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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 G carbanion from the amino acid substrate bound to PLP as a Schiff base (aldimine). AATase
catalyzes the reversible interconversion cchmino acids and:-keto acids, while ACC synthase effects the
irreversible decomposition &-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 origin&..JKg versuspH

profiles for both enzymes are similar (AATase, acidi¢,p 6.9, basic K;=9.6; ACC synthase, acidickp=7.5,

basic K,=8.9); however the acidicky, of AATase reflects the ionization of an enzyme proton from the internal
Schiff base, and the basic one is that of #h@mino group of the substrate, while the opposite situation obtains for
ACC synthasei.e. the apparentlg, of 7.4 is due to the:-amino group of SAM, whereas that of 9 reflects the Schiff

base K.. The mechanistic imperative underlying this reversal is dictated by the reaction mechanism and g low p

of thea-amino group of SAM. The low g, of SAM requires that the enzymé&pbe 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 keafKy = 1.2 x 10°Imol~ts™ ) while the corresponding reaction for the combination-afspartate 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 lowefpof the Schiff baseld 1998 John Wiley & Sons, Ltd.
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INTRODUCTION "

9/0-—002
PLP is the organic cofactor enlisted by a varied group of z
enzymes that catalyzes most of the mechanistically S
challenging transformations of-amino acids. PLP "o z | -
enables such reactions as transamination,and f- \N@

decarboxylation, racemization and side-chain elimination
and replacement chemistry to occur by stabilizing the C Scheme 1. Resonance stabilization of the C, carbanion
carbanion of the amino acid by resonance delocalizationound to PLP.
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 to the same carbon atom that carries the amino group
aldimine, the arginine that ion pairs with thecar- forming the aldimine linkage to the coenzyme. This
boxylate of the amino acid and one glycih€hristen’s carbon atom is the alpha carbon in most ca8éeEhis
group has identified a subset of PLP-dependent enzymesgroup of enzymes shares substantial identity or similarity
termed the alpha class, that ‘catalyzes transformations ofof 12 active site residues. This paper details how slight
amino acids in which the covalency changes are limited variations in active site geometry that are mandated by
evolutionary considerations, control thekKg of the

_ o o active site internal aldimine for two enzymes of the alpha
o iy Hal Sk Caomns S0 5208 sa, C2SS: AATase and ACC synthase (Scheme 2),
Contract/grant sponsorlNational Institutes of Healthcontract grant AATase catalyzes the reactions ShO_W” n SChe_me 3.
number:GM35393. The first step of the sequence (not illustrated) is the
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Scheme 2. Dissociation of the internal aldimine proton in
PLP-dependent enzymes.

reaction of the amino acid with the internal aldimine

shownin Scheme2 to form the external aldimine of

Scheme4 which illustrates the essentialchemistry of

enzymatic transamination the 1,3-azallylic rearrange-
ment.Thefinal stepis hydrolysisof the ketimineto yield

the 2-oxo acid (Schemes).

ACC synthasecatalyzesthe decompositionof S
adenosylmethioningSAM) to ACC and 5'-methylthio-
adenosingdMTA) (Schemeéb). Thisis thefirst enzymein
the two-steppathwaythat convertsSAM to ethylene,an
importanteffectorof ripeningandsenescencim plants.

The x-ray structure of AATase has been available
since 1979 and that of ACC synthases nearingcom-
pletion? Although the two enzymesshareonly about
15% similarity, a model of the active site of ACC
synthasavasconstructedy a parsechomologymethod,
and the major hypothesesoncerningthe identitiesand
catalyticroles of putativeactive site residueswvere con-
firmed by site-directednutagenesid.Someof the active
site residuedor the two enzymesare shownin Fig. 1.

RESULTS AND DISCUSSION
ACC synthase is an evolutionarily perfect enzyme

Valuesof the kinetic constantsk.,; and k.a/K, for the
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Scheme 4. Catalysis of the 1,3-azallylic rearrangement of
the internal aldimine to the ketimine catalyzed by amino-
transferases.
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Scheme 5. The reaction catalyzed by ACC synthase.

wild-type and Y225F (AATase) and wild-type and
Y233F (ACC synthase)mutantsare given in Table 1
[the convention YxyZA denotesthat tyrosine (Y) at
sequencenumber xyz in the protein is replaced by
phenylalaningF)].

The tyrosine to phenylalaninemutation reducesthe
value of Kk../K,, by about 20-fold for both enzymes;
however,the mechanisticreasongor the reductionare
distinctly different. The mutationin AATase resultsin
a 450-fold lowering of k.4 that is partially offset by a
30-50-foldreductionin K,,; however the corresponding
mutationin ACC synthaseelicits no effect on k. and
a 20-fold increasein K., The importance of this
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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.
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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 synthase®

kC:’;‘)Lt Km kcal/%m 1

(s ) (mm) (I'mol™~s)
AATase (WT) 170 1.7 1x10°
AATase(Y225F) 0.4 0.08 5000
ACC synthasgWT) 9 0.01 8 x 10°
ACC synthase 10 0.3 3x 10

(Y233F)

@ Datafrom Refs.6-8.

differential display in k.5 and K, is discussedurther
below.

It was recently establishedhat the ratesof the 1,3-
azallylicrearrangemer{Schemet) andof dissociatiorof
oxaloacetatg( OAA) from the AATase—OAA complex
areeachpartly ratedeterminingfor AATase,andthatthe
rateof associatiorof aminoacidwith the PLPform with
theenzymaes rapidandatequilibriumcomparedvith the
subsequenstepsin the reaction,i.e. the rate of amino
acid associationwith the enzymeis not diffusion con-
trolled ® The reactionof ACC synthasavith SAM is, by
contrast, approximately 100% diffusion controlled as
assessetly the viscocity variation method®*° The rate
of associatiorof SAM with ACC synthases inversely
proportionalto the first power of the viscocity for two
differentviscosogens-sucrosmdglycerol.

0 1998JohnWiley & Sons,Ltd.

Thus ACC synthaseis an evolutionarily perfect
enzymeasdefinedby Albery andKnowles in thesense
thatthereis nopressureéo improvethechemicalcatalytic
efficiencyof anenzymewhosereactionrateis limited by
the physicsof diffusive processesThe extentto which a
reactionis diffusion controlledis a function only of the
rate constantatio k_4/k»:

kq ko
E+SK#ES—>E+P (1)
—1

wherek;, k_; andk, arethe second-orderate constant
for associatiorof enzymewith substratethe first-order
dissociatiorrateconstantor the ES complexandthe net
first-orderrate constantfor conversionof ESto E + P,

respectively The valueof K.a/Kn, = kiko/(k_1 + ko) from

which it is seenthat k.o/Km — ki ask_i/k, — 0. The

valuesof kea/Kr, for bothwild-type enzymesare10°-10°

Imol~ts™* (Tablel), butk_; < 2s *for theEScomplex
of ACC synthasebut >500 s * for that of AATase®’

Thesedifferenceseflectthe higherfree energyrequired
to dissociatehelargermolecule SAM, from its complex
with ACC synthasecomparedwith that required to

dislodgeaspartatdrom AATase.

The role of the aldimine pK, in catalysis

The pH vsk../K, profilesaresimilar for both enzymes.
They are bell shapedwith ascendingpKs of 6.9 for
AATasé and 7.5 for ACC synthas€. The descending
pK s are9.6® and8.9, respectivelylt is remarkablethat
thesesimilar curvesaregeneratedby oppositaonizations
in thetwo casesThe pKzsin k.o/K, versuspH profiles
generallyreflectionizationof only free enzymeandfree
substrateThe ascendingkinetically determinedpK, of
the AATase profile can be assignedwith confidenceto
the ionization shown in Scheme2 becauseit is also
observedspectrophotometricallypoth in the wild type
enzymeand in an engineeredmutant whose pK, was
reducedo 5.812 ThealkalinedescendingK, of 9.6was
assignedo the «-NH3" of the substraté. The spectro-
photometricpK, of ACC synthases 9.2, a figurewhich
is within experimentaérrorof thedescendingdginetic pK,
of 8.9, while the ascendingK is dueto the ionization
of thea-NH3™ groupof SAM. Hencethe mostpopulated
speciesin the neutral pH rangefor the two enzymatic
reactionsarethe oppositelyconfiguredB (AATase)and
C (ACC synthasepf Schemes.

Schiff baseformationrequiresthatthe az-aminogroup
of the amino acid be in the free baseform. Its pK, in
AATase is significantly lowered in the ES complex
owing to theion-pairingneutralizatiorby two activesite
arginine side chainsand, correspondingly the internal
aldimine pKj is raised;thus the proton would migrate
from the «-NH3" to the internalaldimine nitrogenatom
in the ES complex*3

Is therean evolutionarydriving force to raisethe pK,
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Scheme 6. The dominant protonic configurations 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.

of the internal aldimine of the ACC synthaseo a high
value?The equation

kc_at _ (kcat/Km)nm (2)
Km 1+ ]_O(pKal_pH) + ]_O(pH*pKaz)

describeghe pH dependencef k.o/K. Substitutionof
the observedK ;s of the x-NH3" moiety of SAM andof
the internal aldimine nitrogenatom of ACC synthaseat
pH 8 givesa value of k.,/K., (obs)thatis closeto the
limiting value; however, if the pK, of the internal
aldiminewere7 in ACC synthasesit isin AATase Ko/
Km would be reducedby nearly 10-fold. Hencethe plant
would haveto producel0timesthequantityof enzymeto
effect the sameSAM - ACC reactionflux. We con-
clude, therefore, that a strong evolutionary mandate
drovethepK, of theinternalaldimineof ACC synthaseo
this higher value, and may now ask what structural
accommodationwithin the activesite effectthis change.
PLP is confined into its observedposition in the
AATase structure by a number of contacts:**> Of

0 1998JohnWiley & Sons,Ltd.

particularimportancefor the presentonsiderations the
hydrogenbondfrom Tyr225 (AATase)or Tyr233(ACC
synthase)to the cofactor (Fig. 1). The hydrogenbond
stabilizesthe free baseform of theinternalaldimine,and
thus servesto lower the pK,. The limit of excursionof
PLP to the interior of the proteinis definedby contact
with the sidechainof Ala224 of AATase.Thatresidues
replacedoy thelargerlle232in ACC synthaseThex-ray
structureof the latter enzymeis not yet completed but
modeling suggestghat the PLP must be pushedaway
from the positionthat it occupiesin AATase, with the
likely consequencthatthe hydrogerbondto thetyrosine
is weakened. A weakerhydrogenbond would provide
less stabilizationto the free baseform of the internal
aldimine and a correspondinghhigher pK, valuefor its
conjugateacid, the protonatedaldimine.
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