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ABSTRACT. The copper-containing yeast methylamine oxidase E406N mutant has an altered consensus
sequence surrounding the topaquinone cofactor (residue 405). The mutation has no effect on the final
yield of the active-site topaquinone cofactor during biogenesis but causes the enzyme to be inactivated by
substrate methylamine [Cali, D., and Klinman, J. P. (18iérhemistry 337674-7653]. In this study

we show that the inactivation leads to the formation of a covalent adduct, which has a UV/vis spectrum
very similar to that of a product Schiff base, an intermediate of topaquinone-catalyzed amine oxidation
reactions. The kinetic isotope effects on the second-order rate constant for the inactivation and catalytic
turnover are identical, indicating that the two processes share a common intermediate that foliows C
bond cleavage. Resonance Raman spectroscopy provides direct evidence for the accumulation of a neutral
product Schiff base species. Removal of excess methylamine leads to recovery of both activity and the
native absorption spectrum for E406N, indicating that the cofactor in the inactivated enzyme is chemically
competent for hydrolysis. The rate of the reactivation is slow, however; the shortest half-life of the inhibited
E406N at 25°C is 5.9 min at pH 6.15. pH effect experiments show that the inactivation and reactivation
steps are controlled by a single ionizable group withKa @f 6.9—7.1; under basic conditions, when this
residue is deprotonated, the inactivation is the fastest and the half-life of the inhibited enzyme is the
longest. On the basis of the available crystal structures of copper amine oxidases, we propose that a
histidine residue in the dimer interface is responsible for the observed ionization. In the wild-type enzyme
this histidine is kept protonated by virtue of Glu at position 406. Unlike methylamine, the larger substrates
ethylamine and benzylamine give normal turnover with E406N. Disruption of structure at the subunit
interface in E406N may allow a rotation of the relatively small tepeoduct Schiff base complex
(formed from methylamine) away from the active-site base to a conformation that is incompetent toward
hydrolysis.

Polypeptide-linked 2,4,5-trihydroxyphenylalanine- (topa-) topaquinone model compound-catalyzed amine oxidation
quinone is generated by oxidizing a tyrosyl residue in a reactions, where the formation of the substrate Schiff base
posttranslational process)( Topaquinone thus formed has is believed to be the rate-limiting step under anaerobic
been identified as the redox cofactor in a wide range of conditions b, €). In the case of enzymatic catalysis, rapid
copper amine oxidase&)( Evidence has been amassed in scanning kinetic data suggest that the formation of the
support of a transamination mechanism for the catalysis. Thisproduct Schiff base is the rate-limiting step in the reductive
entails the reaction of topaquinone with the primary amino hajf.reaction {), consistent with the ability to trap the
group of the substrate amine to form the first intermediate, g,pstrate Schiff base using NaCNB&b reductants, 9). A
the substrate Schiff .base_. Abstraction of a ;r)]rotonf from the mechanism involving common intermediates to the enzy-
;1—carbcr)]n by an d"’,‘Ct'Ve'S'é? base” rgdﬁces t de cg "’;19}_?{) andnatic reaction has been proposed for topaquinone-catalyzed
orms t € secon _mterme _|ate called the product Schiff base., ing oxidation in model compound systerbs ¢, 10).
Hydrolysis of this intermediate releases the product aldehyde ) ) o
and generates the aminogquinol. Topaquinone is subsequently USing a heterologous expression system and site-directed
regenerated following the oxidation of reduced enzyme by Mutagenesis, we have shown that topaquinone formation in
dioxygen B—6). The substrate and the product Schiff base & yeast copper amine oxidase is dependent on an intact
species and the reduced cofactor have been characterized ifopper binding site (1, 12), consistent with the original
proposal of a self-processing mechanism in topaquinone
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does not play an essential role in the modification of the study or 0.170.28uM for the pH study. The kinetic isotope
tyrosyl side chain12). More recently, Tanizawa and co- effect was determined in sodium phosphate buffer, pH 7.7,
workers have shown that replacement of Asp by Asn in the with 0.0170.35 mM CHNH, or 0.028-0.55 mM CQ;NH..
consensus sequence of theghrobacter globiformisamine Kinetic parameters for the inactivatiol;(@ndkinac) and the
oxidase leads to a somewhat reduced rate for cofactorcatalysis Ky, andk.s) were calculated by nonlinear regression

production (7). fits to, respectively,

One very curious feature of the catalytic behavior of the :
yeast amine oxidase E406N mutant is its differential effect Vipact = kinact[methylaml.ne] 2)
on catalytic turnover with various substrates: whereas K; + [methylamine]
ethylamine and benzylamine are turned over normally, the ) i
smallest substrate, methylamine, gives rise to rapid enzyme ke {enzyme subunit][methylamine]
inactivation. This study presents a detailed investigation of Vo= K., + [methylamine]

the inactivation of the yeast methylamine oxidase E406N ] ) )
enzyme by methylamine. The inactivation appears to be Where the concentration of the enzyme subunit was the active

mechanism-based. We present evidence that the inactivatiorfluinone content determined by titration with phenylhydrazine
is reversible, suggesting that the inhibited enzyme is arrested(1D)- In the pH study kinace Was determined at saturating
in a catalytically competent state. The kinetics of both the Methylamine concentrations (6:2.0 mM), and the buffers
inactivation and reactivation have been studied as a functionuséd either were 50 mM potassium phosphate or were
of pH, implicating a conserved histidine that interacts with Prepared as described below for the reactivation studies.
E406 at the subunit interface. A structural model, based on _Reactiation of Methylamine-Inhibited E406NThe in-

the available X-ray structures for copper amine oxidases, is hiPited enzyme, prepared in 5 mM sodium pyrophosphate,

proposed to account for our observations. pH 9.0, as indicated above, was first warmed to the desired
temperature. Concentrated buffer stocks were used to
MATERIALS AND METHODS generate final buffer concentrations that were either 50 mM

in sodium pyrophosphate or 5 mM sodium pyrophosphate
and 45 mM potassium phosphate. A single sample of
inactivated enzyme was first desalted in potassium phosphate,
pH 7.2, to remove the pyrophosphate buffer and then assayed.

Materials. CHsNH,-HCI and CBNH,-HCI were pur-
chased from Aldrich ané*CH;NH, from Amersham. The
yeast methylamine oxidase E406N mutant protein was

purified as describedl@). The protein concentration was The final ionic strength was 12& 20 mM, with the

determined with a Bradford assayg] using the Bio-Rad o, antion of the two highest pH values, where the ionic

protein assay reaggnt; powng serum albumin was the prOt.e'nstrength was 200 mM. No trend was observed in changing
standard. The active-site quinone content was titrated with

phenylhydrazine 1) buffer composition or ionic strength within this range. The
o i . o solution was then incubated and the spectrum was recorded
Inactivation of E406N. For batch inactivation, 510 uM P

. . over time. The pH of the solution thus prepared was
E406N enzyme was prepared in 50 mM sodium pyrophos- ,o»qred again and recorded as the final value.
pha’;}e—lphqsphatle puffer, pl-(ij dg'g’ andf_a lsmall VO'U”?e Off Preparation of Raman SamplesThe inactivation was
methylamine solution was added to a final concentration of - jeq oyt in a capillary tube with 0.5 mM E406N in 50
0.5 mM. The inactivation was monitored spectrophotometri-

: mM sodium pyrophosphate, pH 9.0, and initiated with a
cally at room temperature using an HP 8452A spectropho- small volume of CHNH, or CD;NH, to a final concentration
tometer. The reaction was stopped by chilling after no

of 10 mM. Reactions were monitored optically until the
dbsorbance change at 380 nm reached a maximum, at which
point spectra were obtained. For reaction inQOD the
enzyme was diluted 10-fold with 20 mM sodium phosphate

preequilibrated with 5 mM sodium pyrophosphate, pH_ 9.0. buffer (pH reading 8.6) and reconcentrated by ultrafiltration
To demonstrate the covalent attachment of methylamine t0in a Micron 30 (Amicon); inactivation was then initiated as

the inactivated enzyme and to determine the stoichiometry ;
. _ *above with CHNH
the enzyme was incubated wittC-labeled methylamine for HNH,.

25 min at room temperature and purified similarly atG son 2061 s ; ;
S . ) pectrograph (0.67 m, 1800-groove grating) using

_ Steady-State Kinetic Measurementhe rate of inactiva-  aiger Optical holographic supernotch filters and a Princeton

tion (vinac) at €each methylamine concentration was expressedInstruments (LN-1100PB) liquid Ncooled CCD detector.

as the ratio of the initial velocity of oxygen consumption g excitation source was a Coherent Innova 302 Kr (413.1
(o) and the total oxygen consumed at the point of complete .y jaser. Spectra were collected from samples in capillary
Inactivation: tubes at 298 K using 413.1 nm excitation (20 mW);? 90
, scattering geometry, 6 crh spectral resolution, and 5 min
v = A[O,] (uM/min) 1) data accumulation. Peak frequencies were calibrated relative
nact " total [O,] consumed£M) to an indene standard and are accuratetanr?t. Spectra
of samples substituted with isotopes were obtained under
The oxygen concentration in the solution was recorded using /dentical instrumental conditions such that frequency shifts
a Yellow Springs oxygen electrode (Yellow Springs Instru- are accurate te-0.5 cnt* (19).
ment). All reactions were carried out at 28 in an air- RESULTS
saturated buffer. Each measurement was initiated by the
addition of an E406N solution to a final concentration of  Mechanism of Inactiation. The inactivation of E406N
0.092-0.13uM active subunit for the kinetic isotope effect by the substrate methylamine was first observed as the

methylamine was removed at°€ by passing the solution
through a DG-10 desalting column (Bio-Rad), which was

Raman Spectroscopyspectra were obtained on a McPher-
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scales:

0.645 uM

2

o

20 sec

Ficure 1: Oxygen consumption by E406N mutant enzyme. Five
microliters of 100 mM methylamine was added to 285 of 50

mM sodium phosphate buffer, pH 7.7, and incubated in the oxygen
electrode chamber at 2% for 10 min with stirring. The reaction
was initiated by the addition of 14L of 1.5 mg/mL E406N enzyme
solution, which contained 18M of the active subunit. The arrow
indicates the point of the addition. The final concentration of the
enzyme and methylamine were 0.A®1 active subunit and 500
uM, respectively.
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Ficure 2: Spectral change during the incubation of E406N with
methylamine. E406N enzyme (1.2 mg/mL) was prepared in 500
uL of 50 mM sodium pyrophosphatgphosphate buffer, pH 9.0.
The solution was incubated at 2C and the spectrum recorded.
Two microliters of 100 mM methylamine was then added and mixed

0
300 700

immediately, and the spectrum was recorded 0.5, 2, 5, 9, 14, 17,

25, and 32 min after mixing. The arrows indicate the direction of

the absorbance change, and the initial spectrum was without

methylamine. (Inset) The absorbance changes at @3@ufd 480
(O) nm over time are best fitted to double-exponential kinetics.
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Ficure 3: Radiolabeling of E406N protein. Protein (0.155 mg/
mL, 1.3 uM active subunit) of an E406N enzyme sample in 50
mM sodium pyrophosphatephosphate buffer, pH 9.0, was incu-
bated at room temperature with 500 4CHzNH, (10 «Ci/umol).
After 25 min, the mixture (20@L) was desalted using a DG-10
column (10 mL), and the filtrate was collected in 1-mL fractions.
The radioactivity and protein content in each fraction were
determined and the total disintegrations per minute were plotted.
The left axis is for fractions 16 (@), and the right axis is for
fractions 720 (O). Only fraction 4 contained protein and its
concentration was 0.029 mg/mL, which is equivalent to 0.2¥5
active subunit.

excess methylamine from the protein and the radioactivity
in all fractions was quantitated. The results showed that two
radioactive peaks were eluted from the desalting column and
that the first peak, which was contained in fraction 4,
coincided with the protein (Figure 3). On the basis of the
yield of protein (0.245 nmol of active subunits, representing
64% of the total protein concentration) and radioactivity
(0.251 nmol), 100% of the protein that contained phenyl-
hydrazine-titratable topaquinone was radiolabeled. This
labeling supports the view that methylamine is forming a
covalent bond with enzyme. Together with the UV/vis
spectral data, we conclude that an adduct has formed between
methylamine and the cofactor.

The chemical nature of the methylamine adduct has been
determined by resonance Raman (RR) spectroscopy. The
RR spectrum of E406N plus methylamine is dominated by

enzyme and methylamine were incubated under catalytic@ Peak at 1622 crt that shifts 59 cm' to lower energy

turnover conditions (Figure 1). The experiment showed that
the oxidation of methylamine stopped after about 20

with deuterated substrate (Figure 4A,C), thereby identifying
it as the G=N stretch of a product imine2Q). The 1622

turnovers at neutral pH. Using substrates such as ethylaminee™ * peak is unaffected by i, indicating that no ex-

or benzylamine with E406N, the rate of oxygen consumption
would be linear within the same time period. This contrasts
with the behavior of wild-type enzyme, which showed

changeable protons are associated with this moiety, and the
only spectral change inf is the loss of the feature at 1299
cmt (Figure 4B). The RR spectrum of the unreacted yeast

normal productive turnover with all substrates examined. The €nzyme (data not shown) is completely different, with its

addition of excess methylamine to an E406N enzyme

major feature a ring mode at 1401 chand a weaker €0

solution resulted in the disappearance of the absorbance agtretch at 1678 cr, as in other amine oxidase2Q, 21).
472 nm and a concomitant appearance of a new peak at 37é¥éactivation of the EA06N mutant at pH 9.0 produced a RR
nm (Figure 2). The absorbance change appears to beSPectrum thatwas superimposable with that of the unreacted

biphasic with an initial fast phase accounting for about half
the total change, followed by a slow phase for the other half

enzyme.
Kinetics of Inactiation. k.,.ctwas determined as a function

(Figure 2, inset). Preincubation of the enzyme with excess Of pH and the results showed that the inactivation was fastest

formaldehyde over the same period of time did not lead to
any inhibition. We thus conclude that the inhibition by

at high pH. The dependencelaf,.:on pH indicates a single
ionizable group with al§; = 6.9 £ 0.2 (Figure 5).

methylamine is caused by the direct interaction of the enzyme Kinetic isotope effects were determined for the methy-

with methylamine and not by formaldehyde, the product from
the methylamine oxidation.

The absorption at 472 nm is characteristic of the oxidized
quinone cofactor in the active site of topaquinone-containing

lamine oxidation and for the enzyme inactivation usingsCH
NH, and CQNH, at pH 7.7. The results showed that, similar
to the benzylamine oxidation by the wild-type yeast methy-
lamine oxidase 1), there is an isotope effect on thkey

enzymes. Hence, a change in the spectrum indicates thatind k../Kn, for the methylamine oxidation, indicating that

the cofactor may be modified. To demonstrate covalent
labeling, the enzyme was incubated witfJ]-methylamine
for 25 min. The reaction mixture was desalted to remove

C—H bond cleavage is partially rate-determining. There are
also isotope effects on th@act andkinact /Ki (Table 1). The
size of the isotope effect for the inactivatiBfk../K;) is very
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Ficure 4: Resonance Raman spectra of E406N inactivated by
methylamine: (A) CHNH,, (B) CH;ND; in D,O, and (C) CR-
NH,. Frequency shifts relative to spectrum A are listed above each
peak; frequencies identical to spectrum A are unlabeled.
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Ficure 5: pH dependence of inactivation. Thg,.:was measured

at various pH values (see Materials and Methods). The line is the
best nonlinear regression fit to the data withka,p= 6.9 + 0.2,

Kinact (fast) = 1.96+ 0.09 mirrl, andkipac (Slow) = 0.26 4+ 0.21
min—1.

Table 1: Kinetic Isotope Effects on Inactivation and Catabysis

E406N wild-type®
inactivation catalyshs catalysis
KinactOF keat (57 0.031+ 0.002 0.769 0.026 471

Kinac/Ki OF kead ~ (8.0£2.1) x 10? (1.65+ 0.19)x 10* 3.2x 10*

Km (M~1s79)
Do 1.20+0.11 1.624+0.11 ND!
Dk 2.3840.81 2.37+0.58 ND

2 Determined at 28C in 50 mM potassium phosphate, pH 72Kt
calculated on the basis of the subunit concentrati@etermined at
25 °C in 50 mM potassium phosphate, pH 7.2. Data taken from Cai
and Klinman (1). ¢ Not determined.

close toP(keafKm) for the catalysis whil@(kinac) is somewhat
smaller tharP(keay).
Stability of the Inactiated E406N and Kinetics of Reac-
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Ficure 6: Stability of the inactivated E406N. (A) Spectra of the
inactivated sample (from Figure 2) before and after desalting in 50
mM sodium pyrophosphatephosphate buffer, pH 9.0. The scale
of the spectrum was adjusted to account for the dilution after
desalting. (B) Spectral change of the desalted sample over time.
The desalted, methylamine-inactivated E406N was incubated in the
desalting buffer and its spectrum was taken at 9, 15, 29, 43, 61,
88, 123, 166, 219, and 300 min after incubation. The arrows indicate
the direction of the absorbance change. (Inset) Absorbance change
at 380 nm fitted to single-exponential kinetics.
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Ficure 7: pH dependence of reactivation. The rate of the
reactivation of the methylamine-inactivated E406N was measured
at various pH (see Materials and Methods). The data were best
fitted to a slow and a fast rate at high and low pH, respectively.
The line is drawn with the following parametersKp= 7.1 £

0.2, kreact (fast) = 0.12 4 0.01 mirr?, andkeact (Slow) = 0.012+
0.005 mirrt.

10

of the enzyme was reverted back to one that was indistin-
guishable from the starting enzyme sample (Figure 6B). The
spectral change appears to be first-order (Figure 6B, inset)
and has an isosbestic point at 418 nm. Consistent with this
observation, thé&'C-labeled E406N following desalting was
found to gradually lose the radiolabel and the enzyme activity
was regained.

The reactivation kinetics of the inhibited enzyme were
affected by pH and temperature. The single-exponential rate
constants were determined as a function of pH, and the results

tivation. The removal of excess methylamine caused little show that different from the inactivation, the reactivation
immediate change in the spectrum of the inhibited enzyme occurs fastest under the acidic condition (Figure 7). The
(Figure 6A). However, over time, the absorption spectrum ionizable group controlling this process hasky, pf 7.1 +
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0.2 and the half-lives of the inhibited enzyme at*Z5were Scheme 1: Proposed Inactivation Mecharfism
5.9 min at pH 6.15 and 58 min at pH 9.01. Within the ®
experimental error, this Ky value is the same as that NHe* +H0;  Op+Hy0

determined for the inactivation process. ) t ) HO.

No isotope effect was observed on the reactivation step, O
since the CINH-inhibited enzyme had the same half-life ° NHs*
as the CHNH_-inhibited enzyme. Temperature increase can ° o
accelerate the reactivation process, which has an activation CHsNHs" . HCHO
energy of 14 kcal/mol at neutral pH. On the basis of these J catalytic cycle K
observations, the inactivated E406N protein was always kept

at 4°C in pH 9 buffer to prolong its lifetime. G
(o) Asp (o} Asp
DISCUSSION ° T Ho O T
—
X ﬁ=CHz
H

H,0 H,0

Studies with copper amine oxidases and topaquinone N—CHs
model compounds have provided very good evidence for an 0" OH
aminotransferase mechanism in topaquinone-catalyzed amine E-S E': hydrolyzable
oxidation @2). The proposed reaction intermediates have ! conformation
been prepared and characterized in the model sysm ( l

The formation of a substrate Schiff base in the enzymatic
reaction was implicated in rapid scanning/stopped-flow @
experiments{). The product Schiff base, however, could OH
not be observed with the enzyme due to the apparently rapid O
rate of its hydrolysis. H,C=N

The absorption peak at 372 nm for the methylamine- A E°:,
inhibited form of E406N has an estimated extinction coef- non-hy dmly(za“blg
ficient of >6000 M cm™. Because thémax is similar to conformation

that of a product Schiff base formed from a model compound
and thee value is significantly higher than that for a substrate

Schiff base [ca. 1300 M cm™! at 352 nm in acetonitrile o
. o . the cofactor is in the reduced statell. The observed
(6)], the cofactor in the methylamine-inhibited E406N is most change in the 1299 ¢t peak in DO further supports a

!lketly trapf?edt asTab;?ro;iuct Schlf[ftﬁgse_spec[es. %Ubst.tra:ereduced cofactor structure with a geometry that allows
!sotope effects E] a eb ) suy?)por dlffé;/[/lﬁw S|gckie '[EAn Ica exchange of the C-2 hydroxyl with solvent.
ISolope efiects have been observe m aNAKinact i, Consistently, we have observed that the intermediate

!ndicating that catalysis and inaciivation share a common formed with E406N is chemically competent for hydrolysis
intermediate that occursiter the GH bond cleavage step. to regenerate topaquinone. The major difference between

Confirmation of the structure of the inhibite_d ENZyme the cofactor trapped in the inhibited E406N and the product
comes from resonance Raman spectroscopy, Figure 4. Th%chiff base in the enzyme undergoing active catalytic

intense peak at 1622 crhhas been assigned to the=8 turnover is that the rate of hydrolysis is very slow in the

stretch of the imine on the basis of-820 cnT* isotopic  ¢ormer 1n order to account for the fact that the product
shift when bov[nelsserum amine oxidase was incubated gepitt pase from methylamine in the inhibited E406N is
anaeroblt_:ally with>N-methylamine £0). Inactivation of ... . _catalytically competent yet kinetically stable, we propose that
E406N with the deuterated substrate should cause a shift iny, o gircture of the inhibited enzyme prevents hydrolysis of
the frequency of the €N stretch, which would allow e nroquct Schiff base by water. Since the product Schiff
dlfferentlatlon between the substrate and product IMINES. hase is readily cleaved by water under productive turnovers,
Using the two mass system to calculate expected iSOtopic, ¢onformational change in either protein or cofactor is the
shifts with deuterated methy"’?‘m'”e’ the expected shift for simplest explanation for the observed inhibition. An im-
the_;substrate_ and product imines would 522 and —52 portant feature of the inhibition of E406N is its dependence
cm, respectively0). The observed isotopic shift 6159 oy g pstrate size, with normal turnover occurring in the case
cm~1 supports the product imine structure. From the absence ethylamine and benzylamine. Rotation by 186f a

of an effect of DO on the 1622 cn¥ peak, it appears that o0 rsor to topaquinone in the course of its biogenesis has
the imine is unprotonated. A similar peak at 1301 et poon postulatedi@). It is possible that the small size of
was observed in the methylamine adduct of phenethylaminey, e -6qyct Schiff base from methylamine allows a rotation
oxidase generated under anaerobic conditi@iydnd was  j, £406N that places the reactive bond of this intermediate
assigned to the@) _stretch. at the C-2 position on the _b?‘s's away from the active-site base required for facile attack by
of a—4 cnm* shift with **0 incorporated at the C-2 position |\ o4 (EP, Scheme 1). The postulated rotation under
during biogenesis. The frequency of this stretching mode methylamin’e turnover may not occur when bulkier amines
is close to the range expected for a phenol and suggests thal . \;sed or when the wild-type enzyme is catalyzing the

reaction. Hydrolysis and enzyme turnover can only occur
1 We can rule out a nonexchanging protium, since the entire reaction to the product Schiff base in the initial conformationPE

was carried out in BD. During the catalytic cycle, mechanistic studies ; ; At ivati
have implicated the protonated form of both the substrate and product The pH effect studies on the inactivation and reactivation

Schiff bases 42). Thus, a proton loss from the product Schiff base Provide insight into how the protein controls these processes.
must occur along the inactivation path. We have observed an ionizable residue in the protein with a

2 The boxed intermediate (EP) is the stable species detected.
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pKa of 6.9—7.1. When this residue is deprotonated, the
inactivation rate is 7.5 times that of the protonated form;
additionally, the inactivated enzyme is 9.8 times more stable
in its deprotonated than in its protonated form. It thus

Biochemistry, Vol. 36, No. 38, 199711477

hydrogen-bonding network, reverting it&pto a normal

range. The question is how, from a structural perspective,
this change leads to inactivation of E406N by methylamine.
Examination of the crystal structures for amine oxidases

appears that deprotonation promotes the formation of a stableéndicates that the conserved Asn at th# position toward

product Schiff base species by enhancing the rate of
inactivation and slowing down the reactivation, with an

overall factor of 74-fold. Possible candidates for the ionizing
residue are the histidine at the dimer interface (see below)
and the protonated product Schiff base. lonization of the

the N terminus from topa sits in front of the mature cofactor
and above the hydrogen-bonding tri&b,(26) (R. Li, J. P.

Klinman, and F. S. Mathews, (manuscript in preparation).
Disruption of the triad stability, through deprotonation of
His, may dislodge the Asn, creating a cavity for the

protonated Schiff base complex would be expected to reducepostulated rotation of the topgroduct Schiff base complex.

the rate of water attack and could increase the rate of the
postulated ring flip:

H / H fast / H Kinact
E—N=—C E—N=—C_, =7— Ejnact 4)
@ ‘H ‘H Kreact
active conformation flipped
conformation

According to the mechanism in eq 4, only the ionized form
of the Schiff base leads to inactive enzyme; in this instance,
the pH dependence & reflects the K, of the product
Schiff base. By microscopic reversibility, the flipping of
the ring back to the active conformation would be expected
to precede proton trapping, leading either to a pH-
independent reactivation process or a process with a kineti-
cally altered K, value. The identity of the observeKp
for both inactivation and reactivation suggests instead the
ionization of a residue that provides a pH-dependent “gating”
for the postulated conformational charigé/e propose this
residue is the single histidine residue interacting with residue
406 at the dimer interface.

Four histidine residues are invariantly conserved in all
known amine oxidase sequenc@s3,(24). Three of them
have been attributed to ligation of the active-site copper. This

This proposal also provides a possible functional role for
the conserved residues that surround topa and are at the dimer
interface in wild-type enzyme, via their participation in the
orientation of the Tyr ring during its biogenesis to to-
paquinone.

One question that remains unanswered is why methyl-
amine turns over normally with wild-type yeast methylamine
oxidase while forming stable product Schiff base complexes
with bovine serum amine oxidase and the phenethylamine
oxidase fromArthrobacter globiformis(cf. 20). We note
that the latter two enzymes, which preferentially oxidize large
substrates such as benzylamine and phenethylamine, contain
Asp at the position analogous to E406 in yeast methylamine
oxidase. The smaller side chain at t#é position toward
the C terminus from topa in bovine serum amine oxidase
and phenethylamine oxidase may preclude a catalytically
viable cofactor configuration during turnover of very small
substrates such as methylamine.

In contrast to model studie$) the product Schiff base
had never been directly observed in a topa-dependent enzyme
turnover reaction. The data presented herein provide the first
proof for the existence of a product Schiff base complex
that is capable of entering the productive catalytic cycle.

has been confirmed in the crystal structures of amine oxidasesREFERENCES

from Escherichia coli(25), pea seedling26), and yeast (R.

Li, J. P. Klinman, and F. S. Mathews, manuscript in
preparation). The fourth histidine in the sequencg ofoli

and pea seedling enzymes is found to form a hydrogen-
bonding triad with a threonine and an aspartate. The Thr
and Asp are two highly conserved residues contained within
the active-site consensus sequence of amine oxid@8es (
24). Although the corresponding residue for Asp in the yeast
enzyme is a glutamate (E406), X-ray crystallographic studies
indicate a similar overall fold and functional role for residues
E406, T401, and H376 (R. Li, J. P. Klihnman, and F. S.
Mathews, manuscript in preparation). Due to electrostatic
interactions between H376 and E406, one might expect that
the His residue in the wild-type structure would have an
elevated K, such that it would remain protonated throughout
the experimental pH range. Loss of this electrostatic
interaction in the E406N mutant is proposed to disrupt the

21n light of the observation that the product Schiff base in inhibited
enzyme is deprotonated, a mechanism must exist for proton loss. It is
possible that ring flipping occurs with the protonated Schiff base that
is subsequently deprotonated by an adjacent residue [e.g., a hydroxyl
ion liganded to the active-site Cu(ll)]. Alternatively, proton transfer
from the product imine to the active-site base may precede ring flipping.
Since K, perturbations appear to play a prominent role in enzyme-
catalyzed, topaquinone-dependent reacti@} (oss of a proton from

the protonated product Schiff base may be a natural consequence of

the rotation of this species away from its likely counterion, the active-
site base aspartate.
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