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Aminotransferase Lowers ItKp in the Unliganded Enzyme and Is Crucial for the
Successive Increase in th&pduring Catalysis

Hideyuki Hayashi, Hiroyuki Mizuguchi, and Hiroyuki Kagamiyama*
Department of Biochemistry, Osaka Medical College, 2-7 Daigakumachi, Takatsuki 569-8686, Japan
Receied June 25, 1998; Rised Manuscript Receéd August 24, 1998

ABSTRACT: In aspartate aminotransferase, pyridoxgbBosphate (PLP) forms a Schiff base with éremino

group of Lys258 (internal aldimine). The internal aldimine ha¥ayalue of 6.8. Binding of a substrate
amino acid to the enzyme yields the Michaelis complex, in which PLP still forms the internal aldimine
with Lys258. This is followed by a transaldimination process to form a Schiff base of PLP with the
o-amino group of substrates (external aldimine). Kinetic analysis of the spectral changes during the reaction
of the enzyme with a substrate analogue 2-methylaspartate showed that the aldimin®i6%.protonated

in the Michaelis complex and 3243% in the external aldimine. The bases that accept protons from the
aldimines are considered to be the substeaemino group in the Michaelis complex and ta@amino

group of Lys258 in the external aldimine. Therefore, the intrinig yalue of the aldimine is expected

to increase over a range of 3 during transformation from the unliganded enzifgre 8) to the Michaelis
complex (K, = 8.8) and the external aldimineKp > 10). When the Lys258 side chain of the internal
aldimine was “cleaved” by the construction of an enzyme in which Lys258 was replaced by Ala and the
aldimine was reconstituted with methylamine, th&, pf the internal aldimine was increased to 9.6. This
indicates that the lowl, value of the internal aldimine of the unliganded enzyme is provided by the side
chain of Lys258 which destabilizes the planar conformation of the aldimine suitable for protonation. This
strained conformation is partially relaxed in the Michaelis complex, andkhéspmoderately increased.

On formation of the external aldimine, Lys258 is released and the aldimine is fixed to a near planar
conformation and has a higliKpvalue. Thus, the aldiminelf is modulated by a mechanism that exploits

the conformational differences between the intermediate structures. The strain of the protonated internal
aldimine is interpreted to enhance the catalytic ability of the enzyme by increasing the energy level of the
free enzyme plus substrate at neutral pH relative to the transition state.

From the kinetic studies of aspartate aminotransferasetriionic form of aspartate (SH to generate ESH*' or by
(aspartate: 2-oxoglutarate aminotransferase, EC 2.6.1.1the association of lH* (protonated aldimine form) with the
AspAT)! under steady-statel) and transient-state2{4) dianionic form of aspartate (S) to generateHE-S (ref 4;
conditions, a mechanism for the reaction of aspartate with Scheme 1). The low value of the internal aldimink,p
AspAT has been proposed (Scheme 1). The PL{&s258 increases the fraction of lEwhich is the species that accepts
Schiff base (internal aldimine) of the unliganded enzyme has SH*, the predominant species at neutral pH 4, 7).
the imine (X, value of 6.8, which is strikingly low compared  Although the Michaelis complex (EBis a mixture of k-
to the value of 12.4 of the PL-Ph-butylamine Schiff base  SH* and EH*-S, only the latter undergoes transaldimination
(6). The reaction of aspartate with AspAT begins either by reaction to yield E§ in which PLP forms a Schiff base with
the association of E(unprotonated aldimine form) with the  the substrate amino acid. The Pt8ubstrate Schiff base is
often referred to as an “external aldimine”. In £®roto-

TThisworkw_as supported by a research grant from the Japan Societynation of the aldimine must be favorable for catalysis,
for the Promotion of Science (“Research for the Future” Program . S
96L00506) and the SUNBOR Grant from Suntory Institute for Pecause it enhances the electrophilicity of the extended
Bioorganic Research. m-electron system and hence will increase khgvalue (7,

:Igbvrvg\?ig]tigr?g'esﬂggg\?nCZSTJZ??aIEebgrﬁidndorterzizgérase (aspartate: 8. In accordance With this concept, a recent resonance
2-oxoglutarate aminotransferase, EC 2.6.1.1); HEPES, 4-(2-hydroxy- R@Man spectroscopic stud) (on the complex of ASpAT
ethyl)-1-piperadineethanesulfonic acid; MES, 4-morpholineethane- and 2-methylaspartate (MeAsp), a substrate analogue that
sulfonic acid; TAPS, 3{tris(hydroxymethyl)methylJaminopropanesulfonic  stops the catalytic reaction after the formation of,ES

acid; K258A AspAT, AspAT in which the residue Lys258 was replaced : ; o
by an alanine residue: MeAsp, 2-methylaspartate: K258A-MeNH suggested that £$ preferentially in the protonated aldimine

ASPAT, K258A AspAT in which the aldimine was reconstituted with ~ form (ELH"=S in Scheme 1). It is of great interest to know
methylamine; PLP, pyridoxal'fhosphate; PMP, pyridoxaminé-5 the mechanism that lowers th&pof the aldimine in the

phosphate; WT AspAT, wild-type AspAT. ; ; ;
2 The amino acid residues are numbered according to the sequenceunllganded enzyme and increases thg guring the course

of pig cytosolic aspartate aminotransferaSp An asterisk indicates ~ Of the catalysis. The possible protonation of the pyridine N1
that the residue comes from the neighboring subunit. of PLP by interaction with Asp222 has been discussed to be
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Scheme 1: Catalytic Reaction Mechanism of AspAT
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aModified from the scheme in ref. H" before E indicates the protonated Lys2%8amino group and H after B indicates the protonated

aldimine.

important for lowering the aldiminelf, in AspAT (6, 8).

mine K, by only 0.9-7.7 21). Therefore, neutralization of

This interaction, however, is not unique to AspAT, and a the positive charges of the arginine residues by substrate
salt bridge between the pyridine N and an acidic residue of carboxylate groups can only partially explain the syncatalytic
the enzyme is found in the crystallographic structures of shifts in the aldimine Ka.

p-amino acid aminotransferasedj, branched-chain amino In this study, we first analyzed the spectral transition
acid aminotransferasél), ornithine aminotransferas#3), during the reaction of AspAT with MeAsp and, from the
and ornithine decarboxylasé3), all of which have high  cgjculated spectra of E&nd ES, determined the distribution
aldimine K, values. Thus, protonation of the pyridine N of the protonated/unprotonated structures of the PLP aldi-
cannot explain the unusually lowkp value of the ASPAT  mines in these intermediates and estimated Kgrpnsition
internal aldimine. On the other hand, it has been suggestedyf the aldimines during the course of the catalysis. Using a
that the two arginine residues, Arg292* and Arg38é-¢ mutant enzyme in which Lys258 was replaced by Ala and
17), that bind the substrate-carboxylate andi-carboxylate  he aldimine was reconstituted with methylamine, we then
groups, respectively, are responsible for the Iy palue showed that the strain on the protonated internal aldimine
of the internal aldimine of the unliganded enzyn¥e §).  caused by the Lys258 side chain specifically decreases the
Binding of the substrate dicarboxylate neutralizes the positive pK, of the internal aldimine without affecting th&gof the
charges of the two arginine residues and is expected tOgyternal aldimine. The modulation of the aldiminié,gluring
increase the g, values of both the internal aldimine of ES  he course of the catalysis is discussed in a thermodynamic
and the external aldimine of ESAlthough this hypothesis,  context that the strain of the PERys258 aldimine increases

first presented by Ivanov and Karpeisky)(and later  the free-energy level of the unliganded enzyme at neutral
modified by Kirsch et al. §), gave insight into the fine 4 and enhances the catalysis.

chemistry of the reaction mechanism of AspAT, there have

been several unsolved problems. The absorption spectrumexpPERIMENTAL PROCEDURES

of the AspAT—maleate or AspA¥succinate complex,

which mimics ES, showed that the K, of the internal Chemicals. Escherichia colAspAT was obtained as
aldimine is 8.2-8.8, compared to 6-36.8 of the unliganded  previously described2@). The PLP form of the K258A
enzyme 18, 19). On the other hand, the absorption spectrum AspAT was prepared according to the method of Toney and
of the AspAT-MeAsp complex was constant between pH Kirsch (23), except for the use of our pUCIspCexpres-
5.5 and 9.0, showing partial protonation of the aldimine(s) sion system Z2). The PLP aldimine was reconstituted in
in the complex irrespective of the solution pR0J. These K258A AspAT by the addition of 10 mM methylamine. After
different effects of the two kinds of substrate analogues on a 30 min incubation at 298 K, there was no change in the
AspAT cannot be rationalized by the previous electrostatic spectrum, with absorption maximum at 421 nm. Further
hypothesis. Furthermore, mutation of these substrate-bindingaddition of methylamine to 20 mM did not alter the spectrum.
arginine residues to uncharged residues increased the aldipL-2-Methylaspartate (MeAsp) was purchased from Sigma.
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Ficure 1: (Left) Time-resolved spectra for the reaction of WT AspAT and MeAsp at pH 8.0. EnzymeVénd MeAsp (20 mM) were

reacted in 50 mM HEPESNaOH, pH 8.0, containing 0.1 M KCI, at 298 K. Dotted line represents the spectrum of AspAT in the absence
of MeAsp. After the addition of MeAsp, the absorption at 430 nm gradually increased with a concomitant decrease in absorption at 360 nm.
Spectra were taken between 1.28 and 49.92 ms after mixing with 2.56-ms intervals. Inset shows the plot of the apparent rate.gpnstant (
for the monoexponential absorption change against the concentration of MeAsp. Solid line is the theoretical curve drawn using eq 2.
(Right) Time-resolved spectra for the reaction of WT AspAT and MeAsp at pH 6.8. Conditions other than the solution pH were the same
as in the left panel. Inset shows the plotldf® (eq 4) against the concentration of MeAsp. T# value was obtained from the global
analysis of the time-resolved spectra using Glint (see the legend to Figure 2).

The concentrations of MeAsp shown in the text and figures concomitant increase in absorption at 430 nm (Figure 1, left;
are those of the isomers. see refs20 and 22). This spectral change was found to

Spectroscopic Analysiébsorption spectra were measured proceed monoexponentially, and the apparent rate constants
using a Hitachi U-3300 spectrophotometer at 298 K. The (ki for the change were obtained at various MeAsp
buffer solution contained 50 mM buffer component(s) and concentrations. The plot d§,, against [MeAsp] (Figure 1,

0.1 M KCI. The buffer components used were MB$aOH, left, inset) showed that the results are most simply interpreted
HEPES-NaOH, and TAPSNaOH. Protein concentrations by assuming a two-step mechanism.

were generally (32) x 107> M in subunit. The concentra-

tion of the AspAT subunit in solution was determined . L K3EP

spectrophotometrically. The apparent molar extinction coef- B+ S =—E5,ES (1)
ficients used werey = 4.7 x 10* M~ cm™* for the PLP :
form enzyme andy = 4.6 x 10* M~ cm™? for the PMP
form enzyme at 280 nn3}.

Kinetic Analysis.Stopped-flow spectrophotometry was
performed using the Applied Photophysics (Leatherhead
UK) SX.17MV system at 298 K. The dead time was
generally 2.3 ms under a gas pressure of 500 kPa. The
exponential absorption changes were analyzed with the
program provided with the instrument. Time-resolved spectra
were collected using the SX.17MV system equipped with a
photodiode array accessory and the XScan (ver. 1.0) control

where E and S denote the unliganded enzyme, (RBlus
E.H" in Scheme 1) and the free ligand (MeAsp), respec-
tively. As the reaction of MeAsp with AspAT has been
' known to stop at ESin Scheme 1, the two intermediates in
eq 1 are reasonably assigned to, BBd ES. The first step

is considered to be sufficiently faster than the second, because
kappWould show a linear dependency on [MeAsp] if the first
step is slower than the second. According to edkd, is
expressed as

software. The global analysis of the data was performed using [S]
the MarquardtLevenberg algorithm on Glint (ver. 3.20, kapp=a—kip2p+ KPP (2)
Applied Photophysics). K™+ [S]

RESULTS AND DISCUSSION Fitting the experimental data to eq 2 yields the values for

Kinetic Analysis of the Reaction of AspAT with 2-Methyl- the parameterskKi™ = 1.4+ 0.1 mM, K}’ = 200+ 4 s,
aspartate and Resolution of the Spectra of the Michaelis andk®}= 110+ 4 s'%. In the presence of 20 mM MeAsp,
Complex and the External Aldimin€he reaction of AspAT ~ where almost complete association of AspAT with MeAsp
with 2-methylaspartate (MeAsp) was studied at pH 8.0 is expected, the spectrumtat 0, obtained by extrapolation
(Figure 1 left). At this pH, AspAT exhibits a predominant of the time-resolved spectra, is considered to represent that
absorption band at 358 nm with a small one at 430 nm. On of ES;. The absorption spectrum of AspAT after the spectral
association with MeAsp, a rapid and small increase in the change is completed (Figure 1, left= 49.92 ms) is a
intensity of the 360 nm absorption band with a shifigfyx mixture of the spectra of E&nd ES. Therefore, using the
to 362 nm occurred during the dead time. This was followed values forkiY and k%, we could calculate the spectra of
by a gradual decrease in absorption at 362 nm with athe ES and ES (Figure 2, left). The spectra indicated that
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Ficure 2: Calculated absorption spectra of E#d ES of the complex of AspAT with MeAsp at pH 8.0 (left) and at pH 6.8 (right). The
spectra of E (dashed lines) and EH™ (dotted lines) are taken from r&# and are shown for comparison. The spectra of the intermediates
were obtained from the Glint global analysis of the time-resolved spectra of Figure 1. For the data taken at pH 8.0, a reaction scheme
“A <>B", corresponding to ES== ES; of eq 2, was entered into the model entry box, and the parameters #f Ik and “k — 17,
corresponding tac? and K of eq 2, were fixed to 20078 and 110 s, respectively. For the data taken at pH 6.8, a reaction scheme
“A>B, B<>C", corresponding to eq 4, was entered. The initial values for the parameterk k + 2, and k— 2, corresponding tdiiplp,

P andk®y of eq 4, were 90, 200, and 110srespectively. The spectrum of A (B*) was fixed by loading the spectrum of I+ (24)
whose wavelength resolution had been adjusted to that used here. The amouint @ff & and E in eq 3 can be negligible due to the high
concentration of MeAsp (over 10 mM). In each global analysis, according to the manufacturer’s instruction, a theoretical data set was
generated by numerical integration, and the sum of the squares of the residuals was minimized using the Mbeyeasufoktrg algorithm.
The optimized spectra of A and B generated from the data set at pH 8.0, and those of B and C generated from the data set at pH 6.8,
represent the spectra of E&nd ES, respectively.

the aIdimine is almost unprotonated in £&nd partially wherek?? = ke + K, [S]. The initial concentrations of
protonated in ESat pH 8.0. _ ~ the species at pH 6.8 (equal to the aldimin, pf the

To examine whether the spectra of these intermediatesypliganded enzyme) are considered to be as followsH{f
change with pH, we performed a similar experiment at pH — [ES)] = [EJ/2 and [ES] = 0, where [H] is the total
with MeAsp, the absorption at 430 nm decreased with @ gjready known 24). Under these constraints, the time-
concomitant increase in absorption at 360 nm (Figure 1, resolved spectra in Figure 1 (right) were fitted to the model
right), and the final spectrum matched closely that obtained ¢ eq 4 (Glint, ver. 3.20, Applied Photophysics). With 20
at pH 8.0 (Figure 1, left). The time-resolved spectra at pH )\ peasp, the rate constants were obtained tdd5B =
6.8 showed a gradual transition from the initial to the final 100+ 30 s, K*®P = 210+ 60 s, andk® = 120 £ 50
spectra, and the spectrum of £&hich transiently emerged 1 10\ a1es of the latter two paylramete?s were essentially

durmg the reaction at pH 8.0, was not obviously observeq. identical to those obtained at pH 8.0. The obtained spectra
This is because the spectral change through the successive

formation of ES and ES$ is masked by the slow intercon- are shown in Figure 2 (right), and.the depe.ndenc&@‘fon

version of & and EH* at pH 6.8 @). Assuming that the [MeAsp] ;g shown in the inset of Figure 1 (right). Extrapola-
. . . RN _ N

association of MeAsp with AspAT proceeds in the same way tion of Ki’to [MeAsp] = 0 yieldskey - 855" As t.he Ka

as that of aspartate with AspAT4) we can write the  Value I(gr thea;ggnlno group of MeAspis 10.6, [S] is equal

following scheme for the reaction of MeAsp with AspAT: to 10 199(10°1%° + 10 °7) [MeAsp]. Therefore, we could

calculate the values df , to be 1.0x 10’ M~t s™1. The

B K, value ofkgy is in good agreement with the value previously
‘\fSH* / determined from the pH-jump method)( and the value of
ko™ k', is of the same order as that of aspartate (6.40° M1
ke ke | (5] ES, T—EW ES; s%; ref 4), supporting the validity of the models of eqs 3
. :‘/k/'ts and 4 for the analysis of the reaction of MeAsp with AspAT
E H -l at low pH. The spectra of E&nd ES at pH 6.8 showed

_ ) o o striking resemblance to those at pH 8.0 (Figure 2). Using
This model assumes a rapid association of the triionic form the molar absorptivity of 8700 M cm~* at 430 nm for EH*
of MeAsp (SH') with E, . If there is sufficient concentration  (24), we estimated the fraction of the protonated form of
of MeAsp, [E] would rapidly decrease to zero, and eq 3 the aldimine in E$ and that in ESto be 6.4 and 32%,

can be simplified as follows: respectively, at pH 8.0, and 8.6 and 43%, respectively, at
EH _’Esl‘Tpp‘E% (4) 3Higaki, T. and Tanase, S. (Kumamoto University), personal

—2 communication.
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Ficure 3: Spectra of K258A AspAT complexed with MeAsp.
Absorption spectra of K258A AspAT were taken in the presence
of 5 mM MeAsp, 50 mM buffer component, and 0.1 M KCI at
298 K. Solid line: pH 8.0 (50 mM HEPESNaOH). Dotted line:

pH 5.7 (50 mM MES-NaOH). Dashed line: pH 9.6 (50 mM
TAPS—NaOH). The spectrum of K258A AspAT without MeAsp
at pH 8.0 (50 mM HEPESNaOH) is shown in a thin solid line
(Amax = 395 nm).

350 550

pH 6.8. Thus, both in ESand ES the aldimines are partially
protonated at the imine N. That the spectra of B&8d ES

Hayashi et al.

aldimine in ES, which is probably due to measuring the
height of the peak in the noisy area of the Raman signals
9).

Sequential Increase in the Intrinsic pif the Aldimine
during CatalysisThe population (6.48.6%) of the EH™-
S structure in Egindicates that the intrinstcpK, of the
internal aldimine of ESis 1.0-1.2 units lower than that of
the a-amino group of MeAsp in the active site. In the
unliganded state, the internal aldimine haska palue of
6.8, and on the binding of maleate, a desamino analogue of
aspartate, thelf, increases to 8.8 in the. coli AspAT (19).
This is considered to be equal to the intrinsi€,;mf the
internal aldimine of ES Therefore, the intrinsickg, of the
o-amino group of MeAsp in ESis estimated to be 9:8
10.0, which is slightly lower than the value (10.6) in agueous
solutions® It has been argued that the binding of aspartate
to the active site of ASpAT is accompanied by neutralization
of the negative charges of the andf-carboxylate groups
of aspartate by the positive charges of Arg386 and Arg292*,
respectively, and decreases th€, pf the o-amino group
from 9.6 to 7.4 8), which was estimated from thé&kpvalue
of aspartic acid dimethyl este2%). The present results
indicate that the I8, of the a-amino group of MeAsp
decreases only 0-60.8 on its binding to ASpAT. It should
be noted that a salt bridge between a carboxylate group and
a guanidinium group forms a dipole and does not lead to
complete neutralization of the negative charge of the car-
boxylate. Therefore, we consider that the 2.2 unit decrease

and the rate constants connecting them do not vary with pH N the [Ka of the a-amino group of aspartate, previously

explains the pH-independent spectrum of the AsSpAT
MeAsp complex (reR0; Figure 1).

Proton Shuttling in ESand ES. The pH-independent
spectra of E§and ES indicate that in each complex the

reported 8), is an overestimation.

The population of the BH™=S structure in ES(32—43%)
indicates that the intrinsicky, of the aldimine is 0.£0.3
unit lower than that of the-amino group of Lys258. The

proton shuttles between the aldimine and another base insidéPectrum of K258A AspAT complexed with MeAsp at pH

the enzyme. In ES which is the mixture of ESH" and
E.H™-S (Scheme 1), the base is apparently thamino
group of MeAsp. In E§ the e-amino group of Lys258 is
the candidate for the bas2(j. This was tested by preparing
the external aldimine of PLP with MeAsp in K258A AspAT.
Due to the absence of theamino group of Lys258 that
competes with MeAsp for the formation of the aldimine with
PLP, the K258A AspATMeAsp complex is considered to
be exclusively in the ESform. The absorption spectrum

9.4 is almost similar to that at pH 5.7 (Figure 3), showing
the intrinsic X, value of its aldimine to be greater than 10.
Accordingly, the intrinsic K, value of thee-amino group

of Lys258 in ES should be similar to (or higher than) the
value of lysine in aqueous solutions, 10.5. In the apoenzyme,
however, thes-amino group of Lys258 has been reported to
have a K, value of 8.0 26). In ES, the presence of the
phosphate group of PLP and dicarboxylic amino acid
substrates (analogues) in the active site may increasethe p

showed that the aldimine is almost completely protonated Of the e-amino group of Lys258 through electrostatic

(Figure 3). This indicates that in EEhe e-amino group of

interaction.

Lys258 is the base that accepts the proton, giving rise to the The above discussions demonstrated that the (intrinkig) p

equilibrium mixture of EH™=S and HE =S (Scheme 1).
The untitratable nature of the aldimines inE8d ES is
probably due to the instability of [H"-SH" (HTE_ HT=S)
and E-S (B =S). In the EH"-SH" (H"E_H"=S) structure,

of the PLP aldimine increases from 6.8 of the free enzyme
to 8.8 in ES, and over 10 in ES As described in the
introductory portion of this paper, no mechanism presented
hitherto can fully explain theseKp values, that is, the low

the two positive charges on the aldimine and the amino grouppKa in the unliganded enzyme and the successive increase

would cause electrostatic repulsion, while in theE(E =

in the K, during the course of catalysis. To solve this

S) structure the lone-pair electrons on the amino group would problem, we first investigated the factors that decrease the

interact unfavorably with those of the aldimine N and/or the
negative charge of the phenolic Q¥ PLP.
The 6.4-8.6% protonation of the internal aldimine in ES

pKa of the PLP-Lys258 aldimine.

4For a set of electrostatically coupled dissociation groups, the

is in accordance with the results obtained from the Raman microscopic . of any one of the groups is affected by the dissociation

spectroscopic studyd), which showed that the population
of the protonated form of the aldimine in E& less than
10%. However, the Raman study suggested that the aldimin
in ES is largely protonated and that the equilibrium is shifted
from ES toward ES by a factor of~5 (9). This may be

state of the other groups. The term “intrinsi€pused here is thelg,
in the absence of other groups of interest. For a case in which a proton
shuttles between dissociation groups A and B, the equilibrium between

€AH+B (proton resides on A) and -N*B (proton resides on B) is

independent of pH, and the equilibrium constat; = [AH*-B]/[A -
BH*], is approximately equal to P9 where K2 and (K2 are

ascribed to underestimation of the unprotonated form of the the “intrinsic” pKa, values of A and B, respectively.
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FIGURE 4: Active-site structures of AspAT. (A) Unliganded enzyme at pH 7.0 {i&fPDB entry code 1ARS, 1.8 A resolution). (B)
Unliganded enzyme at pH 5.4 (r&6; 1AJR, 1.74 A). The, value is the average of those of the two subunits. (C) Maleate-bound form at
pH 7.0 (LASM, 2.35 A). The value is the average of those of 1ASM and 1ASA (2.4 A). (D) MeAsp-bound form at pH 7.07r&éART,

1.8 A). A, C, and D: E. coli enzyme. B: pig cytosolic enzyme. C and D are considered to be models fargES, respectively. (E)
Numbering of the atoms of the PLP aldimine and definitioryofor D, N is that of thex-amino group of MeAsp.

Strain on the PLP-Lys258 AldimineThe crystal structures
of AspATs from chicken mitochondridl6) andE. coli (17)
at high pH (7.5 and 7.0, respectively) showed that the imine
bond of the aldimine is almost perpendicular to the plane of
the pyridine ring (Figure 4A). Crystallographic analysis on
the E. coli AspAT at low pH has not yet been carried out.
Recently, however, Arnone and colleagués) (published
high-resolution crystallographic data on the pig cytosolic
enzyme at pH 5.4, where most of the aldimine is protonated.
The E. coli AsSpAT at pH 7.0 and the pig cytosolic ASpAT
at pH 5.4 are both in open forms, and the active-site
structures except for PLP and Lys258 are superimposable
Therefore, we considered that the structure of the pig

cytosolic enzyme at pH 5.4 can be used as a model for the

aldimine-protonated structure dt. coli AspAT> The
structure showed that the protonated imine bond {C#)

is close to the plane of the pyridine ring (Figure 4B). As the
imine bond is tethered to the protein backbone via the Lys258
side chain, only a 3644° rotation of the imine bond around
C4—C4 is allowed, and a compensatory rotation of the
pyridine ring around the N*C4 axis is required to generate

a planar structure of the PER.ys258 aldimine. However,
the rotation of the pyridine ring cannot go further than-14
16° due to the van der Waals contact of the pyridine ring

with the methyl group of Ala224 (Figure 4, panels A and
B). Additionally, the hydrogen bond between ‘G PLP
and N92 of Asn194 seems to restrict the rotation of the
pyridine ring (Figure 4, panels A, B). As a result, the torsion
angle of C3-C4—C4—N¢, expressed ag (Figure 4E),
cannot be smaller than 3@0°, and the PLP-Lys258
aldimine bears a significant strain at this position (Figure
4B). To determine the effect of this strain on the,walue

of the aldimine, we constructed an enzyme in which the side
chain of Lys258 was cleaved at the aliphatic portion and
studied its spectrophotometric properties. The enzyme was

prepared by reconstituting the PLP aldimine in K258A

5 The study by McPhalen et alL§) is a direct comparison of the E
(pH 7.5; PDB 7AAT) and EH" (pH 5.1; PDB 8AAT) structures of
the same enzyme (chicken mitochondrial AspAT) at 1.9 and 2.3 A
resolutions, respectively. The H" structure shows that the €£4
bond is out of the plane of the pyridine ring to thiface by 18, and
because of this deviation theangle is close to 0 The 18 deviation
can be considered to provide a strain energy similar to that discussed
in this paper. However, the CG4C5—C5 —O05 torsion angle$) of the
E,_ structure of this enzyme is45°, compared to-16° of that of E.
coli AspAT (Figure 4A). As the transition from the Eo the EH"
structure is expected to increase thevalue, we consider the B™
structure of the pig cytosolic enzyme & 38°, Figure 4B) to be a
better model for the EH* structure ofE. coli ASpAT than that of the
chicken mitochondrial enzymep(= —16°).
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Ficure 5: (A) Absorption spectra of K258A-MeNHASpAT. From top to bottom of the 421-nm absorption peak, pH 8.0, 8.8, and 9.4.
Dotted and dashed lines are the spectra ¢ E(Amax = 430 nm) and E (Amax = 358 nm) of WT AspAT, respectively. (B) Plot of the
apparent molar absorption coefficients at 360 nm (circles) and at 421 nm (squares). The theoretical lines are drawn using thgpgquation
= [107PKy/(107PKa + 10 PH)]eg + [107PH/(10 PKa + 10 PH)]egn, Whereee and egy represent the molar absorption coefficients ofdad

E_ H™, respectively. Fitting the theoretical lines to the experimental values gaveKtheafue of 9.6. For comparison, the pH dependency

of the apparent absorption coefficients of WT AspATK{p= 6.8) at 360 nm (dashed line) and at 430 nm (dotted line) are shown. (C)
Schematic drawings of the PLP aldimines and the residue 258 side chains of WT and K258A; MepTs.

AspAT with methylamine (Figure 5C; hereafter we refer to aldimine of K258A-MeNH AspAT. Combining all the
the aldimine-reconstituted enzyme as K258A-MeMdpAT). previous results, we can now assume that the linkage of PLP

PLP Aldimine of K258A-MeNHASpAT Has a High pK to the enzyme protein via the Lys258 side chain causes the
Value and a Relaxed Conformatidk258A AspAT has an  Strain on the protonated form of the PLRys258 aldimine
absorption maximum at 395 nr@3), which is derived from  and decreases it¥g from 9.6 to 6.8. .
the free aldehyde form of PLP. On addition of 10 mm  Thermodynamic Interpretation of the PtRys258 Aldi-
methylamine at pH 8.0, it showed an absorption maximum Mine pk. To understand quantitatively the mechanism by
at 421 nm (Figure 5A). The spectrum resembles that of the Which the strain decreases thi¢;of the aldimine, we made
E.H* form of the wild-type (WT) AspAT, although the a thermodynamic interpretation of the rgla_nonshlp between
absorption maximum is blue-shifted (430 nm for WT the fKazand the conformation of PLP aldimines. The proton
AspAT). This indicates that methylamine forms an aldimine dissociation of a PLP aldimine is expressed thermodynami-
with PLP in K258A-MeNH AspAT, and the aldimine is  cally:
protonated at pH 8.0, where most of the aldimine of WT N .

AspAT is unprotonated. With increasing pH, the absorbance # i+ (00 T RTIN[AIAH 7] = 1% ,4(¢) + RTIn[Ald] +

of_ K258A-MeNH2 A_spAT at {121 nm gradually decreased we., + RTIn[H*] (5)
with a concomitant increase in absorbance at-3%0 nm, H

showing deprotonation of the PEfnethylamine aldimine
(Figure 5A). The K, of the aldimine was determined to be
9.6 by plotting the absorbance values at 421 and 358 nm
against the pH (Figure 5B).

The CD SpeCtra.O.f the,Fand EH™ forms of WT AspAT 6 Another interpretation of the CD band is that PLP is bound in an
show strong positive CD bands at 358 and 430 nm, asymmetric environmen®g). According to this, the reduced CD of
respectively, corresponding to the absorption maxima of the K258A-MeNH, AspAT may reflect loss of the asymmetric binding
two forme . 24, 7). These OB bands are comsidered to o 0L e ot e o
arise partly from the.torSIO.n of the PLfys258 aldimine gnd the D222A AspAT (s’ee PDB 1ASA and 1ASB), Eoth of which
at the C4-C4 bond? since distortecr-electron systems have  pave relaxed conformations of the PLP aldimine, have reduced molar
been known to show CD maxima corresponding tosther* CD/molar absorptivity Ae/€) values at 430 nm [2.3 1072 for the
ansiion €3, The CD spect of kSN AT o T ot o e s 4 AopeT
ETavfigrlrlrgﬂgf C\ZISEIEORSEX?FCt(IgI\é?JI;’eB%()) TmSC?£2§L?b|? ttc?e [3.0 x 1073 (24)]. We consider that this supports, at least partially in

) ] ! AspAT, the hypothesis correlating the CD signal with the torsion angle
consider that this reflects the planar conformation of the of the aldimine.

where u°, 4,00, 1°yq(), and u°,, denote the standard
chemical potentials of the protonated aldimine, deprotonated
aldimine, and proton, respectively. The dependence of
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Ficure 6: Circular dichroism spectra of WT and K258A-MelH
AspATSs. Spectra of K258A-MeNHASpAT were taken at pH 8.0
(solid line, 50 mM HEPESNaOH) and pH 9.4 (dotted line, 50
mM TAPS—NaOH), containing 0.1 M KCI. These two spectra are
almost superimposable. Molar circular dichroism values of WT
AspAT in the E form (Aeg) and in the EH* form (Aegy) were
calculated from the values at pH 5.6 (50 mM MESaOH, 0.1 M
KCI) and pH 8.0 (50 mM HEPESNaOH, 0.1 M KCI), using the
equationAeap, = [107PKy/(107PKa + 107PH)]Aeg + [107PH/(10PKa

+ 1UPH)]A6EH.

U pgn+(0) @andu® 4 () on x was estimated by the calcula-
tion of the heat of formation of the two structures of the
pyridoxak-methylamine aldimine at eagh It was shown
that u°, 4. (x) increases ang®,,(x) decreases monotoni-
cally with increasing|y| (see the shapes of the curves in
Figure 7). Therefore, the protonated aldimine takes the
conformation wherdy| has the minimum value and the
unprotonated aldimine takes the conformation whey&as

the maximum value. It can be interpreted that the planar
conformation of the protonated aldimine is stabilized by the
internal hydrogen bond between the imine N and',03

whereas, in the deprotonated aldimine, the nonplanar con-

formation is taken to avoid the electrostatic repulsion of the
lone pair electrons of the imine N and those of' OBhe
repulsion energy seems to be greater than the resonanc
stabilization energy of the pyridine-imire-conjugation.

When the solution pH is equal to th&pof the aldimine,
that is, [AldH] = [Ald], eq 5 is transformed to:

A i+ min) = 2 a1g (X mad T 4% + RTIn(10 ™%
(6)

This describes the relationship between the conformational
constraint, defined byy|min and |x|max and the K, of the
aldimine. For K258A-MeNH AspAT, as 0 < y < 90°, we
obtain

UR1n+(0°) = 430(90°) + p°, + RTIN(LO*Y)  (7)

Equation 7 determines the relative positions of the potential
curves of u°, 4+(lx1), which is dependent ony|, and
U ag(lx) + 22, + RTIN[H*], which is dependent on both
lx| and the pH (Figure 7). In WT AspAT and its reaction-
intermediate complexes, the range of the values allowed for
x is determined by the interactions of the aldimines with the
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surrounding residues. For a given set|gfnin and || max
the K, of the aldimine can be determined from eq 6 and
Figure 7. In the unliganded WT AspAT, the value is
restricted to a range (3& 5)° < y < 90° (Figure 4, panels
A and B). Figure 7 shows that®, ,,.(35°) is equal to
U pg(90°) + u°,, + RTIN(107%8) and explains the K,
value of 6.8 for the aldimine of the unliganded WT AspAT.
The mechanism presented here can explain the unusually
high aldimine K, values found in several mutant AspATS.
Protonation at the PLP pyridine N1 stabilized by the negative
charge of Asp222 has the unequivocal effect of lowering
the [Ka of the imine of PLP aldimines by 2.5, which is
calculated from studies on model compounds in aqueous
solutions 6). The [Asp222— Ala] AspAT, however, showed
an extremely high i§, value, which cannot be obtained by
pH titration up to 10 80) and exceeds the estimatel{p
value (6.8+ 2.5 = 9.3). Because Asp222 is an important
residue to which PLP anchors its pyridinium ring, mutation
on the residue would unwind the torsion of the PHEs258
aldimine and may further increase it Mutation of
Asnl194 to Ala increases the PHRys258 aldimine by 1.3
(19). It has been unclear why a replacement without altering
the charge of the side chain (Asn to Ala) caused a significant
increase in thelg, value. It can now be considered that the
removal of the hydrogen bond from Asn194XNto PLP
O3 relaxed partially the strain of the aldimine. Combining
the present and the earlier studies altogether, we propose
that the X, value of the PLP-Lys258 aldimine is decreased
by 2.8 through the strain of the Lys258 side chain, 2.5
through the protonation at pyridine N, and 0.9 through the
electrostatic interactions with the two arginine residues. The
sum of these values, 6.2, can roughly explain the decrease
in pK, from 12.4 of the PLP-n-butylamine aldimine (cor-
responding to the side chain of Lys258) to 6.8 of AspAT,
although the discrepancy of 0.6 suggests that #eop the
aldimine is somewhat increased by incorporating the aldimine
into the active site of the enzyme.

Mechanism of Modulation of the Aldimine pkh the
Catalytic IntermediatesThe values of the aldiminely in
the intermediate complexes, E&hd ES, can be interpreted
in the same way as above. In the maleate-bound AspAT,
which is considered to mimic the EStructure, the N2 of
Asn194 forms a new hydrogen bond (lengtt.1 A) with
the maleate carboxylate and weakens the hydrogen bond to
03 of PLP (the M2-O3 distance increases from 2.8 to 3.3
A; comparison of the structures 1ASN and 1ASM deposited
in PDB). This will partially relax the strain of the protonated
PLP—Lys258 aldimine (Figure 4, panels B and C), gnd
can be as low as 2880°. This low |x|min Value increases
the aldimine K, to around 8.1 (Figure 7). In addition, the
neutralization of the positive charges of Arg292* and Arg386
by the two carboxylate groups of the substrate will further
increase thelg, by 0.9 to 9.0 21), which roughly coincides
with the K, of the AspAT—maleate complex (the model
for ES). In accordance with this conjecture, thi§,mof the
PLP—Lys258 aldimine of N194A mutant AspAT increased
by only 1, corresponding to the “pure” electrostatic effect,
on the binding of maleatel0).

In ES, the Lys258 side chain is released from the
coenzyme. The PLPaspartate aldimine is fixed to the
enzyme protein mainly via its two carboxylate groups and
the phosphate group (Figure 4D). As a consequence, the
imine bond does not move so freely as that of the PLP
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Ficure 7: Standard chemical potentials for the protonated faufiadn+(x)] and the unprotonated formu{aan(y)] of PLP aldimine as
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at N1 and unprotonated at Q3vas geometrically optimized at evepyalue with T intervals, and the value of the heat of formation for
each conformer was used to draw the potential curves. The program used for optimization is MOPAC6 bundled iqv€erias5,
Molecular Simulations, Inc.) with PM3 Hamiltonian. The proton chemical potenifal(+ RTIn[H™]) was added tq:°a(y) for direct
comparison of the chemical potentials of the two forms. The bottom horizontal bars show the region alloyedfdhe respective
aldimine structures. The value @faqn+(0) (=u°aa(90°) + u°yw+ + RTIN(107°9) was taken as zero. The curves fGhq(y) + u°y+ + RT

In[H*] are the same in shape but have different positions depending on pH.

Lys258 aldimine, and the value gfis considered to be fixed  for the half reaction of AspAT with aspartat8)( The 2 unit
at —24° (15). Thus, the curves qf°,,,.(x°) andu®,,(x°) increase in the I, of the aldimine on the formation of the
+ u°,, + RTIn(H") should intersect gt = —24°, and the Michaelis complex is therefore considered to be the marginal
pK, of the aldimine is estimated to be 10.2 (Figure 7). This value required for the transaldimination reaction not to be
explains the high aldiminel, (>10) of this intermediate.  rate limiting in the entire catalytic process.

A decrease in the aldimine<g of the unliganded enzyme Use of Enzyme Strain Energy for CatalysBSeveral
is caused by destabilization of H* relative to k. However, methods have been considered to be used by enzymes to
factors that destabilize H*, such as electrostatic effects optimize their catalytic ability; acigbase catalysis, covalent
on PLP, tend to cause destabilization gHE=S, resulting catalysis, metal catalysis, approximation, transition-state
in the accumulation of the dead-end intermediaté&H4=S. binding, and strain 31). Among them, “strain” of the
The decrease in the aldimin& pthrough the imine-pyridine substrate in the Michaelis complex caused by the enzyme
torsion, described in this paper, is the mechanism that cansubstrate association force has been discussed to increase
destabilize EH" without affecting the energy level of the k., value of the enzyme3(l). However, it does not
E.H™=S. increase thé../Kn, value because it reduces the affinity of

Aldimine pK, Value of ES In ES, the equilibrium the substrate32). The present study discussed the strain
between E-SH" and EH*-S is shifted toward ESH' by
a factor 'of'lG—'15. AS E,LH+'S is the sp_eC|es .O,bl',gatory.for "The free energy levels expressed by the closed panels relative to
transaldimination (to yield HE,=S), this equilibrium shift that of the transition state in Figure 8 are not experimentally obtained
seems to be unfavorable for catalysis. However, in the actualones. Due to the uncertainty of the position of the methylamine released
catalysis, the substrate is aspartate, which hasitheino after the transaldimination of the PEPnethylamine aldimine with a

: substrate amino acid, the free-energy level of the transition state for
group K, 1.0 unit lower than that of MeAsp. Therefore, the catalytic reaction of K258A-MeNHASpAT cannot be compared

the fraCtiO_n of EH+'S in ES formed between AspAT and  yith that of WT AspAT. In this respect, the technology developed by
aspartate is considered to be-48%. The rate constant for  Gloss and Kirsch33) that introduces various lysine analogues (homo-

the transaldimination from #*-S to EH"=S is estimated k';yS'S) to _?05iti0n|t25fihby ?lkylatingthKZgi% ASPLATZES80f|gntereSL
R op ; ecause it can alter the strain on the mo-Lys258 aldimine

to be 2306-3100 s*, using theki value (200 s*) and the through changing the flexibility of the side chain of homo-Lys.

fraction (6.4-8.6%) of the protonated aldimine of E&r However, the presence of a sulfur atom inside the side chain

the reaction of AspAT with MeAsp. Therefore, the apparent significantly decreases thé<p of the w-amino group, and the effects

p S ot of changing the strain on the aldimin&pvalue and the energy level
rate ConStanﬂ@Z’) for the net transaldimination from E& of the transition state are difficult to evaluate. Incorporation of non-

ES of _th_e actu_a_l catalysis is calculated to be 160600 sulfur homo-Lys's to position 258 through in vitro expression may
s L This is sufficiently greater than the, value of 550 st provide a solution to this problem.
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