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ABSTRACT: Aspartate aminotransferase (AATase) and aminocyclopropane carboxylate synthase (ACC synthase)
are pyridoxal phosphate (PLP)-dependent enzymes whose common junction of mechanistic divergence is after the
formation of a Ca carbanion from the amino acid substrate bound to PLP as a Schiff base (aldimine). AATase
catalyzes the reversible interconversion ofa-amino acids anda-keto acids, while ACC synthase effects the
irreversible decomposition ofS-adenosylmethionine (SAM) to 1-aminocyclopropane-1-carboxylate (ACC) and 5'-
methylthioadenosine (MTA). ACC is subsequently converted to ethylene, the plant ripening and senescence hormone,
by ACC oxidase, the next enzyme in the pathway. AATase and ACC synthase exhibit many similar
phenomenological characteristics that result from different detailed mechanistic origins. Thekcat/KM versuspH
profiles for both enzymes are similar (AATase, acidic pKa = 6.9, basic pKa = 9.6; ACC synthase, acidic pKa = 7.5,
basic pKa = 8.9); however the acidic pKa of AATase reflects the ionization of an enzyme proton from the internal
Schiff base, and the basic one is that of thea-amino group of the substrate, while the opposite situation obtains for
ACC synthase,i.e. the apparent pKa of 7.4 is due to thea-amino group of SAM, whereas that of 9 reflects the Schiff
base pKa. The mechanistic imperative underlying this reversal is dictated by the reaction mechanism and the low pKa

of thea-amino group of SAM. The low pKa of SAM requires that the enzyme pKa be moved upward in order to have
sufficient quantities of the reacting species at neutral pH. It is shown by viscosity variation experiments with wild-
type and active site mutant controls of both enzymes that the reaction of SAM with ACC synthase is 100% diffusion
controlled (kcat/KM = 1.2� 106 l molÿ1 sÿ1) while the corresponding reaction for the combination ofL-aspartate with
AATase is insensitive to viscosity, and is therefore chemically not diffusion limited. Tyr225 (AATase) or Tyr233
(ACC synthase) forms a hydrogen bond with the PLP in both enzymes, but that formed with the former enzyme is
stronger and accounts for the lower pKa of the Schiff base. 1998 John Wiley & Sons, Ltd.

KEYWORDS: enzyme design; enzyme mechanism; genetic engineering

INTRODUCTION

PLP is the organic cofactor enlisted by a varied group of
enzymes that catalyzes most of the mechanistically
challenging transformations ofa-amino acids.1 PLP
enables such reactions as transamination,a- and b-
decarboxylation, racemization and side-chain elimination
and replacement chemistry to occur by stabilizing the Ca

carbanion of the amino acid by resonance delocalization
into the pyridinium nitrogen atom (Scheme 1).

Only three amino acids are completely conserved in
this family of enzymes: the lysine that forms the internal
aldimine, the arginine that ion pairs with thea-car-
boxylate of the amino acid and one glycine.2 Christen’s
group has identified a subset of PLP-dependent enzymes,
termed the alpha class, that ‘catalyzes transformations of
amino acids in which the covalency changes are limited

to the same carbon atom that carries the amino group
forming the aldimine linkage to the coenzyme. This
carbon atom is the alpha carbon in most cases.’2 This
group of enzymes shares substantial identity or similarity
of 12 active site residues. This paper details how slight
variations in active site geometry that are mandated by
evolutionary considerations, control the pKas of the
active site internal aldimine for two enzymes of the alpha
class: AATase and ACC synthase (Scheme 2).

AATase catalyzes the reactions shown in Scheme 3.
The first step of the sequence (not illustrated) is the

Scheme 1. Resonance stabilization of the Ca carbanion
bound to PLP.
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reaction of the amino acid with the internal aldimine
shown in Scheme2 to form the external aldimine of
Scheme4 which illustrates the essentialchemistry of
enzymatic transamination,the 1,3-azallylic rearrange-
ment.Thefinal stepis hydrolysisof theketimineto yield
the2-oxoacid (Scheme3).

ACC synthasecatalyzes the decompositionof S-
adenosylmethionine(SAM) to ACC and 5'-methylthio-
adenosine(MTA) (Scheme5). This is thefirst enzymein
the two-steppathwaythat convertsSAM to ethylene,an
importanteffectorof ripeningandsenescencein plants.

The x-ray structureof AATase has been available
since19793 and that of ACC synthaseis nearingcom-
pletion.4 Although the two enzymesshareonly about
15% similarity, a model of the active site of ACC
synthasewasconstructedby a parsedhomologymethod,
and the major hypothesesconcerningthe identitiesand
catalytic rolesof putativeactivesite residueswerecon-
firmedby site-directedmutagenesis.5 Someof theactive
site residuesfor the two enzymesareshownin Fig. 1.

RESULTS AND DISCUSSION

ACC synthase is an evolutionarily perfect enzyme

Valuesof the kinetic constantskcat and kcat/Km for the

wild-type and Y225F (AATase) and wild-type and
Y233F (ACC synthase)mutantsare given in Table 1
[the convention YxyzF denotes that tyrosine (Y) at
sequencenumber xyz in the protein is replaced by
phenylalanine(F)].

The tyrosine to phenylalaninemutation reducesthe
value of kcat/Km by about 20-fold for both enzymes;
however,the mechanisticreasonsfor the reductionare
distinctly different. The mutation in AATase resultsin
a 450-fold lowering of kcat that is partially offset by a
30–50-foldreductionin Km; however,thecorresponding
mutation in ACC synthaseelicits no effect on kcat and
a 20-fold increase in Km. The importance of this

Scheme 2. Dissociation of the internal aldimine proton in
PLP-dependent enzymes.

Scheme 3. The two AATase half-reactions. The top line shows the conversion of L-aspartate and enzyme-bound PLP to
oxaloacetate and bound PMP. The PLP form of the enzyme is re-established by reaction of the PMP form with 2-oxoglutarate in
the second half-reaction.

Scheme 4. Catalysis of the 1,3-azallylic rearrangement of
the internal aldimine to the ketimine catalyzed by amino-
transferases.

Scheme 5. The reaction catalyzed by ACC synthase.
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differential display in kcat and Km is discussedfurther
below.

It was recently establishedthat the ratesof the 1,3-
azallylic rearrangement(Scheme4) andof dissociationof
oxaloacetate(OAA) from the AATase–OAA complex
areeachpartly ratedeterminingfor AATase,andthatthe
rateof associationof aminoacidwith thePLPform with
theenzymeis rapidandatequilibriumcomparedwith the
subsequentstepsin the reaction,i.e. the rate of amino
acid associationwith the enzymeis not diffusion con-
trolled.6 Thereactionof ACC synthasewith SAM is, by
contrast, approximately100% diffusion controlled as
assessedby the viscocity variationmethod.9,10 The rate
of associationof SAM with ACC synthaseis inversely
proportionalto the first power of the viscocity for two
different viscosogens-sucroseandglycerol.

Thus ACC synthase is an evolutionarily perfect
enzymeasdefinedby Albery andKnowles11 in thesense
thatthereis nopressureto improvethechemicalcatalytic
efficiencyof anenzymewhosereactionrateis limited by
thephysicsof diffusive processes.Theextentto which a
reactionis diffusion controlledis a function only of the
rateconstantratio kÿ1/k2:

E� S�k1

kÿ1

ES!k2 E� P �1�

wherek1, kÿ1 andk2 are the second-orderrateconstant
for associationof enzymewith substrate,the first-order
dissociationrateconstantfor theEScomplexandthenet
first-orderrate constantfor conversionof ES to E� P,
respectively.Thevalueof kcat/Km = k1k2/(kÿ1� k2) from
which it is seenthat kcat/Km → k1 as kÿ1/k2 → 0. The
valuesof kcat/Km for bothwild-typeenzymesare105–106

lmolÿ1 sÿ1 (Table1), butkÿ1< 2 sÿ1 for theEScomplex
of ACC synthasebut >500 sÿ1 for that of AATase.6,7

Thesedifferencesreflectthehigherfreeenergyrequired
to dissociatethelargermolecule,SAM, from its complex
with ACC synthasecomparedwith that required to
dislodgeaspartatefrom AATase.

The role of the aldimine pKa in catalysis

ThepH vskcat/Km profilesaresimilar for bothenzymes.
They are bell shapedwith ascendingpKas of 6.9 for
AATase8 and 7.5 for ACC synthase.7 The descending
pKas are9.68 and8.9,7 respectively.It is remarkablethat
thesesimilarcurvesaregeneratedby oppositeionizations
in the two cases.The pKas in kcat/Km versuspH profiles
generallyreflectionizationof only freeenzymeandfree
substrate.The ascendingkinetically determinedpKa of
the AATase profile can be assignedwith confidenceto
the ionization shown in Scheme2 becauseit is also
observedspectrophotometricallyboth in the wild type
enzymeand in an engineeredmutant whosepKa was
reducedto 5.8.12 ThealkalinedescendingpKa of 9.6was
assignedto the a-NH3

� of the substrate.8 The spectro-
photometricpKa of ACC synthaseis 9.2,7 a figurewhich
is within experimentalerrorof thedescendingkineticpKa

of 8.9,7 while theascendingpKa is dueto the ionization
of thea-NH3

� groupof SAM. Hencethemostpopulated
speciesin the neutral pH rangefor the two enzymatic
reactionsarethe oppositelyconfiguredB (AATase)and
C (ACC synthase)of Scheme6.

Schiff baseformationrequiresthat thea-aminogroup
of the amino acid be in the free baseform. Its pKa in
AATase is significantly lowered in the ES complex
owing to theion-pairingneutralizationby two activesite
arginine side chainsand, correspondingly,the internal
aldimine pKa is raised;thus the proton would migrate
from the a-NH3

� to the internalaldiminenitrogenatom
in theEScomplex.13

Is therean evolutionarydriving force to raisethe pKa

Figure 1. Partial comparison of the amino acid sequences of
the active site residues of AATase and of ACC synthase.
AATase residues are underlined. Dissociation of the aldimine
proton (Scheme 2) exposes the oxyanion of the cofactor,
which is stabilized by hydrogen bonding to the adjacent
tyrosine.

Table 1. Differential effects of active site tyrosine mutations
on AATase and ACC synthasea

kcat Km kcat/Km
(sÿ1) (mM) (l molÿ1 sÿ1)

AATase(WT) 170 1.7 1� 105

AATase(Y225F) 0.4 0.08 5000
ACC synthase(WT) 9 0.01 8� 105

ACC synthase
(Y233F)

10 0.3 3� 104

a Datafrom Refs.6–8.
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of the internal aldimine of the ACC synthaseto a high
value?Theequation

kcat

Km
� �kcat=Km�lim

1� 10�pKa1ÿpH� � 10�pHÿpKa2�
�2�

describesthe pH dependenceof kcat/Km. Substitutionof
theobservedpKas of thea-NH3

� moietyof SAM andof
the internalaldiminenitrogenatomof ACC synthaseat
pH 8 gives a value of kcat/Km (obs) that is closeto the
limiting value; however, if the pKa of the internal
aldiminewere7 in ACC synthaseasit is in AATase,kcat/
Km would bereducedby nearly10-fold.Hencetheplant
wouldhaveto produce10timesthequantityof enzymeto
effect the sameSAM → ACC reactionflux. We con-
clude, therefore, that a strong evolutionary mandate
drovethepKa of theinternalaldimineof ACC synthaseto
this higher value, and may now ask what structural
accommodationswithin theactivesiteeffectthischange.

PLP is confined into its observedposition in the
AATase structure by a number of contacts.14,15 Of

particularimportancefor thepresentconsiderationis the
hydrogenbondfrom Tyr225(AATase)or Tyr233(ACC
synthase)to the cofactor (Fig. 1). The hydrogenbond
stabilizesthefreebaseform of theinternalaldimine,and
thusservesto lower the pKa. The limit of excursionof
PLP to the interior of the protein is definedby contact
with thesidechainof Ala224of AATase.Thatresidueis
replacedby thelargerIle232in ACC synthase.Thex-ray
structureof the latter enzymeis not yet completed,but
modeling suggeststhat the PLP must be pushedaway
from the position that it occupiesin AATase,with the
likely consequencethatthehydrogenbondto thetyrosine
is weakened.7 A weakerhydrogenbond would provide
less stabilization to the free baseform of the internal
aldimineanda correspondinglyhigherpKa valuefor its
conjugateacid, theprotonatedaldimine.

Acknowledgment

This work wassupportedby NIH grantGM35393.

REFERENCES

1. D. Dolphin, R. Poulson and O. Avramovic. Coenzymesand
Cofactors,Vol. 1, Vitamin B6, Pyridoxal Phosphate:Chemical,
Biochemical, andMedical Aspects.Wiley, New York (1986).

2. F. W. Alexander,E. Sandmeier,P.K. MehtaandP.Christen.Eur.
J. Biochem.219,953(1994).

3. G. Eichele,G. C. Ford,M. Glor, J.N. Jansonius,C. Mavridesand
P. Christen.J. Mol. Biol. 133,161(1979).

4. E. Hohenester,G. Capitani and J. N. Jansonius.personal
communication.

5. M. F. White, J. Vasquez,S. F. YangandJ. F. Kirsch. Proc. Natl.
Acad.Sci.USA91, 12428(1994).

6. J. M. GoldbergandJ. F. Kirsch. Biochemistry35, 5280(1996).
7. Y. Li, L. FengandJ. F. Kirsch. Biochemistry, 36, 15477(1997).
8. L. M. GlossandJ. F. Kirsch. Biochemistry34, 3999(1995).
9. A. C. BrouwerandJ. F. Kirsch. Biochemistry21, 1302(1982).

10. S. C. Blacklow, R. T. Raines,W. A. Lim, P. D. ZamoreandJ. R.
Knowles.Biochemistry27, 1158(1988).

11. W. J. Albery andJ. R. Knowles.Biochemistry15, 5631(1976).
12. L. M. GlossandJ. F. Kirsch. Biochemistry34, 3990(1995).
13. J.F.Kirsch,G.Eichele,G.C.Ford,M. G.Vincent,J.N. Jansonius,

H. GehringandP. Christen.J. Mol. Biol. 174,497(1984).
14. A. Okamoto, T. Higuchi, K. Hirotsu, S. Kuramitsu and H.

Kagamiyama.J. Biochem.(Tokyo)116,95 (1994).
15. J. Jager,M. Moser,U. Sauderand J. N. Jansonius.J. Mol. Biol.

239,285(1994).

Scheme 6. The dominant protonic con®gurations of the
amino acids and internal aldimines at the pH of maximum
activity of AATase and ACC synthase are forms B and C,
respectively. See text.

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 536–539(1998)

GENETICENGINEERINGIN ENZYME DESIGNAND MECHANISM 539


