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ABSTRACT. We report a transient-state kinetic analysis relating to the mechanism of glutamate 1-semial-
dehyde aminotransferase (GSAT). Multiple-wavelength spectral kinetic data were collected by micro-
stopped-flow spectrophotometry. Time resolved spectral sketches resulting from reactions with glutamate
1-semialdehyde (GSA), 4,5-diaminovalerate (DAVA), and 5-aminolevulinate (ALA) indicated various
transient chromophoric intermediates. On the basis of the generally accepted mechanism of other
aminotransferases and absorbance characteristics of associated intermediates, these transient chromophores
are likely associated with Schiff base formation, ketimine/aldimine tautomerization, and transimidation
etc. Spectral kinetic changes associated with these putative intermediates were, in general, concentration
dependent. Various experimental evidence, including reactions with the GSAT lys272ile mutant, suggested
rapid equilibrium of isomeric aldimines and geminal diamines. With this and related simplifying
assumptions, a minimal mechanism was derived which provided a means for transient-state spectral kinetic
analysis of reactions with GSA, DAVA, and ALA, all of which lead to the formation of the same putative
central enzyme complex. Resulting kinetic constants were internally consistent, in general agreement
with steady-state and equilibrium dat&( kea, andKeg), and provided the basis for a reasonable computer
simulation of the original data set (varianee4 x 107%). Reequilibration of enzyme intermediates
following an apparent pseudoequilibrium indicated thermodynamically driven dissociation of the central
aldiminic enzyme complex. This is consistent with previous observations and the minimal mechanism
used in this kinetic analysis and suggests a plausible regulatory mechanism of GSAT.

GSAT [(9-4-amino-5-oxopentanoate 4,5 aminotransferase, amino and carbonyl functions of GSA via its pyridoxamine-
EC 5.4.3.8] is the last of three enyzmes involved in the 5-phosphate cofactor. Ketimine-aldimine tautomerization
metabolic conversion of glutamate to 5-aminolevulinate (8) is mediated by acid/base interconversion of Lys29)2 (
(ALA)* (1, 2). This metabolic sequence is of particular The enzymic mechanism purportedly consists of two half-
m_terest begaqse of its role in |.Ight regu_latlon oftetrapyrrole reactions in which 4,5-diaminovalerate (DAVA) or its
?el?;[)gc]jt?gsc;tshgr] aﬂggﬁgﬁgg:ﬁsgggm?{]h‘éé aGnSz:lAb-I;olrsp- geminal diamine is a likely intermediate. Supporting evi-

' dence is based on typical ping-pong bi-bi kinetics with

tion spectrum typical of vitamin 8containing enzymes and s . .
can be interconverted between its aminic (pyridoxamine-5 DAVA as the secopd substrat§)( Kinetic gxperu.”r)entS with
GSAT are complicated by substrate instability, and the

phosphate~338 nm) and aldiminic (pyridoxaldiming-5 o = S ]
phosphate~418 nm) forms by various amino and oxo acids. reactivity of both aminic and aldiminic enzyme forms with
However, GSAT is unique in that no other amino or oxo both enantiomers of GSA and with ALA(7). (R)GSA,

acid is required in the conversion of its natural substrate (RSDAVA, and ALA appear to induce only single turnover
glutamate 1-semialdehyde (GSA) to ALA. GSAT is thus a half-reactions. Approximately half of racemic GSA is
mutase which catalyzes the net intramolecular transfer of quantitatively converted to ALAS), probably theS enan-
tiomer. Although tautomeric interconversions (ketimine/
T Supported in part by Brigham Young University, and a grant from aldimine) have been observed with this enantiomer, spec-

tg%%% E%Talir\]/ ecnat|o0itaB| gnd Mobility Programme 19®# (CHRX- trophotometric reactions are rapid and mixtures of transient

* Author togwhom correspondence should be addressed. intermediates too complex for kinetic analysis by conven-
;App_lied Photophysics Ltd. tional spectrophotometrys). Further mechanistic charac-

Institut fir Pflanzengenetik and Kulturpflanzenforschung. terization has also been hampered by the lack of tertiary
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E and(?n are the ?'dimininOéFéﬁigoéagminle’-‘bhosphiﬁe and %mir?ifé substrates. In the present communication, we have usec
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EXPERIMENTAL PROCEDURES

Chemicals. (9 GSA was synthesized and purified as
previously describedlQ). 4-Aminohex-5-enoate used in this
preparation was generously provided by Marrion Merrell-
Dow, Strasbourg, France; ALA, DAVAytornithine) and
succinate semialdehyde were obtained from Sigma.

GSA-Aminotransferase. Synechocod@SAT was puri-
fied to near homogeneity from lysates of transformed
Escherichia col{11). The enzyme was converted to aminic
and aldiminic enzyme with DAVA and succinate semialde-
hyde, respectively?, 12).

Spectrophotometric AnalyseS&pectrophotometric analy-
ses were typically carried out between 20 and°g5 in
Tricine, 100 mM, pH 7.9. Active enzyme concentrations
(6.7-50 uM) were determined from coenzyme molar extinc-
tion coefficients of purified protein at 338 or 418 ni@).(In
general, the concentration dependance of apparent ra

of known spectra and fixed rates provided sufficient con-
straints to allow successful fitting to a minimal mechanism.

Reactions of GSATOn the basis of the generally accepted
mechanism of transaminatiol3, 14), one might expect
GSAT to catalyze the following reactions with its natural
substrate GSA, Scheme 1. This scheme is consistent with
numerous experimental observations, primarily with GSAT
(6,7,9, 12 15). Reactions 8 (identified by rate constants,

k,, having subscripts with the same numerical designation)
are shown in the outer perimeter. They represent reactions
of (§GSA with the pyridoxamine-5phosphate form of the
enzyme (aminic or f) leading to the formation of the
product ALA, as previously describetl). Clockwise, they
include (1) Schiff base (EGSA) formation; (2 and 3)
tautomerization through quinonoid related resonance-stabi-
lized intermediates (Q) leading to formation of the C-5

texternal aldimine of DAVA (E-5DAVA); (4 and 5) tran-

constants was determined under conditions of pseudo-first-Simidation resulting in the isomerization of C-5 and C-4
order kinetics, where substrate to enzyme concentration ratioseXternal aldimines of DAVA, via either the internal aldimine
were more than an order of magnitude. At lower substrate °f GSAT (E) or (4 and 8) the cyclic imidazolidine of

concentrations, these criteria were difficult to maintain.

DAVA (E . =DAVA); (6 and 7) a second tautomerization;

Nevertheless, a reasonably consistent fit to appropriate rate2nd (8) ketimine (R-ALA) hydrolysis.
equations was obtained using experimental substrate con- Reactions 916 shown counterclockwise in the inner circle
centrations decreased by an amount equal to that of GSAT.of the scheme represent an analogous set of reactions of GS/

Multiple-wavelength kinetic data were collected with an
SX17MV stopped-flow system (Applied Photophysics Ltd.,

but with the pyridoxaldimine-Sphosphate form of GSAT
(aldiminic or F). Diaminovalerate (DAVA) and dioxo-

Leatherhead, U.K.) at-510 nm intervals. Rate constants valerate (DOVA), the expected intermediates according to
were determined by simultaneous multiple exponential fitting this scheme, are obtained by transimidization and hydrolysis
of single wavelength transient data sets, and evaluated by(reactions 4 and 12, respectively). In general, the aminic
the magnitude of the standard error and randomness of time-and aldiminic enzyme forms of GSAT are represented by
dependent residuals. Reaction modeling and global analysisEy and E, respectively. Enzyme intermediates of the type
were performed using Pro-Kineticist software. This was used Ey—X or E.—X are condensation products, i.e., ketimines
both to simulate artificial data sets for comparison with or aldimines. Q represents resonance-stabilized quinonoid
experimental measurements and, where feasible, to fit andrelated intermediates, and<EDAVA the cyclic imidazoli-
refine rates and absorption spectra globally. Introduction dine (geminal diamine) of DAVA with E(16). R= —CH,-
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CH,COO. No direct evidence has been obtained for
reactions 14 and 15, represented by dashed arrows, except
in the presence of added nitrogenous base. Suggested
approximate absorption maximaq,) are as indicated.
Establishing a Minimal Kinetic SchemeMost of the
reactions in Scheme 1 can be expected WBIGSA as the
only substrate. The sheer number of these reactions and the
expected spectral similarity of various enzyme intermediates
would seem to preclude a reasonable kinetic analysis.
However, based on various experimental observations and
under appropriate conditions, the following simplifying
assumptions can be justified. First, secondary reactions of
GSA and ALA with aldiminic GSAT (E) (Scheme 1,
beginning with reactions 9 or 16) are probably insignificant
in transient- and pre-steady-state experiments where initial
concentrations of this enzyme form and GSA or ALA are
negligible. Second, we have assumed that external aldimines
of DAVA, and enzyme intermediates involved in their

Absorbanqe

Absorbance

interconversion (reactions dnd 3), are in rapid equilibrium § 5

(see later in Results). On the basis of this assumption, these So.08 Q)
intermediates can be combined as a single heterologous §

enzyme complex (E-X) with characteristics defined by <004

equilibrium concentrations of constituent enzyme forms. This

leads directly to the last (third) important simplifying 0
assumption that spectrophotometric changes observed in the

enzymic conversion of GSA to ALA are primarily a

consequence of transient binary enzyme intermediates, suchricure 1: Spectral kinetic analysis of the reaction of GSA amino-
as those represented by reactiors8in the outer perimeter transfgrase_with GSA. Multiwavelengt'h kinetic data were collected
of Scheme 1. Taken together, these assumptions form thedt various fixed wavelengths (10 nm intervals from 3580 nm)

basis of the following minimal reaction mechanism (Scheme ;Jopr?nn (g%'%fméxs'? aonziﬁg?rzln\sl%?;nsis gttS)z((;rSﬁS?%d; h4edaér(r:1$rgg

2). log time base ranging from 0 to 20 s (final concentrations were
Reaction numbers and symbols correspond with those 0f500 and 25M, respectively). Data sets were collected and analyzed
Scheme 1. Quinonoid related intermediates apparently doPy microvolume stopped-flow spectrophotometry and associated

; ; . software (SX.17MV, Pro-Kineticist, Applied Photophysics, Ltd.)
POt ac_curr;]ulateba), and tQ_ere(]j‘ofre, .Stepli. |n\_/oIV|ng th_elr (A) 27 of 900 three dimensional time-resolved spectral sketches,
ormation have been combined for simplification (reactions yansformed from original multiple wavelength kinetic data sets.

2and 3 and 6 and 7). Inaddition, all covalent binary external (B) Overlays of spectral sketches generated during the first apparent
aldimine and geminal diamine enzyme intermediates have spectral change (350 ms).Amax0f the initial aminic enzyme shifted
been combined in a single complex represented by-¥g. to shorter wavelengths-338— 326 nm) at an apparent exponential

; s rate Kapp ~ 50 s1) with an isosbestic point at-334 nm. (C)
Calculation of Kinetic ConstantsOur general approach Overlays of spectral sketches generated during the second apparer

has been to study the concentration dependence of reactiongpectral change (661500 ms). The 326 nm enzyme form was
leading to the formation of the putative central enzyme converted to aldimine-like intermediate(s) (418 nih{~ 4 s™%)
complex (E—X) beginning with (a) the reactant GSA, (b) having an isosbestic point at 348 nm. The 3 ms spectrum is shown
the product ALA, or (c) the intermediate DAVA, Scheme for comparison. This spectral shift is actually best-fit to a double

. . xponential (Figure 2A). (D) Overlays of spectral sketches generated
2. Pre-steady-state spectral changes associated with th%uring the third apparent spectral change 2P s). Aldimine-like

enzymatic reaction of GSA are best it to a triple exponential. intermediates (418 nm) were converted back to aminic-like GSAT
Because the apparent rate constant of the fast phase of thig338 nm) at an apparent exponential ratg~ 0.5 s*) with an
reaction increases linearly without signs of saturation (Figure isosbestic point at-369 nm. A second isosbestic point at 468 nm
3A) there is little information to define the binding of GSA implicates quinonoid-related intermediatest90—530 nm) in this

in the initial collisi | On the basis of th inimal conversion, i.e., aldimine> quinonoid— ketimine. Although such
Inthe iniiial collision complex. Un the basis of the minimal - jytermediates are considered integral to the reaction mechanism,

mechanism, we have assumed a simple two-step reversiblehey do not accumulate significantly in the enzymic conversion of
sequence leading to the formation of-EX and fit the fast GSA to ALA. The 3 ms spectrum is shown for comparison.

350 400 450 500 550
Wavelength (nm)



322 Biochemistry, Vol. 37, No. 1, 1998
0.130F, GSA 0.130
" /‘\
= 0.110
<
i
o 0.090
)]
[aa]
< 0.070
1.85E-3
N
-1.85E-3
0.055f
DAVA
w0045 04045\
Q
z
E 0.030}
0.7 [*AL:]
O 3
@ o015 ]
Q 5
0
1 3 5 7 9
8.12E-4
M\WA..VAV _ﬁ’\vf\/\ Av_,\\l\ VM [\/\-\VV
-8.12E-4 \/ AR
ooss| ALA 0062
L i 0.058;
(6]
= 0.050 0.054
g 0.050
m L
O 0.0441F 105850 A TIE
n ! ]
m i 105830 |
< oos8] N
s 3 76 4 78
1.05E-3
-1.05E-3 H V / Y, v
Time (sec)

Ficure 2: Time-dependent absorbance of GSAT upon rapid mixing
with GSA, DAVA, or ALA. Rates were fitted to a triple exponential.

Smith et al.

0 150 3

00
GSA Conc. (uUM)

450

80 120 160 200

(s) DAVA Conc. (uM)

1000

4000 6000

ALA Conc. (uM)

Ficure 3: Concentration dependence of apparent rate constants
for reactions with GSA, DAVA, and ALA. Conditions were
essentially as described in Figure 2. Rate constants were calculatec

Resulting residuals for each reaction are as shown. (Insets) Zoomat various fixed concentrations by averaging data sets at indicated
of early reaction stages. (A) Pre-steady-state spectral changes ofvavelengths and fitting to either a straight line or a rectangular

aminic GSAT at 320 nm upon rapid mixing wit§)GSA (apparent
rate constants= 32, 17, 3 s'). Conditions were essentially as
described in Figure 1. (B) Spectral changes of aldiminic GSAT at
420 nm upon rapid mixing with RRSDAVA (apparent rate
constants= 80, 2, 0.6 s1). Final concentrations of§jDAVA and
GSAT were 125 and 10.,2M, respectively. (C) Spectral changes
of aminic GSAT at 350 nm upon rapid mixing with ALA (apparent
rate constants= 81, 7, 0.2 s1). Final concentrations of ALA and
GSAT were 9600 and 6.i4M, respectively.

and the intermediate apparent rate constakiss(kzobs
respectively) to the following equation&?).

Kiohs™ Kiq[S] +k_y + ki, + ko,

oo KelSIkp kg ok,
20 kST ko Rtk

)

(@)

The substrate concentration dependende gfwas fit to a

hyperbola, as described in Experimental Procedures. (Insets) Zoom
of smaller apparent rate constanksqfy. (A) Reactions of GSA
with aminic GSAT at 340 and 345 nm. (B) Reactions of DAVA
with aldiminic GSAT at 420 nm. (C) Reactions of ALA with aminic
GSAT at 330, 350, and 420 nm.

the apparent dissociation constait, §,) defined by the
following equation.

Ka.app™ KoK ofKiq(Kip T ko) = Ky ko (ki + k) (3)

ksobs Showed no consistent pattern of concentration depen-
dence.

Reactions of DAVA and ALA were similar except
saturation of the fast phase suggested initial formation of a
collision complex followed by two first-order transitions
(Figure 3, panels B and C). Thus, a simple three-step
reversible scheme was used in which formation of collision
complex was assumed to be in rapid equilibrium. Apparent

straight line, while that of the intermediate apparent rate rate constantsk{o,s and koong Were fit to the following

constant Kxon9 approximated a rectangular hyperbola, with

relationships 18, 19).
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Ko[SIK, 1 aminic GSAT (338 nm) shifted to a shorter wavelength (326

100 ( 1S] + 1) Tk tkotky (4) nm) at an exponential ratéh,~ 50 s') with an isosbestic
0 point at~334 nm. A second major spectral change was

observed between-60 and 1500 ms (Figure 1C). It is
Kol ST (ki 1 ko) +k .k characterized by the subsequent shifiigfx (326 nm) to a
N (KolST +1) v longer wavelength (418 nm). Although not immediately
20bs”™ Ko[SIK,4 ®) apparent, this reaction is best fit to a double exponential, as
+k_;+ ki, + K, will be explained later. The major componeRtg ~ 4.0

(KolSI +1) s1) has an isosbestic point at348 nm. The 3 ms spectrum

o from Figure 1B, which is indistinguishable from that of the
Fitting kaobsto @ rectangular hyperbola leads to an expression jjitial aminic enzyme Amax = 338 nm), is shown for
for the equilibrium constantKp) of putative collision  comparison. In a third spectral change, which is unique to
complexes. reactions with GSAlmax Of the aldimine-like intermediate-
(s) (~418 nm) was shifted back to the wavelength of the
Ko™ k—lk—Zle,ap;kH(kvLZ Tk (6) original aminic enzyme 4338 nm). This exponential
. reaction occurs between2 and 20 Skapp~ 0.52 s') with
Complete solution okiops @and kaobs for GSA, DAVA, and an isosbestic point at369 nm (Figure 1D). The spectrum
ALA, using limiting values at both extremes of concentration of the initial aminic enzyme is again shown for comparison
scales (Figure 3), provided a means for obtaining slopes, (3 ms spectrum). Apparent rate constants described above
limiting-slopes kovsintercepts, antopsmaxima, from which  coyld be obtained from spectral changes observed at any of
numerical values for each of the rate and equilibrium geveral characteristic wavelengths, i.e., for GSA at 310, 320,
constants were directly calculated. 330, and 360 nm, etc.

Spectrophotometric changes observed upon rapid mixing  These results are consistent with rate-limiting proton
of GSAT with each of these substrates are attributable to axtraction R0), in which case the first spectral change is
alterations in specific conjugated bonding patterns with the |iely associated with accumulation of condensation products
coenzyme. Therefore, characteristic vitamigasociated  (Schiff base), and the second with accumulation of the central
spectral kinetic changes are sensitive reporters of transienty|dimine-like enzyme complex (E-X) and perhaps transient
intermediates integral to the overall enzyme mechanism. equilibration with aldiminic enzyme Eand DAVA (Scheme
RESULTS 2, sidg reaction). Accordingly, the final spectral change is
associated with collapse of steady state and return of GSAT

The reaction mechanism of glutamate 1-semialdehyde to the aminic & form.
aminotransferase (GSAT) has been investigated using micro- Similar spectral changes were also observed upon rapid
stopped-flow spectrophotometry. Transient-state kinetic mixing of ALA and (R, SDAVA with aminic and aldiminic
theory provided the basis for calculating parameters which GSAT, respectively. The general characteristics of these
define the kinetic characteristics of intermediates observedreactions reflected those described above for GSA, with the
during the reaction. These parameters were subsequentlynotable distinction that no steady-state turnover and collapse
applied to the minimal mechanism (Scheme 2) defined was observed, i.e., only two major spectral changes were
largely by the generally accepted mechanism of other apparent, presumably Schiff base formation and ketimine/
aminotransferasesl8, 14), singular value decomposition aldimine tautomerization (described later, Figure 4A). This
factor analysis, and the spectral characteristics of expectedwvas anticipated in the case of DAVA because no amino-
enzyme intermediates. The kinetic analysis begins at theaccepting substrate was present. However, in the reverse
ends of the pathway [with the individual reactions &-( reaction, with the product ALA, equilibration appeared to
GSA, ALA, or (RSYDAVA] and works toward the putative  be associated with accumulation of aldimine-like enzyme
central enzyme complex (EX). intermediates. Spectrophotometric differences in reactions

Spectral Kinetic Sketches of the Reaction of GSA-Ami- of GSA and ALA, and the relatively high concentration of
notransferase.Multiple-wavelength kinetic data (collected ALA required (~20x higher), are a direct reflection of
at 5-10 nm intervals from 318560 nm) were obtained upon thermodynamic differences between the two half reactions,

rapid mixing of each substrate witBynechococcaBSAT i.e., GSA= DAVA and DAVA = ALA. They confirm
using a 4 decade log time base. that the overall reaction greatly favors ALA synthesi.
For example, spectral changes which occur upon equili-  Single-Waelength Kinetic Analyses of Reactions with

bration of the natural substrat&§GSA (0.50 mM,~8 x GSA, DAVA, and ALAIn general reactions of each of these
Kwm) with the enzyme are illustrated in Figure 1. In part A, substrates with aminic (g or aldiminic (g), GSAT (pre-
multiple-wavelength time-dependent absorptivities were trans- steady-state in the case of GSA) were best-fit to triple
formed to time-resolved spectral sketches. In this equilibra- exponentials, suggesting at least four spectrally distinct
tion, which leads to the near quantitative conversion of GSA enzyme forms. The pre-steady-state portion of the reaction
to the product ALA, three major spectral shifts are apparent. with GSA was monitored at several different wavelengths
The first two precede steady state, while the third representswith similar results. At 320 nm, the formation and demise
its collapse and approaching equilibrium. Each of these threeof the first apparent enzyme intermediate is observed, Figure
apparent changes has been isolated in time and displayed a8A. The absorbance rapidly increased and then gradually
spectral overlays. decreased. The inset shows the initidl40 ms of reaction.
Spectral changes observed during the fir§fl0 ms with Residuals are those obtained upon fitting to a triple expo-
(9GSA are lllustrated in Figure 1B. Thénax Of native nential (normal variance= 2.53 x 1077). Nonrandom
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dependence in the ranges tested. In contrast, the largel
constantsk;nsandkzeng Were concentration dependent. The
largest observed rate constamdof) for GSA increased
linearly with a slope of 0.2368 uM~* and an intercept of
21.5s%, Figure 3A. All other concentration-dependent rates
approached maximum values with increasing substrate
concentrations. These were fit to a rectangular hyperbola
(Figure 3), which provided the basis for calculating intrinsic
rate constants as described in Experimental Procedures
Resultingks opsminima §-intercepts) and maxima for DAVA
and ALA (Figure 3, panels B and C) were 18 and 153 s
and 38 and 10273, respectively. Calculatekbopsintercepts
and maxima for GSA, DAVA, and ALA, were 1.49 and 10.1,
1.46 and 1.69, and 2.52 and 7.98,gespectively.

Rapid Equilibrium between Aldimines and Geminal Di-
amines of GSAT Attempts to derive a minimal mechanism
by simulating the enzymic isomerization of GSA (Scheme
1) proved to be very complex. However, the reaction
initiated with DAVA and aldiminic GSAT (k) (Figure 4A)
Wavelength(nm) resembles half-reactions obtained with other aminotrans-
ferases. Spectrophotometric changes observed in this reac
2 C tion with DAVA were simulated (Pro-Kineticist) using a
simple, linear, three-step, reversible mechanisnt @@= c
= d=-e+f) (variance= 1.6 x 1077). Resulting artificial
calculated spectra and associated time-dependent concentrz
. et tion changes are shown, Figure 4, panels B and C. Nearly
identical results were obtained in simulating the reaction of
. . ; ALA with aminic GSAT (Ev), except characteristic spectra
0.037 031 24 1 were observed in the reverse time sequence (data not shown)

Time (secs) Substrate and product are represented by a and f and were
Ficure 4: Spectral kinetic analysis of the reaction of GSA assumed to be colorless, while various enzyme forms are
aminotransferase with DAVA. (A) Multiwavelength kinetic data represented by-be. Calculated spectra of curves b and e
collected at various fixed wavelengths (5 nm intervals from-310 S -

560 nm) upon rapid mixing of equal volumes &$DAVA (250 are indistinguishable from and assumed to represeané
uM) and the aldiminic form (E) of GSAT (64uM) at 20°C, using Ewm, respectlvely, although collision Complexes with DAVA
a 4 decade log time base. Data sets were collected and analyzed aand ALA or related conformers have not been eliminated.
gisgﬂgﬁﬂ;&aﬁgﬁfgsl-l%e%iyd%t g%_o rréf: évcatilgle)ﬁ'lf'i:lé(r)eg) rtéime The intermediate d is likely the ketimine of ALA (compare
da‘t)a sets in papﬁlel A were fit to the fol’lowir?g minir%al mechanism: with Figure 1B). This belng the case, we aré left with the
a+b=c=d=e+f(variance= 1.6 x 10°7). Substrate aand ~ complex ¢ (dubbed E-X) with maxima at~332 and 415
product f were assumed colorless. Introduction of approximate ratesnm. In reactions with ALA, absorptivities at these maxima
for each reversible step of the reaction provided sufficient constraint are nearly equal (data not shown), while in the case of
to a”t(r);vosfucclfr?/SeSgL-gererggSI?i?\ mf(r)grilig%b \(/2) ’.*Jﬂgf’igl,;.a'sﬁg"a(té‘f DAVA, relative absorption at 415 nm is somewhat larger.
'Sl'?rgg-dependent concentratior?profiles of eac% enzyme ir)lltermediate T'me'dep,en_dem Conc_entratlon decreases (Figure 4C) show
represented in panel B. near quantitative combination of a (DAVA) and b (GSAT)

with concomitant increases in a mixture of absorbing species
variations during initial stages of the reaction are likely ¢ (~40 ms), which are subsequently converted to-d €)
mixing artifacts. and then et f (~20 s).

The reaction of DAVA with GSAT was similarly moni- A mixture of coenzyme absorbing species with maxima
tored at several different wavelengths. Decay of the initial similar to those described above (spectrum c) were previously
aldiminic-like enzyme (Eat 420 nm) was likewise best-fit ~ obtained in spectral kinetic reactions of enzyme free pyri-
to a triple exponential, Figure 2B. Amplification of early doxal-3-phosphate with ethylene diamine. These intermedi-
stages of the reaction (inset) and corresponding residuals arates were identified as the corresponding pyridoxaldimine
also shown (normal variance of 2.901078). in rapid equilibrium with its cyclic geminal diaminel$).

The reverse reaction with ALA and aminic enzymeyJE  Accordingly, the transient appearance of ¢ during initial
is shown at 350 nm, Figure 2C, along with residuals to a stages of the reaction with DAVA and its calculated spectrum
triple exponential fit (normal variance 4.94 x 1078). suggested a heterologous enzyme intermediate, perhap.

Concentration Dependence of Apparent Rate Constantsrelated to the external aldimine of DAVA. This possibility
in Reactions with GSA, DAVA, and ALAransient-state  prompted equilibrium titration and kinetic experiments with
kinetic theory relies on information derived from the enzyme-free pyridoxal‘phosphate (PLP) and DAVA.
concentration dependence of observed rate constants. Th&pectra similar to those of EX and the bimodal intermedi-
smallest of the three observed rate constantgy, derived ates of ethylenediamine were again observed (data not
by simultaneous multiple fitting to triple exponentials as shown), suggesting rapid equilibrium between related inter-
described above, did not indicate a consistent concentrationmediates, such as external aldiminegt{8 nm) and cyclic
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Ficure 5: Equilibrium-titration of the Lys272lle GSAT mutant
with DAVA. A 1.0 mL buffered solution (0.1 M Tricine, 1 mM
MgCl,, 1ImM DTT, pH 7.9) of the pyridoxal form of mutant GSAT
(56 uM) (Grimm et al., 1992) was titrated at room temperature
with 1 4L additions of 200 mM R SDAVA. Spectra were recorded
(Beckman Diode Array, 7400) after addition of DAVA upon
attainment of spectral equilibrium. Absorbance decreases380
nm (pyridoxal form of mutant GSAT) occur with simultaneous
increases at-330 (putative cyclic diamine) and 415 nm (aldiminic
GSAT) with isosbestic points at360 and 445 nm. (Inset) DAVA
concentration dependent changes at 330 nm.

geminal diamines+338 nm) as initially shown by Tobias
and Kallen {5).

The most convincing evidence that this putative heterolo-
gous complex (E-X) is directly involved in GSAT cata-
lyzed reactions was obtained with the Lys272lle mutant. This
site-directed mutant is catalytically inactive because Lys-
272 is essential for internal aldimine formation and tauto-
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meric 1,3-prototropic rearrangements. Nevertheless, external

aldimines (418 nm) are obtained in reactions with GSA
and ALA, each of which contains only a single amino group
(9). In equilibrium titration reactions with DAVA, which

phosphate results in the changelgf from ~338 to 418
nm, data not shown). Single turnover half-reactions with
unrelated substrates such as succinate semialdehyde an

has both a C-4 and a C-5 amino group, two absorbancepQOVA are also consistent with this assumption (data not
maxima are obtained, Figure 5. The absorbance maximumshown).

of the pyridoxal enzyme form~390 nm) decreased and
shifted to longer wavelengths~@15 nm, aldimine) with

concomitant increases at330 nm (putative cyclic geminal
diamine) and isosbestic points a860 and 445 nm. The

It is tempting therefore to associate the characteristic
spectral change which immediately precedes such tautomeric
rearrangements (e.g., Figure 1B) with formation of conden-
sation products such as aldimines or ketimines. Furthermore,

concentration dependence of this reaction was fit to a model hyperbolic increases of apparent rate constdats)in the

for a single binding site (Figure 5, inset) giving<a of ~1

case of DAVA and ALA (Figure 3, panels B and C,

mM. On the basis of these experimental results, we concluderespectively) could logically be associated with collision

that the E—X complex likely represents the external
aldimine and cyclic geminal diamine of DAVA in rapid
equilibrium and that this imidazolidine is directly involved
in the enzymic conversion of GSA to ALA, as previously
suggestedq16). This is entirely consistent with Tobias and
Kallen (15), who conclude that the pathway for intra-
molecular transimidation via a geminal diamine is extremely

complex formation, although associated hydration/dehydra-
tion reactions and conformational changes, etc., have cer-
tainly not been eliminated.

Accordingly, rate and association constants calculated from
concentration-dependent data (Figure 3) using transient-state
kinetic theory (Experimental Procedures, eqs6) were
directly substituted into a minimal reaction mechanism, as

rapid and may not require catalysis except perhaps for shown in Scheme 3. Symbols are as previously explained

entropic contributions.

Calculation of Rate and Association Constants for Mecha-
nistic Reactions of GSA.On the basis of the above

experiments and extensive observations with GSAT and other

amino transferase&4), it is not unreasonable to assume that

(Scheme 1), with the exception thay#5SA or By ALA
and E-DAVA represent collision complexes with aminic
and aldiminic enzyme forms, respectively.

Computer Simulation of the Minimal Reaction Mechanism
of GSAT The validity of this minimal mechanism and

the 338— 418 nm spectral shift observed by stopped-flow associated constants was evaluated in part by computel
spectrophotometry (Figure 1C) is associated with acid/basesimulation using the following simple branched mecha-
catalyzed tautomeric rearrangement. Similar spectral changesism: a+ b==c<=d<=g=b+ hand d= e+ f (compare

are observed with GSAT upon coenzyme replacementwith Schemes 2 and 3) (Pro-Kineticist, Applied Photophysics
(pyridoxamine-5phosphate replacement with pyridox&-5  Ltd). Introduction of fixed rates and a minimal number of
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FicUrRe 6: Simulation of the reaction of GSA aminotransferase with

Smith et al.

These enzyme intermediates gradually approached their
steady-state concentrations—2 s), and only insignificant
increases in g and h (ALA) were obtained. This stage is
followed by the steady-state conversion of a (GSA) to h
(ALA) and subsequent regeneration of hyjEnot obvious

in Figure 6C.

Assignment of observed spectral changes to specific
enzyme intermediates (Scheme 3) and comparison with
artificial computer simulated graphics is speculative and
based largely on circumstantial evidence derived from
various types of experiments. Nevertheless, such tentative
assignments are particularly instructive in the present context.

Comparison of Transient-State Parameters with &nd
Km. The minimal mechanism and associated constants were
further evaluated by comparison with corresponding steady-
state parameters. If one assumes that effects due to the
dissociation of DAVA from the central enzyme complex are
relatively small, then Scheme 2 becomes a simple four step
linear mechanism withk.o; and Ky, defined by eqs 7 and 8

7.

_ KK gKig
(Ko T k(kgt kg +KiKig+ Kigkiy

Koat (7)

K_alk ok g+ K, g) KK g + Kk gkig

M kg T K o) (K g+ i) + Kogkios ==

Substitution of calculated values for each of the constants
(from Scheme 3) into the above equations yields Band

1.6 x 1075 M for kerandKy, respectively. These compare
with steady-state values of 1"%sand 1.2 x 10°° M,

GSA. (A) Time-dependent spectral changes observed during the'€spectively 7).

enzymic conversion of GSA to ALA (Figure 1A) were simulated
(Pro-Kineticist Applied Photophysics, Ltd.) using the minimal

DISCUSSION

mechanism and associated constants derived from transient-state

kinetic theory (Scheme 3) (varianee4.16 x 1075). (B) Atrtificial
calculated and imported spectra of enzyme intermediates: (b) E
form of native GSAT (imported); (c) putative Schiff base of GSA
(calculated); (d) central enzyme complex—X (imported from
computer simulation of the spectrophotometric reaction of ALA
with Ey, data not shown); similar to steady-state spectrumlab

s, Figure 1C; (e) Eform of GSAT (calculated); (f) putative ALA
ketimine B,—ALA (imported, similar to curve b). (C) Calculated

Solution of an enzyme mechanism must include fitting
experimental data of various types to a model, with the
expectation that the results will converge to a single solution,
without simplifying assumptions. The challenge becomes
one of establishing a minimal kinetic scheme. The scheme
used in the present kinetic analysis is based on (a) the
generally accepted mechanism of amino transf& (4),

semi-log time-dependent concentrations of reactant (a) and produc(b) spectral characteristics of expected intermediates, (c)

(h) and various putative enzyme intermediates as noted in panel
B. (Inset) zoom of concentration changes observed during early

stages of the global analysis.

spectra provided sufficient constraints to allow successful

fitting to original data sets (Figure 1A). Resulting calculated

singular value decomposition factor analysis (SVD), and (d)
computer simulation of GSAT catalyzed spectrophotometric
reactions with ALA and DAVA.

Spectrophotometric Analysedn reactions with GSA,
DAVA, or ALA, the first spectrum observed after rapid

artificial time-dependent spectra are shown in Figure 6A mixing is indistinguishable from that of the initial aminic or

(variance of 4.2x 107%). Spectra of various intermediates

aldiminic form of GSAT. On the basis of the results of Briley

and their calculated time-dependent concentration profileset al. 1) and Sterk and Gehring2p) with aspartate
are shown in Figure 6, panels B and C. During initial stages aminotransferase, which has served as a kinetic model in

of the reaction, a (GSA) combines quantitatively with b,
whose spectrum is that of aminic enzyme, EThe resulting
binary enzyme intermediate ¢ (E GSA) is similar to that
observed in the original data set (Figure 1B). lts artificial

many studies with GSATE 7, 16, 23), it is not unreasonable

to assume that collision complexes of GSAT are not directly
observed in experiments described here with natural sub-
strates. This being the case, spectral changes observed afte

spectrum was generated during simulation. This intermediaterapid mixing (Figure 1B) are likely associated with Schiff

was gradually converted to d (EX), whose spectrum was
imported from ALA computer simulations described previ-
ously. The subsequent formation of g Y&nd its calculated
artificial spectrum is similar to that observed in Figure 1C.

base formation 20), although exceptions with substrate
analogues have been not&®). Initial spectral changes to
shorter wavelengths observed with aspartate aminotransferas
have been similarly associated with ketimine or external
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aldimine formation 21, 22). In this sense, GSAT isa good (Lys272lle) GSAT all appear to vindicate this rapid equi-
model since several intermediates, including minor quino- librium assumption.

noid-like forms @), can be transiently observed at room In enzyme-free reactions with PLP and saturating con-
temperature. centrations of DAVA, it would appear that this equilibrium

The second spectral change observed (Figure 1C) is likely favors formation of the cyclic imidazolidine by about2,
associated with ketimine/aldimine tautomerization. The Pased on molar extinction coefficien®( In this case, only
minimal mechanism includes two such 1,3-prototropic rear- Minimal amounts of internal aldiming.ax also~418 nm)
rangements, one leading to formation of the external aldimine 8¢ €xpected. In the case of the Lys272lle mutant, the
of DAVA and the other to the formation of the ketimine of ~@Pparent ratio 0f+330:415 nm absorbance is clearly de-
ALA (Scheme 2, reactions 2 and 3 and 6 and 7). If proton Pendent on DAVA concentration (Figure 5). In simulated
abstraction (reactions 2 and 6) is rate limiting as previously SPectrophotometric reactions with DAVA, 415 nm absor-
suggested0), then transient accumulation of the Schiff base Pance predominates (curve c in Figure 4B), while simulations
of GSA (Euv—GSA) and the external aldimine(s) of DAVA  With ALA indicate roughly equal amounts of 330 and 415
(E.—DAVA) is expected [along with other enzyme inter- "M absorbance in the putative heterologous central enzyme
mediates with which either of these might be in rapid €OmMplex (E—X) (data not shown). The apparent steady-
equilibrium, such as cyclic geminal diamines €EDAVA]. state spectrum (last spectrum, Figure 1C) is practically
This is consistent with observed transient absorbance in-SUPerimposable with that obtained in simulations with DAVA
creases at 326 and subsequently 418 nm (Figure 1, panels éFlgure 4B). The ratio of !mld_a;ohdlne to gxternal aldimines
and C, respectively). in the synthesis of ALA_ is difficult to estimate. We have

. . o . used the spectrum obtained from ALA simulation reactions.

Minor quinonoid-like intermediates (49%30 nm) have 6 gimyjation of the minimal mechanism and associated

been ignored in the present study. Nevertheless, they ar

e L . .o
X ; . ! e constants suggests significant amounts of internal aldimine
likely intermediates in GSAT-catalyzed tautomerizations. g9 g

) ! _ X ' (curve e in Figure 6C, inset) during steady-state.
Thgy are transiently dominant n reaqthns of (a) GSA with Ketoenamine/enolimine tautomers are purportedly also
aldiminic enzyme, (b) DOVA with aminic enzymé)( and

ALA with aldimini us | lecul iah involved in transamination reactions. Prior to or synchro-
() with aldiminic enzyme plus low molecular weight ¢y \with quinonoid formation a proton purportedly shifts

nitrogenous base (data not shown) (Scheme 1, reactions 105, 0m the imine nitrogen (430 nm) to the phenolic oxygen

11, and.15, _respectivel_y). It is not Ii_kely that the e.n.zymic (330 nm) @4). The existence of such tautomers might
mechanism is different in these reactions. Rather, itis MOre ¢ rther complicate correct interpretation of the present

reasonable to suppose that increased stability of these

. L . e spectrophotometric data.
quinonoid-like structures is due primarily to extended double g i equilibrium of aldimines and geminal diamines (rate
bond conjugation, mc_ludmg the C'4 anq.C-S carbonyls of ¢qnstantsy 108 s™1) provides a reasonable explanation of
ALA and GSA. This results in additional resonance

. . . ; : the above experimental results and is consistent with the
stabilized intermediates7). Minor absorbance increases gnsenyation that intramolecular transimidation are purportedly

observed in the 496530 nm range (Figure 1, panels C and 4y |arger than reactions requiring Schiff base hydrolysis and
D) certainly indicate quinonoid intermediates. The transient  otormation (5). Most importantly, this putative heterolo-

appearance of an isosbestic point468 nm) during final 45,5 complex provides the basis for a unifying hypothesis
stages of the reaction with GSA (Figure 1D) is consistent ocsential to understanding the mechanism of GSAT and
with this hypothesis, in which case the C-4 quinonoid of perhaps its regulation.

ALA should predominate over its C-5 GSA isomer. The  Neglecting Secondary ReactionEqually important is the
C-5 quinonoid would be more likely under pre-steady-state 555mption that secondary reactions are negligible, i.e.,
conditions. Indeed an isosbestic point is also observed duringyaactions of GSA and ALA with Eor the internal aldimine
very early stages of the reaction (not apparent in Figure 1B), ot GSAT (Scheme 1, reactions 9 and 16). Since the overall
but not during steady-state, probably because of the heteroyetic strategy begins at the three ends of the branched
_geneity of isomeric quinonoids and aldimine-related enzyme pathway and works toward the middle, this assumption
intermediates. relates to the significance of secondary reactions during the
Rapid Equilibrium of External Aldimines and Geminal formation of E—X in transient- or pre-steady-state reactions
Diamines. In the case of GSAT, establishing a minimal with GSA or DAVA or ALA. Time-dependent concentration
mechanism is complicated by the large number of reactionsprofiles of putative enzyme intermediates in simulated
known to occur with the single substrate GSA (Scheme 1), reactions of GSA (Figure 6C), DAVA (Figure 4C), and ALA
several of which have near identical spectral properties. (not shown) are consistent with this hypothesis. For
Simplifying assumptions, therefore, have been absolutely example, in the reaction of DAVA with E stoichiometric
essential. Little progress was made until it was realized that formation of the putative central enzyme complex—&
isomeric external aldimines of DAVA (with either C-4 or (curve c in Figure 4C) occurs long before ALA (curve fin
C-5 amino group) and corresponding diamines (cyclic Figure 4C) is available for secondary reaction with. E
imidazolidines) are likely in rapid equilibrium (Figure 5). Nevertheless, the high concentration of ALA required to
This being the case, kinetic analyses are greatly simplified drive the reverse reaction, the relatively high affinity of ALA
because these intermediates can then be grouped into a singl®r aldiminic GSAT (&) (6), and abortive complex formation
enzyme complex (E-X) with physical and enzymic char- are matters of concern.
acteristics defined by constituent concentration ratios. Steady- Ewvaluating the Minimal Reaction MechanisnWe have
state, transient-state, and equilibrium titration experiments attempted to vindicate the minimal mechanism and associated
with enzyme-free pyridoxal-phosphate and mutant kinetic parameters (Scheme 3) by computer simulation, by
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their internal consistency, by comparison with steady-state effects of theR enantiomer in racemic solutions of DAVA
parameters, and by direct equilibrium experiments. For have not been considered, etc.

example, computer generated time-dependent spectra (Figure Regulation of GSAT This brings us directly to another
6A) using the minimal mechanism and associated constantsidiosyncracy of GSAT, i.e., very gradual re-equilibration of
(Scheme 3) is similar (variance-107°) to transformed  enzyme intermediates during final stages of the reaction with
spectra obtained from the original GSA data-set (Figure 1A). GSA (Figure 1,>20 s). The absorbance at338 nm

On the basis of maximum amplitudes this represents an (aminic-like enzyme) once again decreasegs, - 0.012 s?)

average of-4% error. _ with concomitant increases at418 nm (aldiminic-like
~ The dissociation constar{) for GSA (Scheme 3) which  GSAT). The apparent rate constant for this equilibration
is given by the ratio of the rate constanks(k1) is ~5 x (data not shown) is a linear function of the initial GSA

10 M (11.3 s%2.36 x 1° s'* M™Y. This compares  concentration. This represents an unexpected confirmation
favorably with~7 x 107> M, which is obtained from other  of a branched minimal mechanism (Scheme 2, reactions 4
transition-state relationships (eq 3): or 5), suggesting thermodynamically driven dissociation of
6 1 the central enzyme complex (EX). As mentioned previ-
Kg~ Ky app(Kiz T K )k, =4.98x 10 "M(7.36 s~ + ously, computer simulations indicate that this dissociation
2.80 §1)/7.36 st is a very sensitive indicator (inversely proportional) of the
rate of ALA synthesis. This is in agreement with steady-
The apparent dissociation constaH §p) is defined by a  state experiments which show that DAVA and higher GSAT
hyperbola, fit to the concentration dependence of the secondconcentrations increagey (7, 12). Given the relatively high
apparent rate constarbg,9 (see Experimental Procedures). affinity of ALA for aldiminic enzyme (k) (6) and the steady-
Further credibility of the minimal reaction mechanism was state accumulation of this reaction product, gradual absor-
obtained by comparison df.;; and Ky, calculated from bance increases at418 nm as the reaction approaches
transition-state (373, 1.6 x 1075 M, respectively; eqs 7 and  equilibrium might indicate formation of the external aldimine
8, respectively) and steady-state data(land 1.2x 10°° of ALA (E_.—ALA), previously referred to as a secondary
M, respectively) 7). The larger value fok. calculated reaction (reaction 16 of Scheme 1). This external aldimine
from transient-state kinetic data, is likely a consequence of is a dead-end binary, covalent enzyme intermediate. Unlike
the assumption that dissociation of the central enzyme GSA, ALA does not give characteristic tautomeric spectral
complex (E—X), and resulting formation of free aldiminic  changes with E Nevertheless, ALA is known to inhibit
enzyme E and DAVA, is negligible. Computer simulations  the reaction of gabaculine with this enzyme fora3)( This
indicate a significant fraction of Fduring steady state (curve may have important implications in terms of biological
e in Figure 6C, inset) and that the rate of ALA formation is regulation of GSAT.
very sensitive and inversely proportional to the corresponding Uptake of ALA by plants leads to accumulation of
apparent dissociation constant (see Scheme 3, 15335 photosensitive tetrapyrrole precursors. Elevated synthesis
st x 3.64x 1073 uM™). or an external supply of ALA reduces steady-state levels of
The equilibrium constant calculated from pre-steady-state GSAT-specific RNA by a feedback regulatory mechanism
data (Scheme 3) is'1200. It is crucial to corroborate this  (26). It is reasonable to assume that ALA accumulation
value directly with equilibrium experiments. To date, this might also be post-translationally regulated.
has not been possible, due primarily to the instability of GSA  Finally, in spite of obvious limitations, transient-state
to reaction conditions7( 25). The difficulty of separating  yinetic analysis provides an important confirmation of the
GSA from its isomeric product (ALA) with sufficient  minimal reaction mechanism of GSAT. This mechanistic
resolution to determine concentration ratios in the range of yqqe| js relatively simple, reflects the generally accepted
~1:1200 is also problematic. Equilibration experiments of mechanism of amino transferases, is consistent with steady-
the reverse reaction of GSAT With“CJALA have been  giate and equilibrium experiments, and it provides an

similarly unsuccessful. Nevertheless, reasonably consistent,nqyative mechanism for the potential biological regulation
values have been obtained in equilibrations of DAVA and ¢ this important enzyme.

ALA (data not shown). On the basis of transient-state

experimentsKeq for this half-reaction is~660 (Scheme 3;  ACKNOWLEDGMENT
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indicates that the minimal mechanism (Scheme 3) provides
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