs within the dead time of the instrument (3.6 ms). (1.2+ 0.1 mM) measured under steady-state conditions. It
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Ficure 8: Rapid scanning stopped-flow spectra obtained upon

reaction of Tyr 64 mutant cystalysin wifltchloro+-alanine at 25
°C. Spectra +20 were collected at 0.009, 0.015, 0.030, 0.075,
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Ficure 9: Chemical quench experiments of the wild type and Tyr

0.090, 0.125, 0.150, 0.200, 0.245, 0.275, 0.425, 0.500, 0.575, 1_1164 mutant with3-chloroL-alanine. Kinetics of the pre-steady state
1.85, 2.6, 3.35, 4.1, 4.85, and 5.60 s, respectively, upon mixing °f the wild type (8.1:M) (®) and Tyr 64 mutant (8.3zM) (O)

the Tyr 64 mutant (1@M) with S-chloroi-alanine (10 mM) in 20
mM Bis-Tris-propane (pH 7.4) at 28C. The inset shows the
dependence of thkys for the increase in the 480 nm absorbance
as a function of-chloro+.-alanine concentration. The points shown
are the experimental values, while the curve is from a fit to the
data using eq 12.

follows that the rate of formation of the Schiff base at 25
°C can be estimated to b€700-800 s using the empirical
rule of a 2-fold reduction in rate for a 1T reduction in
temperature. This value is considerably higher thankthe
value at 25°C (~60 s'1).

Wheng-chloro+-alanine was added to the Tyr 64 mutant

with S-chloro+-alanine (10 mM). Reactions were performed at 5
and 25°C for the wild type and mutant, respectively, for the time
shown on thex-axis, quenched wit2 M HCIO,, and the amount

of pyruvate was measured by HPLC analysis. The points shown
are the experimental values. The curve for the wild type represents
the best fit to eq 8 with a burst amplitude of #92 uM, a burst
rate,k,, of 2234 85 s71, and a steady-state ratg, of 13.8+ 0.6

sL. The line shown for the mutant is a fit to the linear equatjon

= ax+ b, wherea = 60 + 2 uM/s andb = 4.5+ 0.6 uM. The
concentrations shown in parentheses are final concentrations after
mixing.

hyperbolic dependence @hchloro+-alanine concentration.
This dependence indicates that the slow step in the reaction

under steady-state conditions, in addition to an increase inis the conversion of the external aldimine te-EA. The
the intensity of the 330 nm band, an absorbance band atk.sis given by the equation

~480 nm, which can be attributed to anaminoacrylate

intermediate, immediately appears. This species disappears

with time, and a further increase at 330 nm, due to formation
of pyruvate, can be seen. This is the first time in which the
o-aminoacrylate species has been detected during.jbe

_ ky[B-chloro+-alanine]
K, [B-chloro+-alanine]

bs (12)

elimination catalyzed by cystalysin. To better assess the WhereKz = k-s/k. Fitting the data of the inset of Figure 8

formation and decay of individual intermediates with greater
precision, we carried out rapid scanning stopped-flow

to eq 12 gave &s of 7.5+ 0.1 s and aK, of 8 = 3 mM.
It should be noted that the value is similar to thd., value

experiments (Figure 8). The spectra exhibit a rapid decreasef &./5-elimination catalyzed by the Tyr 64 mutant measured

in the intensity of the 412 nm band concomitant with the
increase at 330 nm occurring in approximately 2600 ms.

This event is followed by formation of a 480 nm species
which is complete within 5 s. The appearance of the

under steady-state conditions (6.:7)s

The Tyr 64 Mutation Changes the Rate-Limiting Step of
the o,5-Elimination ReactionRapid chemical quench ex-
periments were performed to examine the pre-steady state

aminoacrylate intermediate was monitored at 480 nm as aof the o,3-elimination reaction of the wild-type and Tyr 64
function of the substrate concentration. Time courses weremutant cystalysin witl-chloroi-alanine. It was not possible

analyzed with curve fitting software, and tkgs value was
determined. All curves were best fitted using a single
exponential. A plot of the dependence of thgs on the
concentration off-chloro+-alanine is shown in the inset of
Figure 8. A mechanism of the type

CI-

E-B-chloro-L-alanine —ir E-AA

k, k3

k.

E + B-chloro-L-alanine

an

was used, where E is the free enzyme A=chloro+-alanine
is the external aldimine, and-EAA is the a-aminoacrylate
intermediate. The rate of formation of-AA shows a

to assess reliably the formation of pyruvate during the
reaction catalyzed by the wild type, as the reaction occurs
too rapidly and the initial burst could not be clearly defined.
Thus, the reaction was performed af®, and the results
are reported in Figure 9. A fit of the data to a simple linear
equation gives g-intercept value of 17.5% 0.8uM and a
slope of 116.3t 0.2uM s~ Since the enzyme concentration
after mixing was 8.1uM, the value ofk.y taken from this
experiment is 14.374, in agreement with thk, of 11.24

0.1 s! obtained in steady-state kinetic measurements at 5
°C. Considering the fact that the enzyme active site con-
centration in rapid chemical quench experiments igi/B

the initial lag could be interpreted in terms of a burst. As
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shown in Figure 9, a satisfactory fit of the data was obtained the environment of the PLP cofactor as reflected by the
using eq 8. The first turnover occurred at a r&ig,of 223 change in the form of the internal aldimine and (ii) impairs
+ 85 s! with an amplitude of 1/enzyme active site the formation of the substituted aldamine present in the wild-
concentration, whereas subsequent turnovers were at a rategype cystalysin. The latter observation strongly supports the
kss Of 13.84+ 0.6 s'%, in agreement with the independently view that Tyr 64 (or a water molecule held in place by Tyr
determined steady-state rakg,(= 11.2 s'1). Unfortunately, 64) is the residue involved in the nucleophilic attack ort C4
we were not able to determine the building up of the burst of the coenzyme in the internal aldimine. It would be
phase, given the high rate of the reaction. Thus, it is interesting to check if a tyrosyl residue is also implicated in
reasonable to postulate that the rate-limiting step oftjse the substituted aldamine present in tryptophanag&e 23)
elimination reaction catalyzed by wild-type cystalysin occurs and 5-aminolevulinate synthas24j.

after the chemical step, and could be assigned to product Steady-state kinetic studies@jf3-elimination reaction and
release. of alanine racemase activity catalyzed by the wild type and

Chemical quench experiments of the Tyr 64 mutant with Tyr 64 mutant indicate that Tyr 64 is not an essential residue
fB-chloro+-alanine at a saturating concentration were carried for catalysis. Mutation of Tyr 64 results in a 790%
out at 25°C. The best fit of the data reported in Figure 9 is reduction inkea:andkea/Km values for eliminase and racemase
to a simple linear equation, and we are not able to obtain anactivities. A similar reduction in transaminase activity toward
adequate fit of the data to an exponential equation with either L-alanine could be observed. On the other hand, the Tyr 64
a burst (eq 8) or a lag. The slope of the line in Figure 9 is mutant is able to catalyze the transammatlomcﬁlanlne
60+ 2 uM s71, and the enzyme concentration after mixing With a rate 1.4-fold higher than that of the wild type. The
was 8.37uM; therefore, the value ok.q taken from this three-dimensional structure of cystalysin complexed with

experiment is 7.1, in good agreement with tHe, of 6.7 L-aminoethoxyvinylglycineZ) reveals an inter_action between
s1 obtained in steady-state kinetic measurements. TheTyr 64 and Lys 238, both located on tise face of the
y-intercept extrapolates to a value of 4t50.6 uM which cofactor. This could explain the reason for the decrease in

corresponds to only 0.25 per enzyme active site, thus arguingthe Tyr 64 mutant of all activitieso(3-elimination, racem-
against the presence of a burst phase. Altogether, the rapidzation, and.-alanine transamination) involving Lys 238 as
chemical quench experiments support the view that, unlike the acid-base catalyst. Therefore, it is not surprising that
for the wild-type enzyme, the product release is not the rate- mutation of Tyr 64 does not alter, or even increases, the

limiting step for the Tyr 64 mutant. transamination ob-alanine, an event occurring through an
acid—base catalyst on thee face @). Despite the lower
DISCUSSION turnover numbers af,S-elimination and racemization of the

mutant in relation to those of the wild type, the pkhte

The finding that the substitution of Tyr 64 &t denticola  profiles for their reactions are very similar. Thus, none of
cystalysin with alanine apparently causes at pH 7.4 &00- the [Ks observed for the wild-type enzyme reflects the
fold decrease in PLP binding affinity provides evidence that ionization of the hydroxy| of Tyr 64. Moreover, mutation
Tyr 64 plays a role in cofactor binding. This functional role  of Tyr to Ala does not significantly affectipvalues of the
is consistent with the crystallographic evidence that this active site, Suggesting that the mutation does not have a
residue interacts with the PLP phosphateand emphasizes  disruptive effect on the active site structure.
the remarkable relevance of the noncovalent interaction A catalytic mechanism for the,3-elimination and race-
between the phosphate of PLP and Tyr 64. Nevertheless, itmization (Scheme 1) has been propos8d 7). The pH
should be noted that PLP binds to either Wlld-type or mutant dependence of thb:a{Km of a'ﬂ_e"mination and racemiza-
cystalysin with an affinity at alkaline pH values lower than  tion and thek.. of racemization and quinonoid absorbance
that at acidic pH values. More will be said below about this titration together with previous kinetic studies of Lys 238
pH dependence. mutants §) allow the assignment of the ionization of the

In addition, our results show that mutation of Tyr 64 alters group with a K of 6—6.4 to the acieg-base catalyst Lys
the pH dependence of the absorption spectra of cystalysin.238 which could be responsible for abstraction of the proton

One ionization was observed in the cystalysi#LP coen- at the o-carbon of the substraten,S-Elimination and
zyme absorbance spectra for both the wild type and mutantracemization could share the step leading to the quinonoid
taken as a function of pH. This ionization hassgp.cvalues intermediate, and the same catalytic residue is probably used

of ~8.3 and 6.5 for the wild type and mutant, respectively. in both reactions. What is the identity of the group with a
It was suggested that theKgec could reflect either the  pK of ~8 that only affects thek.y for o,S-elimination
ionization of an enzyme group directly involved in the catalyzed by both the wild type and mutant? It is likely the
formation of the substituted aldamine or another enzyme same one seen in the pH profile f&eLp) for wild-type
group whose ionization would influence the equilibrium and mutant enzymes. Its presence in the pH profil&fgsi p
between the species absorbing at 418 and 3202)nThe could suggest that the phosphate ester of the coenzyme is a
same equilibrium cannot be suggested for the Tyr 64 mutant.likely origin of this pK,, although its value is higher than
On the basis of studies on model systems of Schiff bases ofthat observed for the coenzyme phosphate groupsarine
PLP with amines in various solvent&Q, 21), the ~450— dehydratase 25) and dialkylglycine decarboxylase?).

460 nm fluorescence from the Tyr 64 mutant is consistent Following this view, the finding that th&yp.p) value
with the assignment of an enolimine structure for the 325 increases~2500- and~66-fold from low to high pH for

nm absorption band of the Tyr 64 mutant. Taken together, the wild type and mutant, respectively, would indicate that
these results suggest that mutation of Tyr 64 (i) does not the ionization of the coenzyme phosphate group affects the
affect the global conformation of cystalysin but does affect affinity of the coenzyme for the wild type more remarkably
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Scheme 1: Proposed Catalytic Mechanism fordh@-Elimination and Racemization Catalyzed by Cystalysin
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than that to the mutant. The relevant effect of this ionization  Virtually nothing is known about the location and amount
in the wild type could be ascribed to the loss of the hydrogen of limitation of rate-determining steps along the reaction of
bond between the hydroxyl group of Tyr 64 and the o,(-elimination catalyzed by cystalysin. This kinetic analysis
coenzyme phosphate group oxygen. At pB, the prevailing provided a quantitative description of the overall cystalysin
phosphate dianion form of PLP could be engaged in charge reaction pathway and has highlighted the mechanistic role
charge electrostatic repulsion with the leaving group of the of Tyr 64. As a first event, upon substrate addition, a rapid
substrate during,3-elimination. This could explain why a  conversion of the internal aldimine into a 330 nm absorbing
pK of ~8 controls thek, of a,B-elimination but not that of ~ species could be observed. Structures which could account
racemization. Although this assignment should be taken with for the absorbance in the 330 nm region could be the
caution due to the tenuous nature of the evidence supportingenolimine tautomer of external aldimine, the geminal di-
it, it is consistent with the finding that the,:in pH profiles amine, and the enolimine tautomer of theaminoacrylate,

for o, B-elimination of both the wild type and mutant differs all absorbing in the 326350 nm range. However, the
by a factor of only 45 at low and high pH. This means geminal diamine is the most unlikely candidate since it is
that the eliminase reaction is not absolutely dependent onquite unstable and weakly absorbing, and the enolimine
the group that exhibits apvalue of~8, although this group  tautomer ofa-aminoacrylate could be ruled out considering
can influence the chemistry of the reaction. It could also be that it appears earlier than the 480 nm band. All these
possible that thelp observed in th&qe,p) profile does not considerations are consistent with the assignment of the 330
coincide with the K of thek.q profile. In this case, the group  nm form to an external aldimine.

whose [X is present on thi profile could be even remote The finding that thea-aminoacrylate intermediate is
from the active site and the effect on eliminase activity could detected in the reaction catalyzed by the Tyr 64 mutant and
be transmitted through the protein by a conformational not in the reaction catalyzed by the wild type provides
change resulting in a conversion from a less to a more evidence that tyrosine to alanine mutation significantly alters
catalytically competent conformation form as the pH in- the step mainly associated with aminoacrylate formation, i.e.,
creases above 8. This interpretation is in line with the increasethe release of the leaving group. Additionally, rapid chemical
in koot for o, B-elimination at pH>8 for both wild-type and guench studies of the mutant, showing that the rate of linear
mutant enzymes but not with th&,—pH profile for production of pyruvate is similar to that of aminoacrylate
racemization. formation and to that of the steady-st&tg support the view
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that the formation of ther-aminoacrylate in the mutant is
the rate-determining step. On the other hand, the results of

quenching analysis of wild-type cystalysin show a burst of 8

pyruvate, thus indicating that the rate-determining step is
most likely associated with the release of the product. It can
be argued that mutation of Tyr 64 results in a change in the
rate-limiting step ofa,S-elimination.

Krupka et al. {) proposed that for the ££-R bond
cleavage in ther,S-elimination of cystalysin the positively
charged amino group of Lys 238 is guided toward the leaving
group (R) by interaction with Tyr 64. According to this view,
Tyr 64 during the catalytic cycle acts by positioning the Lys
€-amino group in a proper orientation for catalysis. This is
in agreement with the detection of the aminoacrylate
intermediate with the mutant. The reduced turnover rate
implies that the loss of Tyr 64 may slow the formation of
this species. It can be reasonably suggested that the correct

positioning of protonated Lys 238 mediated by Tyr 64 could 13.

also be an important requirement foroeGprotonation in
racemization and for C4orotonation in transamination of
L-alanine. This is consistent with the findings that the Tyr
64 mutant exhibits a remarkable reduction of both racemase
and L-alanine transaminase activities and retains its full
p-alanine transaminase activity.

In conclusion, our data demonstrate that Tyr 64, besides
contributing remarkably to the PLP binding, appears to be
implicated in the nucleophilic attack on Gaf the coenzyme
in the internal aldimine. It also emerges that, although Tyr
64 is not an essential residue fo3-eliminase and racemase
activities, it plays an important role in properly orienting
Lys 238 to facilitate catalysis. Moreover, stopped flow
coupled to quench-flow analyses of the reaction of the wild
type and Y64A mutant witl-chloro+-alanine permit us to
substantiate the presence of thr@minoacrylate species as
an intermediate in the,3-elimination catalyzed by cystalysin
and to establish that pyruvate release is the rate-limiting step
in the catalytic pathway.

[any
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