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ABSTRACT. Two catalytically inactive mutant forms of 1-aminocyclopropane-1-carboxylate (ACC) synthase,
Y85A and K273A, were mixed in low concentrations of guanidine hydrochloride (GdnHCI). About 15%

of the wild-type activity was recovered (theoretical 25% for a binomial distribution), proving that the
functional unit of the enzyme is a dimer, or theoretically, a higher order oligomer. The enzyme catalyzes
the conversion oB-adenosylk-methionine (SAM) to ACC. The value d¢./Ky is 1.2 x 106 M~1s1

at pH 8.3. Viscosity variation experiments with glycerol and sucrose as viscosogenic reagents showed
that this reaction is nearly 100% diffusion controlled. The sensitivity to viscosity for the corresponding
reaction of the less reactive Y233F mutant is much reduced, thus the latter reaction serves as a control for
that of the wild-type enzyme. THea/Ku vs pH profile for wild-type enzyme exhibitsky, values of 7.5

and 8.9. The former is assigned to the,pf the a-amino group of SAM, while the latter corresponds

to the independently determined spectrophotometficqd the internal aldimine. Thé&:, vs pH profile

exhibits similar Kzs, which means that the abovi pvalues are not perturbed in the Michaelis complex.

The phenolic hydroxyl group of Tyr233 forms a hydrogen bond to th®3of PLP. The spectral and
kinetic pKa (keafKwm) values of the Y233F mutant are not identical (spectral 10.2, kinetic 8.7). A model
that accounts quantitatively for these data posits two parallel pathways to the external aldimine for this
mutant, the minor one has tleamino group free base form of SAM reacting with the protonated imine
form of the enzyme withk.o/Ku =~ 6.0 x 10° M~1 s71, while the major pathway involves reaction of the
aldehyde form of PLP with SAM with.a/Km ~ 7.0 x 10° M1 s71. The spectral K, is defined only by

the less reactive species.

1-Aminocyclopropane-1-carboxylate synthaSedenosyl- chia coli and the active site characterized by site-directed
L-methionine methylthioadenosine lyase, EC 4.4.1.14) cata-mutagenesis9). The recombinant enzyme has been crystal-
lyzes the synthesis of 1-aminocyclopropane-1-carboxylate lized and preliminary structural data reporteld)(
(ACC)* from S-adenosyk-methionine (SAM) (Scheme 1).  The limited quantities of ACC synthase that can be isolated
ACC is the immediate precursor to ethylene, the hormone from natural sources (e.g., 1.4 mg of partially pure ACC
that is reSponSible for fruit ripening and the regulation of Synthase per 35 kg Of apple fruits)_lo have Severe|y
many other developmental processip (The synthesis of  hampered the progress of spectroscopic and mechanistic
ACC is the rate-determining step in the ethylene biosynthesisinyestigations of this enzyme. There is even controversy
pathway (). ACC synthase utilizes pyridoxal phosphate over the basic question as to whether this enzyme functions
(PLP) as its coenzyme and is categorized as a member ofas monomer or dimer. Although most of the literature

the o subfamily of PLP-dependent enzymes that includes supports the dimer mode(9, 19, some evidence has been
aspartate aminotransferase (AATasg). (The proposed  presented for an active monomés3( 14.

catalytic mechanism for this enzyme is ary-elimination
of enzyme-bound SAM (Scheme 23,(4). The cDNA for
ACC synthase has been cloned from various sources includ-
ing tomato, winter squash, apple, and zucchini§). The
apple enzyme has been heterologously expressedaneri-

Mechanistic analysis of many PLP-dependent enzymes are
significantly facilitated by the spectral signatures of the
different forms of the cofactor. For example, thik;p in
thekeafKm vs pH profile for AATase have been assigned to
the protonated internal aldimine, which hadax = 430
nm, and thex-amino group of the substratég). The larger
' This work was supported by NIH Grant GM35393. available quantities of ACC synthase allow similar investiga-

* Corresponding author. tions that lead to a striking but evolutionarily imperative

® Abstract published i\dvance ACS Abstractdlovember 15, 1997.
! Abbreviations: AATase, aspartate aminotransferase; ACC, 1-ami- result that enforces an elevatel ffor the ACC synthase

nocyclopropane-1-carboxylate; AMPSO, 3-[(1,1-dimethyl-2-hydroxy- internal aldimine.
ethyl)amino]-2-hydroxy-1-propanesulfonic acid; CAPS, 3-(cyclohex- PLP-dependent mechanistic pathways include a number

ylamino)-1-propanesulfonic acid; DTT, dithiothreitol; EDTA, ethyl- . .. . . ;
enediaminetetraacetic acid; GdnHCI, guanidine hydrochloride; MES, of chemically distinct intermediates. They are, in the present

4-morpholineethanesulfonic acid; MOPS, 4-morpholinepropanesulfonic case, minimally the Michaelis complex, external aldimine
acid; MTA, 5-methylthioadenosine; MTI,'Smethylthioinosine; PLP, with SAM, the stabilized G-carbanion (Scheme 2), the

pyridoxal 8-phosphate; RAWT, sodium cyanoborohydride reduced wild- Fi ;
type: RT, room temperature; SAMgadenosyk-methionine: TAPS, external aldimine with ACC, and the noncovalent product

3-[[tris(hydroxymethyl)methylJamino]-1-propanesulfonic acid; UV, compl_ex. A variety of meChaniS‘_ﬁiC probes_ has been applied
ultraviolet; WT, wild-type. to define the free energys reaction coordinate landscape

S0006-2960(97)01625-5 CCC: $14.00 © 1997 American Chemical Society




15478 Biochemistry, Vol. 36, No. 49, 1997 Li et al.

Scheme 1. Reaction Catalyzed by ACC Synthase
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Scheme 2:a,y-Elimination Mechanism of ACC Synthase were monitored with the continuous assay system described
/Ado L2t previously 0). The concentration of SAM listed in the
Me—% | TYS 2 Tysm kinetic measurement conditions is the overall concentration
¥ & Nl N prepared directly from the commercially available sample
B Z (from ezonm= 15 400 Mt cm™1) unless otherwise specified.
S Leo® g;coze The material contains about 60%,§ SAM, whose con-
/) centration was determined enzymatically as previously
A A" SIAAAAD described 9). The kinetic parameterk.,; and Ky were
- MTA + obtained from nonlinear regression fitting to the Michaelis
Menten equation with the KaleidaGraph program using the
MNQW MCDW o NXC%@ determined concentration 08(3 SAM.

Reduction of WT ACC Synthas&he Schiff base of WT

for AATase (L6). Viscosity variation is particularly useful ~ACC synthase with PLP was reduced to a secondary amine
in delineating the contributions of diffusive steps/{19). with sodium cyanoborohydride (NaBEN) (20, 21). The
This technique is applied here to ACC synthase. reaction mixture contained 7,6 WT ACC synthase, 160
The 3-O~ of PLP is hydrogen bonded to the hydroxyl MM TAPS, pH 8.4, 10% glycerol, 16M PLP, and 25 mM
group of Tyr233 in ACC synthase. The Y233F mutant NaBH:CN. The progress of the reaction was monitored both
exhibits nearly the same value k;, but a 24-fold increase ~ spectrophotometrically at 425 nm and by activity assay.

in K compared to wild-type9). The basis for these results ~ Recombination of Enzyme SubunitSubunit exchange

is elucidated by comparative viscosity variation experiments petween Y85A and K273A mutant enzymes in the absence
and from an examination of the pH dependence of the of denaturants was carried out by mixing 14® Y85A
spectral properties and steady state kinetic parameters of thigyith 170 uM K273A in buffer A (50 mM potassium
mutant. _ _ ~_ phosphate, pH 8.4, 1 mM EDTA, 0.2 mM DTT, 1M PLP,

We report here conclusive proof obtained by inactive ang 159 glycerol) at room temperature (RT). The recovered
homodimer recombination experiments that ACC synthase actjvity was monitored by activity assay (108 SAM, 50
does function only as a homodimer. The catalytic mecha- ,m TAPS, pH 8.4, and kM PLP at 25°C). Hybridization
nism and spectral properties of the WT and active site Y233F experiments of Y85A with K273A and Y85A with reduced
mutant have been studied in order to elucidate the rate-\y (RAWT) were carried out in buffer A at low concentra-
determining steps in the reaction, the catalytically competent ;1\ of GdnHCI to increase the rate of subunit exchange.
prototropic species, and the contribution of Tyr233 to The conditions were 178M Y85A, 170 uM K273A, and
catalysis. 0.125 M GdnHCI or 17Q:M Y85A, 170 uM RdWT, and
MATERIALS AND METHODS O._25 M GdnHCI, both in bu_ffer A for 2_4 h at RT. T_he

mixture was subsequently dialyzed against buffer A with a

Materials. SAM was purchased from Calbiochem and microdialysis device at 4°C for 24 h. The enzyme

used without further purification. 4-hydroxXy-methylpip-  concentration was determined spectrophotometricaliy [
eridine was obtained from Lancaster and vacuum distilled = 1 55 (mg/mLy*cm™2; (9)]. In order to evaluate the effect
before use. DEAE Sepharose Fast Flow and hydroxyapatiteof the procedure on the enzyme, a control experiment with
resin were from Pharmacia and Bio-Rad, respectively. Other\yT ACC synthase was always conducted along with the

chemicals and biochemicals were of the highest quality hybridization experiment under the same conditions.
available commercially.

Methods. Bacteria strains BL21(DE3) pLysS containing v
expression vector pET with ACC synthase gene for WT,
Y85A, Y233F, and K273A were availabl®)( The purifica-
tion of WT ACC synthase and mutant enzymes was carried
out according to the published procedure with yields ranging
1-3 mg of enzymel/Literg). Adenosine deaminase (Sigma
catalog A 1907), the coupling enzyme, was purified as
described previously9j. Viscosity variation experiments were conducted i#rbD0

Spectrophotometric Measurements and Steady State KiuM SAM, 50 mM TAPS, pH 8.4, and kM PLP at 25°C
netic Conditions. Spectrophotometric and kinetic measure- for both WT and Y233F mutant enzymek,a:andKy values
ments were conducted on Kontron Uvikon 860 or Perkin- were obtained from nonlinear regression fitting to the
Elmer Lambda 6 spectrophotometers. Steady state kineticsMichaelis—Menten equation.

Effects of Viscosity on the Kinetic Parameters for WT and
233F. The relative viscositiesnte = 1/1°) of the buffer
solutions containing ©32% (w/w) sucrose or ©632% (w/

w) glycerol in 50 mM TAPS, pH 8.4, and AM PLP were
measured with an Ostwald viscometer at°’85(17). 7° is
defined as the viscosity of the buffer solution in the absence
of added viscosogens.
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Spectrophotometric pKDeterminations. The (K, of WT
ACC synthase was determined using 14M enzyme in
buffer containing initially 5 mM TAPS, pH 7.8, 0.5 M KCl,
and 15% glycerol. The pH was varied by successive
additions of 0.5 M AMPSO buffer (pH 10.6; = 0.5) and
0.5 M CAPS buffer (pH 11.5, = 0.5) above pH 9.3. The
enzyme solution was drawn through a @18 filter to reduce
light scattering from the small amount of precipitate. The

absorbance and the pH of the solution were measured, anq_

a correction was made to account for dilution. The data
recorded at 435 nm and 373 nm were fitted to eq 1 and 2,
respectively:

_ A=A
SEPERT TR @
A=t B g @

- 1+ 1despec_pH)

whereA; andA; are the high or low absorbance limits at a
particular wavelength, respectively. The spectra of Y233F

at different pHs were recorded under the same conditions

except that the enzyme concentration was 16 The

data recorded at 442 and 378 nm were fitted to eqs 1 and 2

respectively.
Evaluation of the pH Dependence of the Kinetic Param-
eters for WT and Y233F Mutant Enzyme$he buffer

employed was the three component system that maintains o . ) _
t An in uitro proof for deciding the issue definitively

constant ionic strength over the pH range of measuremen
(22). It contains 25 mM MES (K. 6.2), 25 mM MOPS
(pKa 7.2), and 50 mM 4-hydrox¥-methylpiperidine (Ka
9.7). The difference extinction coefficienA€) for meth-
ylthioadenosine (MTA) minus methylthioinosine (MTI)
varies with pH and was determined spectrophotometrically
in the same buffers.

The kinetic measurements for WT ACC synthase were
carried out between pH 6.6 and 9.7 in the presence-@bD
uM SAM and 1uM PLP in the three component buffer
system at 28C. k.grandKy values at each pH were obtained
from nonlinear regression fitting to the Michaetislenten
equation. Because théy for Y233F (290uM) is 24-fold
higher than that for WT (12M), the K.a/Km for Y233F at
different pH values was obtained directly from the slope of
a plot of velocityys SAM concentration under [SAM§k <
Kwu conditions. The SAM concentrations used for the kinetic
measurements for Y233F were-90uM in the same buffer
as for WT.

The pH dependencies &f;; andk.o/Ky for WT enzyme
were fitted to the bell-shaped curve described by eq 3:

YIim
Y=
1+ 10(pKarpH) 4 1O(pH7pKa2)

where Y, and Y are the upper limit and pH-dependent
values, respectively, for the kinetic parameters. The pH
dependencies &, andk../Ky for Y233F enzyme, however,
were fitted b a 3 K, model (see Discussion).
Determination of the pKValue for thea-Amino Group
of SAM. Successive aliquots of 30 mM KOH were added
to 1 mL of 30 mM SAM in water. The pH was recorded
after each addition, and a plot of the volume of KOH added
vs pH was used to extract th&kpfor the a-amino group of
SAM. A control experiment was carried out side by side

®3)
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with a methionine solution (30 mM). TheS(§ SAM
contents of the sample before and after titration were
determined enzymatically as previously describ@d (The
samples were also analyzed by electrospray mass spectros-
copy before and after titration.

RESULTS

Reduction of WT ACC Synthas@&he e-amino group of
ys273 of WT ACC synthase forms a Schiff base with the
carbonyl moiety of PLPZ0, 21 resulting in the typicat430
nm absorption peak observed at low pH for other PLP-
dependent enzyme§, 23-25). Reduction of these Schiff
bases to the secondary amines eliminates that absorption
peak. The absorbance of the protonated internal aldimine
for WT ACC synthase withinax = 420 nm disappears upon
treatment with 25 mM NaBECN for 24 h (data not shown).
The completely reduced enzyme exhibits no measurable
activity.

Formation of Heterodimers by Recombination of Subunits
from Different Homodimers.There is disagreement in the
literature concerning the existence of the active form of ACC
synthase as a monomet3, 149 or dimer @, 9, 19 (see
Discussion). Homology modeling and mutagenesis studies

from this laboratory suggest that each active site of ACC

synthase like those of aspartate aminotransferase has critical
residues contributed by different subunits; therefore, the
functional unit should be a dimeg)

originates from the work of Schachman's gro@g)( The
strategy is diagrammed in Scheme 3. The K273A mutant
enzyme has no detectable activig),(and the Y85A form
displays only 0.2% of the WT ACC synthase activity. Since
active site residues Lys273 and Tyr85 are contributed from
different subunits of the dimer in the model of White et al.
(9), a single intact active site per dimer could be restored by
hybridization of K273A and Y85A mutant enzymes. No
activity would be recovered if Lys273 and Tyr85 were
contributed by the same subunit to the active site nor if the
active form was the monomer. Nonpreferential shuffling at
a 1:1 ratio of K273A and Y85A should yield half of the
dimeric population in heterodimeric form. Theoretically, the
activity from a completely shuffled mixture of K273A and
Y85A should be 25% of that of WT ACC synthase (1 active
site/heterodimer X 50% of the population). Because the
Schiff base formed by Lys273 and PLP was reduced in
RAWT, it too displays no detectable activity. However,
under the same scenario described for Y85A/K273A (Scheme
3), one intact active site per dimer should be formed in the
Y85A/RAWT heterodimer.

Subunit recombination is normally expedited by low
concentrations of protein denaturar?3 (29, but proceeds
at a slow rate with ACC synthase even in their absence.
About 5% of the WT activity was obtained after 72 h of
coincubation of the Y85A and K273A homodimers (Figure
1).

The rate of recovery of activity is increased by low
concentrations of GdnHCI. Recombination of Y85A with
K273A and Y85A with RAWT was carried out in 0.125 M
and 0.25 M GdnHCI in buffer A, respectively. WT activity
at 15 and 7.1% (60% and 28.4% of the theoretical value,
respectively) was recovered upon incubation of Y85A with
K273A and Y85A with RAWT, respectively, after 24 h
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Scheme 3: Recombination of the Inactive Monomers of ACC Synthase Y85A (Unshaded) and K273A (Shaded) To Form
Dimers According to the Binomial Distributién

Y85A/Y85A Y85A/K273A K273A/K273A

1 : 2 : 1
aTyr85 and Lys273 are critical active site residues but are not contributed by the same monomer. The K273A homodimer has no detectable

activity while the Y85A homodimer has only 0.2% of \WKI.. The heterodimer contains one intact active site shown in the lower half of the center
panel. Recombination therefore should result in the appearance of 25% of the WT activity if the active form of the enzyme is a dimer.

6.0 diffusion-controlled reaction of WT enzyme with the natural
substrate 16, 19. The k.a/Ky value for Y233F ACC
synthase is 24-fold less than that of the WT enzyme. The
high value of the latter rate constant (2210° M1 s71,

see below) is consistent with that of a diffusion controlled
reaction, whilek../Ky for Y233F is sufficiently reduced (5.1

x 10* M~1s71) so that it is unlikely to represent a diffusion
controlled reaction.

The normalized values showing the effects of viscosogens
on k.o/Ky are plotted according to eq 4479 where k.af
Ku)? and k.ofKy are the values of the parameter in the
absence or presence of added viscosogens, respectively, and
P = kflo/kz.

Activity [nmol/min.mg]

0.0 L 1 L 1 . 1 -

0 20 40 60 80

Time [hours] ky ko
me [hours E+Sk—-—‘ES—>E+P (4a)
Ficure 1: Recovery of activity from Y85A and K273A mutants -1
of ACC synthase following the mixing of 114M Y85A and 11.0 0
4M K273A each in 50 mM KHPO,, pH 8.4, 1 mM EDTA, 0.2 (keafKin) P 1
mM DTT, 10 uM PLP, and 15% glycerol. Specific activity was K = 1+P + 1+P Mrel (4b)
measured as described in Materials and Methods. kca{ M

(Figure 2). These experiments establish unequivocally that The relative viscositiesye = #°1) measured for 14, 24,
the active form of the enzyme is a dimer. Some attempts and 32% (w/w) sucrose in 50 mM TAPS, pH 8.4, andM

were made to optimize the recovered yield further by varying PLP at 25°C are 1.5, 2.3, and 3.5, respectively. The

the GdnHCI concentrations. Higher GAnHCI concentrations values for 16, 24, and 32% (w/w) glycerol in the same
(>0.50 M) inactivate the WT control. Thle, values for conditions are 1.5, 1.9, and 2.5, respectively.

both hybrid enzymes are approximately equal to those Neither viscosogen effects the difference extinction coef-
calculated from the activity measurements, i.e., the two active ficient for MTA minus MTI significantly. The coupling
sites within the dimer are independent. THg values for ~ enzyme concentrations employed were sufficiently high so
YB85A/K273A (19 uM) and Y85A/RAWT (20uM) do not that adenosine deaminase activity was not a rate-determining
differ within error from that of the WT control (1ZM). factor under the reaction conditions.

The Effect of Viscosity onddKy. Quantitative analysis The effects of sucrose and glycerol mediated increases in
of the effects of viscosogens such as sucrose or glycerol onviscosity on the values d¢./Ky for WT and Y233F mutant
keafKy Yields the extent to which an enzymatic reaction is forms of ACC synthase are plotted in Figure 3. The slopes
diffusion controlled as well as the absolute value of the of the lines obtained in sucrose containing buffers are 1.20
association rate constant. This procedure works best forand 0.22 for the WT and Y233F enzymes, respectively, while
enzymes that recognize a variety of substrates, only somel.51 and 0.50 are the corresponding figures found in glycerol
of which are converted to products with near diffusion- solution. Preliminary experiments indicate that the values
controlled rate constants. The effects of viscosogens on theof keat for the Y233F mutant are muctmore sensitive to
keafKn values for slowly transformed substrates serve as Viscosity variation than are those for WT (data not shown),
controls for their nonspecific effects on the enzyme alone raising the possibility that product dissociation is partially
(17). Knowles was the first to show that the procedure can rate determining for the reaction of the mutant enzyme.
also be applied to catalytically compromised mutant enzymes  Titration of the Internal Aldimine for WT and Y233 he
where the effects on the kinetics of the mutant enzyme serveUV —visible spectra of the protonated internal aldimine of
as similar controls for a study of the rates of a possible vitamin Bs-dependent enzymes exhibit absorption maxima
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FiGure 2: Percentages of the recovered activities from mixing
Y85A with K273A (Y85A/K273A) and Y85A with RAWT (Y85A/
RdAWT) homodimers in comparison to that of WT control (shaded).
Conditions for Y85A/K273A: 17QuM Y85A, 170 uM K273A,
and 0.125 M GdnHCI in buffer described in Figure 1 at room
temperature for 24 h. Conditions for Y85A/RAWT: 1B Y85A,
170uM RAWT, and 0.25 M GdnHCI carried out as described for
Y85A/K273A. The theoretical value (25%) from complete non-
preferential shuffling is indicated (unshaded). (Inset) The activities
of WT control, Y85A/K273A, and Y85A/RAWT in terms &Ayes
vstime (s). The theoretical activity from a complete nonpreferential
shuffling is shown by the dotted line.
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FIGURE 3: Plots of keafKm)%(KealKm) vS rer (€Q 4b) for WT ACC
synthase (circles) and Y233F mutant enzyme (triangles) in sucrose
(open symbols) and glycerol (filled symbols) containing buffers
(50 mM TAPS, pH 8.4, .uM PLP, and 25°C). (Inset) Plots of
(Keaf Kn) %/ (Keal Km) vS 17re With slopes of WT ACC synthase minus
Y233F mutant enzyme in sucrose buffer-(- -), of WT ACC
synthase minus Y233F mutant enzyme in glycerol buffe),(and

of the theoretical line of slope 1.0 for a fully diffusion controlled
reaction ). The three lines are nearly superimposable.

pH Dependence of the Kinetic Parametepecific salts

near 430 nm while the deprotonated forms absorb typically and ionic strength have been shown to have major effects

near 360 nmZ3, 24 (Scheme 4). The low pH form of ACC

on the pHus kg andke.a/Ky profiles for AATase 15). These

synthase absorbs similarly at 420 nm; however, the maximumworkers found that such perturbations were minimized in a

for the high pH form is found at 390 nm (Figure 4). The

latter maximum is similar to that of the free aldehyde form
of PLP and of the Y225F mutant form of AATase where

the hydrogen bond bridging the phenolic OH and the 3
hydroxyl group of PLP is eliminated®b). The UV spectrum

of the internal aldimine has been particularly well character-

three component buffer systen2?; therefore, the pH
dependence of the kinetic parameters of WT and Y233F
ACC synthase was determined in similar buffers (25 mM
MES, 25 mM MOPS, and 50 mM 4-hydroxXy-methylpi-
peridine), which give a constant ionic strength= 0.050

M) from pH 6.5 to 10.0.

ized in AATase and follows the general pattern described Reaction progress was monitored by the change in the

above with the protonated form of the internal aldimine

differential absorbance between MTA and MW).( The

absorbing at 430 nm while the deprotonated form absorbs MTI extinction coefficient is more pH sensitive than that of

from 356 to 360 nm for WT enzymeb, 25, 29, 3D The
spectrum of ACC synthase is also pH dependent. the
value of the protonated form is 420 nm for WT ACC
synthase, which is similar to that of AATase, while the
unprotonated form of ACC synthase is red shifted by 30 nm
to 390 nm in comparison to that of AATase (Scheme 4).
The molar extinction coefficients for the 420 nm absorbing

MTA. The difference extinction coefficients for MTA minus
MTI at 265, 275, and 280 nm (280 nm not shown) were
determined (Figure 6) and used in the data analysis. Curve
fitting for emta—mm to €q 1 yields K s of 9.0+ 0.1 and 9.1

+ 0.1 at 265 and 275 nm, respectively. Thig@arises from

the deprotonation of the hydroxyl group at position-6 and
its tautomer, the secondary amine group at position-1 of the

species at pH 7 and for the 373 nm absorbing species at pHinosine base rings.

11 are the same for WT ACC synthase (6400'\m™1,
Figure 4). The molar extinction coefficient of the low pH
form of the Y233F-ACC synthase mutant at 442 nm,
however, is only 3600 Mt cm™ (Figure 5).

Figure 7A shows the pH dependencelgf/Ky for the
WT ACC synthase reaction. Nonlinear regression of the data
on eq 3 yields acidic and alkalin&kp values of 7.5+ 0.1
and 8.9+ 0.1, respectively (Table 1). This result indicates

Table 1: Spectrophotometridkp Values and pH dependence of the Kinetic Constants of WT and Y233F ACC Syhthase

kinetic limiting value .
spectrophotometric
constant enzyme K pKaz (Mts™) (s PKspel?
Keal Km WT 7.5(0.1) 8.9 (0.1) 1200 000 (100 000) 9.26 (0.03)
Keal Km Y233F 7.70r84 8.40r7.7 51 000 (4000) 10.2 (0.1)
Keat WT 7.4(0.1) 9.3(0.1) 11.0(0.4)

@ The data fitted by these constants are shown in Figures 4, 5, 7, and 8. Standard errors are in parenthesis. Conditions are described in the figure
legends and in the Materials and Metho¥$he data shown are averages of the two values obtained at two wavelengths for WT (435 and 380 nm).

The Y233F [K, value was determined from titration at 442 nm orflpKa: = pKsam, and Kaz = pKyys in eq 7. These two values are highly
correlated, i.e., if fsam = 7.7 then K s = 8.4 andvice versa(see Discussion).
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Scheme 4: Postulated Role of the Ala224 (AATase) and 11e232 (ACC synthase) in Controlling the Free Energy of Hydrogen

Bond Formation between Tyr225/233 and the33- of PLP?
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2 The imine of AATase is more acidic because the small side chain of Ala224 permits a closer approach of the cofactor to Tyr225 with the

Amax = 390 nm

formation of the strong hydrogen bond stabilizing the3. The larger lle-232 maintains a greater distance between the hydrogen-bonding patrties;

therefore, the anion is less stabilized and tkg is higher.

that the active species for free ACC synthase or free substratéeSAM partly decomposes to MTA and-amino+-butyro-

includes a free base species with a conjugate akidqgb
7.5 and an acidic functionality with akp of 8.9. The pH
dependence df,;for WT ACC synthase is shown in Figure
7B. Curve fitting of the data revealXp values of 7.4+
0.1 and 9.3t 0.1, similar to those controllini./Ky (Table
1). The data describing the pH dependencé.gfky for

the Y233F-ACC synthase mutant are described by ap-

proximate X, values of 7.4 and 8.7 (Figure 8), but the curve
of that figure was fit from a model different from that used
for the WT enzyme kinetics (see Discussion).

The pk, of thea-Amino Group of SAM Gloss and Kirsch
(15) have recently shown that the alkaline limb of the/
Kwm vs pH profile of AATase reflects thely, of theo-amino
group of the substrateaspartate, which is 9.6. Th&pof
thea-amino group of SAM was determined by direct titration
with KOH. The value is approximately 8.0, which is about

1.0 pH unit lower than that of methionine due to the electron-

withdrawing nature of the sulfonium ion. It was recently
reported that thel, of thea-amino group ofO-acetylserine
is 7.7 in comparison to 9.2 for that of serin@l), further
illustrating the effect of an electron-withdrawing side chain
on the K, of thea-amino groups of amino acid derivatives.

lactone (Scheme 5) during the titration, so the determined
pKa of 8.0 is imprecise. The lactone was identified by
electrospray mass spectrometry¢ = 102). The depuri-
nation decomposition pathway to give adenine ang 5-
ribosyl methionine (Scheme Sye = 282) occurred to
roughly the same extent as the lactonization reaction. The
pK, of the lactone should be close to that of glycine ethyl
ester (7.75) §2), while that of the depurination product
should be similar to that of SAM. Enzymatic assay before
and after titration showed that 41% of the availatBeY
SAM decomposed during the titration from low to high pH
(1.8-11.1).

DISCUSSION

ACC Synthase Functions as a DimeFhere is disagree-
ment in the literature as to whether the functional unit of
ACC synthase is a monomer or a dimer. Li and Mattoo
(13) found that a 46:52 amino acid deletion in the
C-terminal of the tomato ACC synthadd; = 52 kDa, runs
as a monomer on gel filtration and exhibits higher specific
activity than the WT enzyme, which is a dimer. They
conclude that the monomeric form is “more active than the
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Ficure 4: pH dependence of the UWisible spectra of WT ACC synthase; pH 7.83, 8.40, 8.93, 9.06, 9.26, 9.39, 9.59, 9.88. (Inset)
Theoretical fit of WT ACC synthase spectra according to egs 1 and 2: 435 Kggedp= 9.21+ 0.03, open circles, eq 1) and 373 nm
(PKspec= 9.32 £ 0.03, filled circles, eq 2).
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Ficure 5: pH dependence of the UWisible spectra of Y233F ACC synthase. pH 8.26, 9.81, 10.17, 10.33, 10.59, 10.83. (Inset) Theoretical
fit of Y233F ACC synthase according to eq 1 and 2: 442 nifg= 10.2+ 0.1, open circles, eq 1) and 378 nnK{p..= 10.65+ 0.03,

filled circles, eq 2). The K, value of 10.2 is considered to be a better estimate because a lower boundary candpe=s@}. (Therefore

this value is used in the paper.

dimeric, full-length enzyme”. Satoh et all4) also report [mitochondrial @4); cytosolic @5); E. coli (36, 37]. All
ACC synthase activity associated with monomeric as well AATases are dimeric with two active sites per dimer. Both
as dimeric forms of the tomato enzyme, whereas only dimeric subunits contribute essential residues to each active site;
and a higher oligomeric form of the enzyme from winter therefore, AATase monomers are inactive. The site-directed
squash are active. mutagenesis experiments of White et &) thus provide
ACC synthase has about 10% sequence identity with Strong evidence that the functional unit of ACC synthase is
AATase @3). Homology modeling identified the conserved @lso a dimer. These conclusions rest, however, on the
active site residues shared by these two enzymes. TheASsumption of the validity of the homology model.
assignments were confirmed by site-directed mutager@sis ( The recovery of catalytic activity from hybridization of
High-resolution X-ray structures of AATase are available inactive or nearly inactive homodimers (Y85A/K273A and
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Y85A/RAWT) proves conclusively that the active form 00 | . | . | .
cannot be a monomer. The results also prove that the active '
site residues Lys273 and Tyr85 are contributed from different

subunits as they are in AATase. Why are the catalytic FieURe 7: pH dependence of (Au/Ky for the WT ACC synthase
. . . : "
activities of the hybrids less than the theoretical values of catalyzed conversion of SAM to ,ZCC. (B)for the WT reaction.

25%_ of the WT? Three_ p_os_sible e_xplanations can be The jines represent the nonlinear regression fit to eq 3. The fitted
considered. (1) The protein is irreversibly damaged by the parameter values are given in Table 1. Conditions: 25 mM MES,

GdnHCI treatment. This hypothesis is supported by the 25 MM MOPS, 50 mM 4-hydroxy-1-methyl-piperidine, ang/¥
observation that only 60% of the WT enzyme activity is F-P:T = 25°C. SAM was 7-250uM (A and B).

recovered in the control experiment. It is possible that one 40
or both of the mutants and RAWT are even more susceptible
to such damage. (2) Homologous association is thermody-
namically favored over the heterologous one. This possibility
is advanced because the changed amino acids are at the
subunit surface. (3) Dissociation of the homologous subunit
is incomplete under the experimental conditions. The
enzyme tolerates only low concentrations of GdnHCI (e.g.,
the activity is reduced by 50% for WT enzyme in 0.25 M
GdnHCI) without serious loss of activity. Explanation 3 is 1o
further supported by the observation that recovery is less
when RAWT is substituted for K273A. The former is closely
related to holoenzyme and cannot release coenzyme while
the latter would likely dissociate PLP at very low [GdnHCI]
leaving the labile apoenzyme, thus, accounting for the
observed result. In fact, higher GdnHCI was required (0.25 ?ﬁ:ﬁﬁesr:eFf’r'gsgﬁfset?ger:‘gﬁ_lﬁ]‘;aéﬁﬂe gj?ésZi%)?]gfﬁ tﬁi‘fﬁz&;@ggs

M fpr the Y85A/RAWT hybridization experiment IN COM- Goscribed by eq 7, Whekeq Plsav, and [Kepecare set to 1.0, 8.3,
parison to 0.125 M needed to form Y85A/K273A) in order and 10.2, respectively. The range of fitted parameters from
to maximize the yield of recovered active enzyme. simulations is given in Table 3. Experimental conditions are the

. . same as those of WT except that the SAM concentration was 15
The nearly identicaKy values ol_Jserved for_Y85A/I_<273A 20 uM. The value ofk;afKwu fgr Y233F mutant enzyme at each pH
and Y85A/RAWT to that of WT is another indication that was obtained from the slope of= (KeafKn)[S] With [S] << K.
the reconstructed active sites for both hybrid enzymes are
the same as that of WT ACC synthase. Figure 1 shows thati.e., the monomer/dimer equilibria were measured in the
disproportionation occurs between dimers even in the absenceabsence of substrate (see abows), (14.
of denaturant, demonstrating that the rate constant for dimer The WT ACC Synthase Reaction is Diffusion Controlled.
dissociation is relatively highiy, = 17.3 h). Since the active  The slope of aka/Km)rel [=(KealKm)Y (KealKm)] vS 17re1 plot
site of ACC synthase embraces both subunits of the dimer,should be 1.00 for a fully diffusion controlled reaction.
it is possible that the substrate induces dimerization by Partially diffusion controlled reactions are characterized by
capturing the dimer selectively. This factor may help to 0 < slope< 1.00 (see, e.g., ref 17). The slopes of plots of
explain the previous reports of active monomeric enzyme, (KeafKm)rel S 77rel fOr the reactions of WT ACC synthase with

7.0 8.0 9.0 10.0
pH

2.0

-1-1 -4
k_ /K, [M s 'x10°%

6.0 7.0 8.0 9.0 10.0
pH
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Scheme 5: Proposed Routes for the Principle Modes of Nonenzymatic Decomposition of the Neutral Form?of SAM

NH
Oooc z Nz

NH, N B N N A
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< <N | N) N | N)

o o
CHy™( _S
YO o NH, CHs o
’ 9 +
OH  OH

OH OH OH OH

2The product ratios indicate roughly equal fluxes through each pathway.

SAM in sucrose and glycerol containing buffers of 1.20 and confirming the validity of this approach to the determination
1.51, respectively, are higher than the theoretical limits. Theseof diffusion controlled rate constants. The association rate
figures demonstrate the necessity for control reactions constant in this instance is therefore equal to the value of
specific to the interpretation of viscosity variation experi- ke/Km = 1.2 x 1P M~ s71 at the optimum pH of 8.3. The
ments (8). The high concentration of viscosogenic reagents effects of viscosogens ok, for WT and Y233F mutant
employed may cause changes in the enzyme structure thaforms are different from those observed foe/Ky. Pre-
become manifest in kinetic or equilibrium constants aside liminary data (not shown) show that the valueskgf, by
from those rate constants for substrate association/dissociacontrast, are insensitive to glycerol or sucrose concentration,
tion. This limitation has been addressed in two ways- while those for the Y233F mutant enzyme are more so. These
evaluation of the nondiffusive perturbation by measuring (1) observations suggest that release of product may be a
the effects of at least two viscosogens on WT enzymes thatcomponent ok, for the Y233F mutant enzyme.

recognize a variety of substrates, some of which are Why is the wild-type reaction diffusion controlled while
transformed to products with chemically controlled rate that of Y233F is not? The first steps of the reaction are
constants; these data provide direct measures of the nonshown in eq 5:

specific effects induced by the viscosogehg, (18, 38, 39

and (2)_ t_he effects of mutations that substantially_decreaseSAM + ACC synthaseké External Aldimineﬁ

the activity of WT enzyme to the extent that reactions that ko1

proceed with candidate diffusion controlled rate constants Product (5)

for the WT enzyme are slowed to where the same reactions o

are governed by chemically controlled rate constants in the Wherek; represents the rate constant for association of SAM
mutant enzymesl@, 19. The high values of the slopes of ~With the enzymek-, the dissociation rate constant, akd
the plots ofkealKu oS 7rel for WT ACC synthase support  the Comblne_d rate constant for all _klnetlcally consequential
the hypothesis that the rate constant for association with SAM Steps following associatiork&y); ke is nearly the same for

is diffusion controlled; however, that for the corresponding Wild-type and mutant enzyme; therefore, the mutation does
reaction with the Y233F mutant is 24-fold less and is, thus, not effect these steps. The valuetaf for this simple model
likely to reflect chemical rather than diffusion steps. The IS given by

analogous mutation in AATase (Y225F) has been shown to

convert that enzyme from one whose rate of reaction with Ko = Ktk (6)
oxalacetate is partly diffusion controlled in WT to one where M k,

the rate is completely chemically limitind.§). The slopes

of the normalized values of plots kf./Kw 'S 1jrel fOr Y233F The inequalityk, >> k_; holds for WT, butk_; >> k; for
ACC synthase are 0.22 and 0.50 for sucrose and glycerol,Y233F mutant enzyme. It is less likely that the mutation
respectively. These nonzero figures quantitate the nonspe-will perturb k;, which represents diffusion of the substrate
cific effects of the viscosogens on ACC synthase. Their to the enzyme, so the probable consequence of the mutation
subtraction from the WT slopes in Figure 3 isolates the is to decrease the stability of the Michaelis complex, and/or
effects of the viscosogens to the diffusive steps. The external aldimine, by increasirg, by 625-fold. The value
resulting values of the slopes are both very nearly equal to of k_; for the WT enzyme must be20% ofkg;0r <2 s,
unity, indicating that the sole rate-determining stepkjg The small value is a consequence of the many favorable
Kwm is the association of SAM with the WT enzyme. The interactions of SAM with the active site.

nonspecific effects generated by the sucrose control (slope Identification of the Reacte Protonic Forms of ACC

= 0.22) are less than those effected by glycerol (0.50), yet Synthase and SAMThe keofKm vs pH profile of WT
subtraction of these values from those recorded for the WT AATase exhibits ascending and descending limbs of 6.9 and
enzyme yields the identical result of unit slope, further 9.6, respectively, which have been assigned to the internal
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Scheme 6: Comparison of th&pValues of the Amino Acids and Internal Aldimines for AATase and ACC Synthase
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2 The thermodynamically most populated forms of the AATase reactants near neutral pH are shown in panel B, but those for the ACC synthase
reactants are represented in panel C.

aldimine and the amino acid, respectivebp). The most ness” of SAM for ACC synthase compared to that ésp
populated forms of th&ree enzyme andree amino acid in for AATase. From an evolutionary standpoint it is selec-
the pH 79 range are shown as structure B in Scheme 6. tively advantageous for thekp of the internal aldimine to
The chemistry of the transaldimination reaction, however, be raised to~9 to offset the low K, of SAM in order to
requires that the free base form of thh&mino group attack  increase the population of the reactive species near physi-
the protonated imine (Scheme 6, structure #0)( The ratio ological pH. For example the value kf/Kv at pH 8 would
of [A)/[B], as calculated from the I§.s is 1/600; therefore,  be reduced about 10-fold were thi of the aldimine equal
the minimum value for the rate constant for association of to 7 as it is in AATase.
L-Asp with AATase is 600x (kealKnP) = 4.1 x 10° M? The Effect of the Y233F Mutation in ACC syntha3ée
st if the reaction occurs through the protonic configuration phenomenological consequences of the Y233F mutation in
of the reactants shown in Scheme 6A. The question of ACC synthase are qualitatively different from those of the
whether the Michaelis complex is formed by reaction of the corresponding Y225F mutation in AATase. First, the
protonic configuration of Scheme 6#s that of 6B cannot  of Y225F-AATase is decreased by 400-fold compared to that
be resolved by kinetics, which can only define the number of the WT, while thek.; of Y233F-ACC synthase is about
of protons involved in a reaction, not their location. the same as that of the WT enzyme. Fgof the Y225F-
Whatever the mechanism, the reaction is not diffusion AATasel-Asp complex is also decreased by 20-fold, while
controlled, as there is no appreciable effect of relative the Ky of the Y233F-ACC synthase/SAM complex is
viscosity onkca/Ky”sP (16). increasedabout 24-fold. The explanation for the AATase
The important [, values in the ACC synthase reaction result was presented in terms of a tug-of-war model (Scheme
are reversed, i.e., that of the internal aldimine is 926.03  4A) where the H-bond to Tyr225 pulls the PLP against
and that of SAM is 8.@t 0.2, both of which were determined ~ Ala224 at the back of the PLP binding pocket. Combination
by direct titration. The kineticlg,s reflected inthe WT ACC ~ of the enzyme with the substrate amino acid weakens the
synthasek./Kn vs pH profile of (7.5 and 8.9) are in  H-bond substantially at a cost of some free energy; therefore,
reasonable agreement with those determined by titration.Kwv is lower in the mutant where the hydrogen bond is
Thus, the reacting protonic configuration of WT ACC lacking. The catalytically active conformation of the external
synthase combining with SAM is the thermodynamically aldimine requires re-establishment of that H-bond; therefore,
more populated one (Scheme 6, structure C) in contrast tothe mutant has a loweca: (25).
the AATase reaction. The ACC synthase reaction is diffu-  The position of Ala224 in AATase is taken by the larger
sion controlled (see Results), because of the excess “sticki-lle232 in ACC synthase; thus, the H-bond between Tyr233
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Scheme 7: Equilibria Associated with WT and Y233F Holo
ACC Synthasés
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aWhile the WT equilibrium is dominated by a singl&pbetween
the protonated Schiff base (I) and the unprotonated Schiff base (ll) in
panel A, Y233F exists as four species governed by tKgs({l to Il
and Il to 1V) and two equilibria for the slow hydrolysis reactions of
I to Il and Il to IV.

and the cofactor in ACC synthase cannot pull PLP into the
conformation that exists in AATase (Scheme 4). The
consequences are thhty is relatively unchanged in the
mutant ACC synthase, since the position of the proton
abstractinge-NH, of Lys273 with respect to the /H of
SAM is relatively unchanged. Th&y value is 24-fold
higher in the mutant enzyme possibly due to a minor
misorientation of PLP in the absence of the hydrogen bond.
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Table 2: Spectrophotometric Characteristics of Wild-Type and
Active Site Tyrosine Mutant Forms of AATase and ACC Synthase

low pH high pH
fraction fraction
existing existing
Amax as Form| Amax as Formli

PKspec (NM) (Scheme 7)(nm) (Scheme 7)

AATase (WT) 70 430 1 358 1
AATase (Y225F) 8.6 435 1 386 1
ACC synthase (WT) 92 420 1 390 1
ACC synthase (Y233F) 102 420 06 390 0.8

a2Goldberg et al. 25). P The spectral and kinetic Kas differ
significantly for this mutant. See tex&[l]/([l] + [lIl]) calculated from
the relative absorbance at 420 ntThis is the same fraction as
estimated from the low pH spectrum (footnote c) with the assumption
that the aldehyde and imine forms interconvert slowly. See text.

Table 3: Simulations of the pH DependencekgfKy for Y233F
ACC Synthas®

calculated values

assumed values

(kealKin)" (kealKw)' PKuys
Kegq pKsam (x 10°5M2 Sil) (x 103M~1 Sil) (LyS-NHer)
06 83 93¢1.1) 47¢40)  7.7€0.1)
7.7 2.1¢-0.1) 03@¢52)  84(0.1)
08 83 7.941.0) 53¢45)  7.7€0.1)
7.7 1.8 (0.1) 0.4 £5.9) 8.4 €-0.1)
10 83 7.040.9) 6.0(50)  7.76€0.1)
7.7 1.6 (0.1 0.4 {-6.5) 8.4 £-0.1)
12 83 6.440.8) 6.5(55)  7.760.1)
14 83 6.040.7) 71(6.0)  7.7€0.1)
7.7 1.4 ¢-0.1) 05¢7.8)  84€0.1)

aThe data (see Figure 8) were fitted to the thrig Ipell-shape curve
described by eq 7.KaecWas set to the spectrally determined value of
10.2.

cannot yet be resolved definitely. We assume for the purpose
of the following discussion that the inactive high pH form
of the Y233F mutant is the aldehyde (Scheme 7B, structure
IV), but cannot rule out that it is the Schiff base in slow
prototropic equilibrium with the bound substrate. The spectra

The pH dependence of the spectral change resulting fromof WT and Y225F mutant AATase are compared in Table

the tyrosine to phenylalanine mutation is also different for
the two enzymes. Both the spectrophotometrically and
kinetically determined I§;s rise from 6.8 in WT AATase to

2. The low value of the 420 nm extinction coefficient for
the low pH form of Y233F ACC synthase suggests that about
one-half of the total enzyme exists in the free aldehyde form

8.6 with the Y225F mutation. The absorbance peaks of the [Scheme 7B, ([Ill]+ [IV])/([ll] + [I])] contrasting with

protonated Schiff base form of both WT and Y225F AATase

AATase in this respect (Table 2). These observations lead

are found at 430 nm; however, the deprotonated Schiff baseto the following explanation to account for the lack of

absorbs at 360 nm in the WT, but at 390 nm in the Y225F
mutant. While the latter peak is tantalizingly close to the

coincidence of spectrophotometric with kinetiKjvalues
in this mutant enzyme. It is proposed that the aldehyde forms

absorbance maximum of free PLP, the species was proverof PLP in the mutant (Ill and IV) interconvesiowly with

convincingly to be a Schiff base condensate with Lys258
by isotope edited classical Raman spectroscddy. (The
Y233F mutation in ACC synthase, by contrast with AATase,
results in a separation of the kinetic and the spectkal p
(8.7vs510.2, respectively) (Figures 5 and 8, Table 1). This,
to the best of our knowledge, is unprecedented for vitamin
Bes-dependent enzymes. Moreover, the extinction coefficient
for the protonated form of Y233F ACC synthase is only
about one-half of that of wild-type. The absorbance peaks
of WT and Y233F ACC synthases are both at 420 nm (low
pH) and 390 nm (high pH). The latter peak is consistent

the Schiff base forms (I and Il) and that the major reacting
species are the neutral amino form of SAM and Ill. The
pH dependence di../Ky is described by eq 7:

1 1

obs _
(keaf Kn) ™ = 1 4+ 10fPKsam—pPH) 1 + Keq x
(Kol Kna)" (KoaKr) @)
14+ 10(PH—pKLys)I\eq 1+ 10(pH_szpe3

Structures | and Il and pKs are defined in Scheme Req

with PLP bound either as the free aldehyde or as the imine = [IlI}/[I] and p Kspec= the spectrophotometridd of 10.2.

4Y).
It has not yet been feasible to prepare sufficient quantities

The vertical equilibria in Scheme 7B are established with a
pseudo-first-order rate constant that is much less than either

of ACC synthase for Raman spectroscopy, so this issuevalue of keo/Ky [SAM-NHJ]; therefore, the rate of disap-
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pearance of SAM is effectively described by two parallel

reactions, i.e., the two terms within the bracket.
Simulations. The spectrophotometric data at pH 8.26

(Figure 5) show that g~ 1 (Scheme 7B). The ¥ value

was varied from 0.6 to 1.4. TheKp of SAM (pKsam)

determined directly is 8.8 0.2, and this value was allowed

to vary from 7.7 to 8.3. The values d&:/Kwv)', (Kea/Km)",

and [Kyys (that of thee-NHz™ of Lys273 in the Il to IV

prototropy) were treated as adjustable parameters. The best

results as judged from the lowest values of the reduced sum

15

16

18

of squares are found in Table 3. The main findings are that 20,

the K, of the lysine residue is reciprocally related to that
assigned to SAM, i.e.,Ksam = 8.3, Kiys = 7.7 and fKsam
=7.7, Kys = 8.4, and that greater than 99% of the reaction
flux is through species Il rather than |, contrasting sharply
with other PLP-dependent enzymes in this respect. The
curve in Figure 8 is calculated from eq 7 with the following
parameter valuesKeq = 1.0, Ksam = 8.3, Kgpec= 10.2,
PKiys = 7.7, KealKm)' = 6.0 x 18 M~ 57 and eal Ki)"
=7.0x 1® M~tsL The fitis excellent and explains well
the unique discordance between the spectral and kinistic p
values.
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