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ABSTRACT. The copper amine oxidases (CAOSs) catalyze thel€pendent, two-electron oxidation of amines

to aldehydes at an active site that contains Cu(ll) and topaquinone (TPQ) cofactor. TPQ arises from the
autocatalytic, post-translational oxidation of a tyrosine side chain in the active site. Monooxygenation
within the ring of tyrosine at a single Cu(ll) site is unique in biology and occurs as an early step in the
formation of TPQ. The mechanism of this reaction has been further examined in the CABdrsanula
polymorpha(HPAQO). When a Clark electrode fitted to a custom-made, gastight apparatus over a range of
initial concentrations of @was used, rates of LLonsumption at levels greater than air are seen to be
reduced relative to earlier results, yieldikg(apparent)= 216 uM for O,. This is consistent with a
mechanism in which gbinds reversibly to the active site, triggering a conformational change that promotes
ligation of tyrosinate to Cu(ll). The activated Cu(ll)-tyrosinate species has been proposed to react with
O in a rate-limiting step, although it was also possible that breakdown of a putative peroxy-intermediate
controlled TPQ formation. To test the latter hypothesis, Cu(ll)-free HPAO was prepared with 3,5-ring-
[2H2]-tyrosine incorporated throughout the primary sequence. The absence of an isotope effect on the rate
of TPQ formation eliminates cleavage of this-& bond in a proposed Cu(ll)-aryl-peroxide intermediate

as a rate limiting step. The role of methionine 634, previously found to modegddin@ng during the
catalytic cycle, is shown here to serve a similar function in TPQ formation. As with catalysis, the rate of
TPQ formation correlates with the volume of the hydrophobic side chain at position 634, implicating
similar binding sites for @during catalysis and cofactor biogenesis.

The copper amine oxidases (CA®a)e unusual in their ~ Scheme 1: Catalysis of Amines by CADs

facilitation of completely separate fdependent reactions. Aspaig
As catalysts, the CAOs carry out the two-electron oxidation H,0 HF'O'«O

of amines to aldehydes, yielding,8, as a byproduct M E + Ry & E'\=g,—'5f+R
(Scheme 1) 1). However, before catalysis can occur, the H,0

enzyme must first form its cofactor via a monooxygenation, —> E~N=CHR S E-NH +RCHO
hydration, and two-electron oxidation of tyrosine to yield

2,4 5-trihydroxyphenylalanine quinone (topaquinone or TPQ). 0, H0, H,0 NH:
This reaction is solely dependent on the active site Cu(ll) @Ew SAh E=n S E

and Q, and occurs in vitro without the assistance of added 2(1) reductive half reaction; (2) oxidative half reaction.

cofactors or proteingc-4). in the enzyme fronHansenula polymorphaHPAO) binds

The TPQ formation reaction involves an initial monooxy- cy(ll), forming a Cu(ll)-tyrosinate species with a small
genase reaction at an active site containing a single Cu(ll) degree of Cu(l)-tyrosyl resonance stabilization (Scheme 2).
ion, in the absence of reducing equivalents for activating This Cu(ll)-tyrosinate has been tentatively identified as the
O,. As a result of extensive investigations, a substrate- O,-dependent absorbing specigs4 = 350 nm) previously
activation mechanism has been proposed (Schemé)2) ( seen when the cofactor formation process is monitored
According to this mechanism, a precursor tyrosinate (Tyr405 gptically (5). Because this species only forms in the presence
of O, it has been proposed that Binding in the active site
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" Abbreviations: CAO, copper amine oxidase; TPQ, 2,4.5-rhy- it the available experimental dat&—7), there are a
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Hansenula polymorphaWT- HPAO, wild-type HPAO; E, enzyme; ~ number of unanswered questions about thed€pendent
RLS, rate-limiting step; IPTG, isopropylthif-b-galactoside. steps. For example, is it possible that a species other than a
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Scheme 2: Proposed Cofactor Formation Mechahism Growth of BL21(DE3) cells for protein expression fol-
lowed previously described procedure),(with some
O, H+ RLS modifications. A single colony was picked from a freshly
A S —> H streaked plate (LB-agar, supplemented with 0.1 mg/L ampi-
~ @ ~ ) 0 cillin) after ~10 h of incubation at 37C and inoculated
OH Q ? o- into 400 mL metal-free growth medium (50% M9 salts, 50%
Cu'l(His)s Cu'(His);  Cu'(His)s Cul'(His); 20 mg/L casein, where the casein has been stirred at least
Y 45 min with 15 g/L of the metal chelating resin, Chelex 100,
Sigma). Growth medium was supplemented with 0.1 mg/L
Ojd 0 OH sterile, filtered ampicillin and MgSgdextrose (to a final
- o T/ - ‘3 concentration of 0.6 mM MgS£4 g/L dextrose). The 400
H,0, HO o mL culture was grown on a shaker incubator overnight at
Cul(His), ZH” _ O gH 37°C, 250 rpm. A volume of 30 mL of the overnight culture
u'l(His); Cu''(His)s

was inoculated into each of 12 flasks containing 1.5 L of
2 As Cu(l)—tyrosyl has never been observed, this extreme resonance growth medium. Flask cultures were grown on a shaker (37
form must be present at very low concentration. °C, 250 rpm) for~3 h until the cells reached an absorbance
at 600 nm of 0.5-0.6. Cells were induced by addition of 1
mM IPTG and grown fo4 h before collection by centrifuga-
tion. Cell pellets were disrupted immediately by sonication,
and the soluble portion was collected by centrifugation.
Dialysis, ion exchange, and gel filtration column purification
steps were carried out as previously describ8d Pure
fractions were pooled and concentrated~&.5 mL in a
: ) . . . centrifuge filter with a 10 000 molecular weight cut off
the reaction with @is slow (i = 14 min, pH 7, 25°C) (Millipore). Pure protein was exchanged into 50 mM HEPES

and consumes only 2 equiv ob(®), itis difficult to measure 1, ¢ter b1 8, by three cycles of concentration and resuspen-
O depletion reliably with the standard Clark-type: O gion in %_10 Vé of thisybuffer. P

electrode (especially at elevated €édncentrations). A new,

Cu(ll)—tyrosinate is the source of the observed 350 nm
absorbance? Additionally, what is the position offfinding
during biogenesis and how is this linked to the absorbance
changes?

To obtain greater mechanistic detail for the reaction of
the precursor protein with £its single turnover kinetics
were previously studied as a function of,J@6, 7). Because

WT-HPAO was overexpressed in the presence of ring-

accurate measurements of, @onsumption rates during

) ) sterile BME vitamin solution (Sigma), stirred at least 45 min
cofactor formation over the range of,@oncentrations

dered. leadi . 216 with 15 mg/L with the metal-chelating resin Chelex 100,

C(ﬁﬂn?' e(r)e , leading to an estimate aj(apparenty= (Sigma)). Labeled tyrosine (Cambridge Isotopes) was added

pitor Da. ) . to a final concentration of 220 mg/L at the time of induction.
Deuteration at the ring-3,5 positions of Tyr405 has also pgtein was purified as described above.

been studied to probe its effect on the rate of cofactor  prqein Characterization MethodBrotein concentrations

formation and to place further limits on the proposed rate- \\are measured by the Bradford assay with bovine serum
determining step. Finally, a residue previously identified as 4 ,,min as a standard (Bio-Rad Laboratories). Per-subunit

critical to C; chemistry during catalytic turnover in HPAO o, concentrations of metal-reconstituted proteins were
(9 has been assessed for its role in theellemistry of TPQ  aqqred by inductively coupled plasma atomic emission
formation. This residue, methionine 634, appears to have agpecirometry (ICP-AES, Optima 3000 DV from Perkin-
similar function in Q binding during TPQ formation and  gimen “after eliminating unbound Cu(ll) from the samples
catalysis and may be part of th_e conformational switch that by buffer exchange (three cycles of dilution ir-3 vol of
leads to the critical Cu(ltytyrosinate complex. metal-free 50 mM HEPES, followed by concentration in a
centrifuge microconcentrator, 10 000 molecular weight cut
off, Millipore). The degree of ring-3,54H,]-tyrosine incor-
Mutagenesis, Protein Expression, and Purificatixll poration into labeled protein was determined by quantitative
chemicals were of the highest available grade of purity and liquid chromatography/tandem mass spectrometry (LC-MS/
used without further purification. The wild-type HPAO gene MS) on a Micromass Q-Tof hybrid quadrupole-time-of-flight
(WT-HPAO) was previously subcloned into a pET3a ex- mass spectrometer, carried out by the Stanford PAN facility.
presssion vector (Stratagend))). Mutagenesis of HPAO  Proteins (+2 mg) were reduced, and the cysteines iodo-
was carried out using a QuickChange kit (Stratagene). acetylated. Proteins were then segmented #{®00 mo-
Primers used (mutated codons underlined) wer€GT- lecular weight peptides by proteolysis using trypsin (2 mg,
GAGGACTTCCCATTGGCCCCGGCCGAGCCTATCACC- 8 M urea, 37°C, 24 h). Masses of six randomly selected
3 (M634A); 5- CCTGAGGACTTCCCATTGTTCCCGGC-  tyrosine-containing peptides were determined by LC-MS/
CGAGCCTATCACC-3 (M634F); 8- CCTGAGGACTT- MS as a measure of the extent of label incorporation into
CCCATTGCTGCCGGCCGAGCCTATCACC-gM634L). the protein as a whole.
Plasmids were transformed into electroporation-competent Cofactor Formation KineticsTPQ formation was moni-
BL21(DE3) cells (Stratagene) for expression and storage (intored spectrophotometrically on an HP8452A (Hewlett-
40% glycerol,~80 °C). Packard) U\~visible spectrophotometer fitted to a temper-

EXPERIMENTAL PROCEDURES
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Scheme 3: Modified Clark Electrode for Measurement of ~ to accommodate the reaction chamber. A viton O-ring and

Oz Uptake under Gastight Conditichs an aluminum plate with a hole cut to match the reaction
A B c = chamber diameter were placed over the top of the unit, and
ﬁ the reaction chamber was inserted. Two holes in the

aluminum plate were cut to match two screws. Tightening
bolts on the screws crushed the O-ring and secured the
reaction chamber tightly in place. The temperature-control
s unit was attached by tubing to a circulating, adjustable

) temperature water bath. The tubing was routed such that

B s bk water flow diverted back to the bath when the temperature-

a(A) Teflon housing for microelectrode, with arrow indicating Contro_l unit was ope_ned, making it possible t_O keep the water
electronic input to @monitor; (B) gastight glass measurement chamber, bath circulating continuously when the reaction chamber was
derived from ChemThread (ChemGlass) tubing with compression cap removed from the bath between measurements. The entire

and viton O-ring; (C) complete assembly of Teflon-housed electrode jnit was placed on an IKA-RCT stir plate (VWR), and

in glass measurement chamber, with laminar stir bar. The complete - . .
assembly fits into a plexiglass temperature control chamber linked to measurements were carried out under digitally monitored,

a circulating water bath and rests on a digitally controlled stir plate. constant stir rates.

- @

sample

(B) and (C) are adapted from the ChemGlass catalog. O, Electrode Measurementall work was carried out at
25.0 °C. The electrode was equilibrated and the voltage
ature control bath. A quartz cuvette with a 1dofill volume converter calibrated to a standard;J®efore use: 2 mL of

was fused to a small tear drop flask with a standard 14/20, dH,O were added to the chamber and stirred for 5 min to
septum-sealable neck. This was used with98uL samples equilibrate under either air or a constant stream of pure O
containing 46-60 uM apoprotein monomer (HPAO is a added via a needle inserted into the needle slot and positioned
homodimer) in 50 mM HEPES buffer, pH 8. Samples were just over the liquid surface. For measurements made #t [O
spread over the surface of the flask portion of the septum- < 258 uM, the electrode was equilibrated to air and
sealed cuvette and made anaerobic by a continuous purgealibrated so that the full scale \(L = 258 uM O,. For
of argon for 26-30 min at 4°C. A 1 mM solution of CuC} measurements 258 uM, the electrode was equilibrated to
was similarly made anaerobic by continuous bubbling of pure G and calibrated to\Xt = 1170uM O..
argon for 26-30 min. One equivalent of Cu(ll) was added Two milliliters solutions of apo-WT-HPAO were similarly
by gastight syringe to the protein samples, and changes inequilibrated to air, pure £ or a selected concentration of
the spectrum (206700 nm) were monitored every-P min O, prepared by mixing a steady stream of/@®: gases,
for 1 h. Once the spectrum stopped changinfy,spectrum regulated from a pair of gas flow meters. Once equilibrated,
was measured and the samples were opened and purged witthe electrode position was adjusted to meet the liquid surface,
air from a compressed air line for £@5 s. Spectra were  excluding all bubbles and gaseous headspace in the process,
measured at 2- or 10-minute intervals for 12 h (i.e., for and the crush cap was tightened. The reactions were stirred
a duration at least 3 times the formatiap of the WT or at constant speed, and a linear background rate was measured
mutant sample) under conditions of 26. Changes atmax on a chart recorder. Given the stoichiometry of two molecules
= 480 nm for TPQ were fitted to single-exponential curves of O, consumed per TPQ forme®)( the observation that
of the formy = my(1 — e ™) + my, using the KaleidaGraph  ~30% of the apoprotein WT-HPAO forms TPQ after
program, to determine the characteridtigs reconstitution with Cu(ll), and absolute limitations imposed
O, Electrode ConstructiorAn O,-sensitive electrode was by the tendency of stirred protein to precipitate at higher
purchased from Yellow Springs Instruments and used concentrations, 2 mL samples, 280 uM in apoenzyme
unmodified with the accompanying voltage converter box. monomer (1.53.8 mg/mL), were employed. The chart
The reaction chamber and cooling unit were designed andrecorder was adjusted to measure 5% of the calibrated full
custom built as follows (cf., Scheme 3). A size 18 (22 mm scale when calibrated to pure, ©@3.5 uM) and 5-10%
outer diameter) threaded glass tube, with viton O-ring and when calibrated to air (12:925.8uM). This is 5-10 times
Celcon compression cap (ChemGlass), was sealed with athe value of the expected system stability over 15 min and
flattened glass bottom to a total length of 8.5 cm. A resin- hence at least 5 times the minim&]O,]/ At over which the
coated, disk-shaped, magnetic stirbar was cut and polishecelectrode can be expected to give a linear response, as per
to fit the dimensions of the reaction chamber. A cylindrical manufacturer specificationd ). These values were chosen
Teflon housing for the electrode (length 7.5 cm) was so that measured signals would exceed background rates
machined to fit snuggly into the interior of the glass tube. A determined at various concentrations of(€ee Results) for
threaded hole was bored out of the center of the housing tothe duration of the measurement.
accommodate the electrode, followed by a Teflon screw used Once equilibrated, reactions were initiated by addition of
to secure the electrode in plade2 mm x 2 mm notch was 1 equiv of cupric chloride, injected via syringe from a 20
cut down the length of the housing for needle access to themM stock. After injecting, the needle port was sealed with
reaction space. This notch was widened to 5 mm near thea Teflon stopper and the measurement recorded fer980
top of the tube to fit a machined Teflon stopper used to close min. Points were noted at 1-minute intervals and transferred
off the needle hole. to Microsoft Excel spreadsheets. Data were fit by curves of
A temperature-control unit was constructed to fit the glass the formy = my(e™%) 4+ (mp)x + mg using the KaleidaGraph
reaction chambeA 6 cmtall piece of 7.5 cm inner diameter  program, to account simultaneously for the single-exponential
plexiglass tubing was cut and fitted with a plexiglass top rate of Q depletion (with the associaté@O,)) and the linear
and bottom. A bevelled hole was cut in the top of the unit background rate. Background rates, measured before the
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Ficure 1: Appearance of the TPQ-associated 480 nm absorbance § 226+
over time after oxygenation of Cu(ll)-reconstituted apo-HPAO, k]
perproteo HPAO ¢); HPAO-containing ring-3,52H,]-tyrosine g 2247
(®). Single exponential curves fit to the data yield nearly identical o 222 -
values forkrpq) indicating the absence of a deuterium isotope N
effect. 220 | ; ; LIS
) o ] . . . 0 10 20 30 40 50
reaction was initiated, were fit by linear regression and their time (min)
slopes compared to background rates measured after comple- 825
tion of the measurementrg above) to ensure £consump- 820
tion had returned to baseline levels. 2
The large amount of enzyme needed for individual g 811
measurements necessitated measuring data from multiple 2 g4o _|
enzyme preparations. To minimize variation between batches, 3
k(O,) data from each preparation were normalized according o 8054
to the value okrpg measured for the same preparation under 800 | | | | l | |
a well-characterized set of standard conditions (pH 7@5 0 5 10 15 20 25 30 35 40
and 258:M O,). Briefly, the average of at least three values time (min)

for kreq measured for each preparatidvéag) was deter- Representative kinetic traces following Gnsumption

mined (data not shown). Values f@feragewere typically  gyring TPQ formation at (A) low (5&M), (B) medium (22%M),
within 1—2 times the previously measured error range of and (C) high (824:M) initial values of [Q;] within the measured

0.03 for the average value kifpo (0.08 mirr?) (5). Measured range, using a Clark electrode in an airtight chamber.
values fork(O,) were adjusted by a factor ¢veragéktro

obtained for each enzyme preparation. The same procedurgne manufacturer's expected limits on electrode stability and
was used previously in constructing theeq versus [C] linearity: ~1% of the full scale over 15 min (0.172M/
curve reproduced in Figure B) min, air; 0.78:«M/min, pure [Q]) (11). This corresponds to
RESULTS consumption of~1.5 uM O, due to background over one
TPQ formation half time (in air, 28C, 50 mM HEPES, pH
Tyrosine 405 Ring-3,5-Deuterium Isotope Effdator- 7) or ~7.5 uM over the duration of the measurement. To
poration of ring-3,59H,]-tyrosine into HPAO was assessed attain a reasonable signal-to-noise ratio, samples were made
by quantitative LC-MS of a random selection of tyrosine- 30—40uM in apoprotein. Higher concentrations resulted in
containing peptides from a tryptic digest. For each of six rapid precipitation of protein upon Cu(ll) addition. Back-
peptides measured,99% were found to be mass-shifted by ground rates measured in the standard, unsealed reaction
2 units per tyrosine, relative to the theoretically predicted chamber were greater by an order of magnitude or more,
mass, indicating effectively stoichiometric incorporation of were not linear beyond-510 min, and, when the [fpwas
the labeled amino acid. TPQ formation was measured by less than 258:M (air saturated buffer), were opposite in
monitoring absorbance changes at 480 nm over time (Figureslope due to @entry into the chamber from atmosphere.
1). Single-exponential fits to the curves gave an average of O, depletion during TPQ formation occurred with single-

three measurementigpq) = 0.10 £ 0.02 min! at pH 8. exponential decay kinetics (Figure 2). Valuesk@D,) were
This is similar to the wild-type value dfrpg) = 0.08 £ obtained from curves measured for initial J@rom 50 to
0.03 minr! determined previously at pH 75) 1100uM. These, in turn, were plotted versus;J@nd fit to

The Rate Constant for OConsumptionk(O;) during a hyperbolic curvey = myx/(x + my) (Figure 3). Herepy
Biogenesis, as a Function of fp Background rates of © is analogous tKy from the Michaelis-Menten equation
consumption for the newly constructed chamber (Schemeand representstay(effective)= 216 &45) uM for the single
3) were measured in buffer as a function of initiabJ@nd turnover process. The maximal value #¢§0,) extrapolated
found to be linear over at least 20 min. The rate of from the curve ikmnax = 0.27 0.021) mirmt. This is~1.7
background @consumption increased linearly with the initial  times faster than the extrapolated maximal rate of TPQ
[O2]. Average rates of background, @onsumption from air-  formation (0.164 0.0083 min?, pH 7). The latter value
saturated water were 0/8Vi/min (£0.1) and 1.1xM/min was obtained by fitting a hyperbolic curve to a plotkghg)
(£0.4) from Q-saturated water. These values are close to versus [Q], whereKqpg) iS the rate constant derived from
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Table 1: Kinetic and Spectroscopic Characteristics of TPQ Formation in WT-HPAO and M634 Mutants

WT M634F M634L M634A
side-chain volunie(A3) 170 202 168 122
krpq (Min~?) (in air, pH 8) 0.090t 0.03 0.11+ 0.02 0.042+ 0.01 0.0031: 0.0009
Amax (nm) of mature cofactor 480 496 460 ~480
aNumbers from re®.
0.35 0.05 —
0.3 e
025 x 3 0.04 4
‘TE . o )
g 02 ° % 0.03 -
8 0.15 o« ©
X Y A —
0.1+ X E/ 0.02 —
0.05 17 % ©
0 0.01 -

T T T T T
0 02 04 06 08 1 1.2

Ficure 3: Rate constants for Oconsumption during TPQ 0
formation, and optically determined rate of TPQ formation, as a
function of [Q,]. O, consumption data were measured by a Clark
O, electrode in an unsealed ) or sealed chambeg, this work).
TPQ formation was measured by monitoring the TPQ 480 nm
absorbance over time in 50 mM HEPES, pHa&);(from ref 6.

0.08
0.07
0.06
0.05
0.04

abs(t) - abs(0)

0.03

0.03

I I I I I I I
300 350 400 450 500 550 600 650 700

normalized absorbance

0.02
0.01
0

0.02

300 350 400 450 500 550 600 650 700
wavelength (nm) 0.01

Ficure 4: Spectral changes after anaerobic addition of Cu(ll) to
apo-M634F HPAO. Spectra shown were measured in 10-min
intervals and are normalized to zero absorbance at 800 nm.

0

s(t) - abs(0)

- . . €-0.01 1
fitting a single-exponential curve to a plot of absorbance at

480 nm over time 7). The Ky(effective) measured under 002

these conditions is 233H35) uM.
TPQ Formation and Spectroscopic Properties of M634 300 400 500 600 700 800

Mutants TPQ formation was monitored spectrophotometri- wavelength (nm)

cally in WT-HPAO and the M634 mutants, M634F, M634L, FiGURe5: Spectral changes during TPQ formation in (A) M634A,

and M634A. These mutants were selected because all of the(B) M834L, and (C) M6E34F. Samples are GM in HPAO

. . - onomer. Cu(ll) was added anaerobically te-ftee samples of
side chains are hydrophobic and because they span the rang?poprotein, incubated for 90 min, and a baseline spectrum measured.

of side-chain volumes considered in a prior study of the o,was rapidly introduced into the reaction cuvette, and subsequent
catalytic properties of M634 mutants (Table 9).( spectra were measured (A) once per hour, (B and C) every 2 min.
Samples of apoprotein were first made anaerobic, and 1

equiv of O-free Cu(ll) was added via airtight syringe. In  decayed with single-exponential kinetics as the TPQ associ-
samples of WT, M634A, and M634L, a band at 380 nm ated band at 480 nm formed, with an isosbestic point between
appeared within the mixing time of the experiment and the two absorbances (Figure 5C). Because the 600 nm
decayed to baseline with similar single-exponential kinetics absorbance was unique to M634F and did not seem to
in all cases (380 nm)~ 0.65 mirr?). This band has been interfere with TPQ formation, we did not explore it further.
previously proposed to be due to a Cu-associated LMCT for TPQ formed (pH 8) withkrpg) = 0.11+ 0.02 min®. This
copper bound outside of, but migrating into, the active site rate constant is comparable to that measured for TPQ
(5). In samples of M634F, uniquely, two bands appeared at formation in WT-HPAO: Krpg) = 0.09 + 0.03 minL.

380 and~600 nm (Figure 4). The 380 nm band decayed as Smaller rate constants were measured for M634L (0842
with WT and the other mutants, while the 600 nm band 0.01 mim?) and M634A (0.0031+ 0.0009 min?) (see
appeared unchanged. Upon addition gf tBe 600 nm band  Figure 5A,B). In a plot ofreq) versus side-chain volume,
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0 issues could be addressed directly by probing biogenesis for
05 - WT an %0,/'%0; isotope effect. However, because of the small
amount of intermediate expected to accumulate and the
17 } single-turnover nature of the reactiod),(this approach is
-1.5 M634F technically not feasible. We therefore sought to validate the

proposed Cu(lb-tyrosinate intermediate and the consequent

logk,)

2 MosaL rate-limiting steps by ruling out the other chemically
2.5 7 plausible intermediate: the Cu(taryl-peroxide species
-3 predicted to form on reaction of the Cu(Hphenolate/Cu-
354 M634A () —phenoxyl with Q (Scheme 2). A Cu(Ih-aryl-peroxide
’ might also have a LMCT with the observég.x ande values
-4 T T T I T (13), such that cleavage of its €3 bond would be the
100 120 140 160 180 200 220 rate-determining step in cofactor production. The rate of TPQ
side chain volume ( A% formation was therefore measured in ring-FH,|-tyrosine

FiGURE 6: Relationship betweekirpo and side-chain volume for substituted protein and found to be identical to the rate

WT-HPAO and M634 mutants. Values for side-chain volumes are measured for unsubstituted protein (Figure 1). The lack of
from ref 9. any isotope effect on this-€H bond cleavage fails to support

a Cu(ll)—aryl-peroxide as the observed intermediate.
an approximat_ely_linear relationship was observed (Figure |yentification of the @Binding Site in BiogenesigAn
6_). T_hls trend is 5|mllar to that previously observed for the important feature of the originally proposed Cugityrosi-
kinetics of Q catalysis (logka/Ku(O2)]) by the mature  haie intermediate is a nonmetal-binding site for @ith O,
enzyme ). binding causing the conformationally induced formation of
the intermediate. Where could the, ®ind? The crystal
DISCUSSION structure of Zn(ll)-substituted HPAO, where Tyr405 rémains

Nature of the Rate-Determining Step in Biogene§ise unprocessed but is bound to Zn(ll), has an active site that
TPQ cofactor in CAOs forms via monooxygenation of the @pproximates the Cu(Htyrosinate structure (Figure 7A)
ring of an active site tyrosine followed by ring addition of (14). Two possible @binding sites are apparent from this
water and a second, @ependent oxidation (cf., Scheme structure. First, @could enter the active site via the substrate
2). The goal of this study has been to understand how thechannel, binding next to the Tyr405 phenolic ring on the
enzyme facilitates this £dependent chemistry as well as side nearest the active site base. Two water molecules, which

subsequent £dependent oxidation of amines during catalytic could be displaced by £ occupy positions very close to
turnover (Scheme 1). the C5 and C6 ring carbons in the E-Zn(ll)-Tyr crystal

Prior work showed that an@ependent intermediate with ~ Structure. Alternatively, @could bind at the site used during
= 350 nm appears upon addition of @ the anaerobic, ~amine catalysis. Recent mutagenesis studies, focusing on

Cu(ll)-bound precursor enzyme (E-Cu(ll)-Tyr). The decay residues on 'ghe_CZ/CS ;ide of the TE’Q ring, showgq a critical
of this absorbance occurs isosbestically with the appearance©!€ for methionine 634 in the catalytic cyclg)(Specifically,
of the TPQ absorbance at 480 nm. A model was put forth in t_he size of the residue at position 634 was shown to correlate
which the intermediate is proposed to be a Cuftjyosinate  linearly with logkea/Kw) for O,. It therefore appeared that
ligand-to-metal charge transfer (LMCT) comples).(This M634 serves a steric rolelln the OX|dat|ve_ ha}If reaction, which
model accounts for the lack of a conventional metal-binding ¢an best be understood in terms of a binding pocket for O
site for G activation by postulating activation of the substrate Presumably, @ accesses this binding pocket from the
tyrosine through a Cu(ltyrosyl resonance form of the m'ge'rsubumt water channel@. Itis possmle that'the enzyme
LMCT complex. The proposed mechanism has several Utilizes the same binding pocket in the reaction of Tyr405
interesting implications that we sought to explore experi- With Oz. A recent time-resolved crystallographic study of
mentally. First, formation of the intermediate must somehow TPQ genesis in the CAO frorArthrobacter globiformis
depend on @ It was suggested that:®inding in the active ~ Supports this model, as>Gs shown to react with the
site is linked to a conformational change, which promotes Precursor tyrosine residue on the methionine-side of the
ligation of the tyrosine phenolate to Cu(ll$,(6). An O, precursor tyrosine ringlf).
binding site associated with catalysis was previously identi-  To test whether M634 might be part of an-inding site
fied using site-directed mutagenesis and kinetics measure-during TPQ formation in HPAO, a series of mutations were
ments @, 12). Similar approaches are used here to explore made at this position and their effects on the TPQ formation
O binding during TPQ biogenesis. Second, the decay of the reaction monitored. The alanine, leucine, and phenylalanine
350 nm intermediate is expected to be a rate-determiningsubstitutions were chosen, as these side chains are all
step ). Investigation of alternate, possible species as the hydrophobic and span the range of volumes examined in the
origin of this intermediate was expected to narrow the choices previous study of catalysis by these mutants (Tabled)) (
for the actual structure. It is shown here that replacing methionine with phenylala-
If the intermediate is as proposed (a Cufltyrosinate), nine, a side chain of nearly equal volume, has almost no
the rate-determining step would likely involve reaction of effect on the rate of TPQ formation. Substituting the
this species with g either through one-electron transfer to somewhat smaller leucine side chain has a more pronounced
O, or by a concerted two-electron process leading to effect on the rate of TPQ formatiok{pg) = 0.042 min?),
formation of a Cu(ll}-aryl-peroxide. In principle, these while the very small alanine mutant forms TPQ 2 orders
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A. Reaction of Tyr405 with @

Scheme 4: Two- and Three-Step Mechanisms for the Initial
Tyrd07
k k
‘ Tyrd05 Leud25 \ () E+0, == EO, -2 ETPQ
. Z ) k1 absorbing
] ' species

Asp319

isomerization

Met634 ky ka k
(2) E+0, = E(0) =— E-0, —» E-TPQ

ka oxygen 2 absorbing

complex species

oo ®
His458

His624 One particularly vexing question has been whether O
. binding and intermediate formation occur kinetically in a
His456 4 single or separate step(s). A standard means of determining
the number of steps in a single-turnover process involving a
single substrate is to measure the rate of substrate depletion
as a function of [S]17). This was carried out previously in
a study of the @dependence of TPQ formation, using an
O, electrode in a reaction chamber that was not strictly sealed
to air (6, 7). However, because the TPQ formation reaction
is relatively slow {1, = 12 min at 25°C, pH 7) and because
the amount of @ consumed in the single-turnover process
is low, the background rates in these measurements were
very high relative to the actual signal. These data were
Met634 therefore remeasured using a custom-made, rigorously
gastight reaction chamber. While the previous data had
shown an approximately linear relationship betw&ény,)
and [Q], data remeasured in the sealed chamber display a
hyperbolic curvature (Figure 3). These data were fit to the
hyperbolic Michaelis-Menten equation. The value of {D
His624 at half the maximum of the curve height,ka,(effective)
for the slow reaction of the enzyme with the first molecule
of Oy, is 2164 45uM, which is similar to theKy(effective)
FIGURE7: (A) Active site structure of Zn(Il)/Tyr405 form of HPAO ~ Measured by following TPQ formation optically at 480 nm
(14); (B) active site structure of mature HPAO. (233 + 35 uM). The origin of the ca. 2-fold difference in
. keat @t saturating @is not well-understood. This is not due
of magnitude more slowly than WT-HPAQO. For both ME34F ¢, the fact that two molecules of.@re consumed per TPQ,
and M634L as with WT, an intermediate withiga of ca. ince this feature is lost when the raw data are fitted to single
350 nm precedes appearance of the cofactor. In the case of, nqnentials for either Qlepletion or TPQ formation. The
M634A, the spectral peak that appears immediately Upon o jikely explanation is that the microscopic steps that

oxygenation of the Cu(ll)-bound apoprotein is red-shifted contribute tok(O : ; .
) ; ,) are different from those iR(TPQ); that
and accumulates slowly, over the firstl20 (Figure 5A) is, O, will be sequestered within the protein prior to the

EQEZLst?r?e i\?erg;gbgg:ﬂ;niﬁ%a%f ézear:aesr%t;?ln gg'currininitiation of TPQ production (see below). Since the data for
9 ' PQ production were collected earlier using a different

over several hours with concomitant increases in the absor- . : :
L : . . . preparation of enzyme precursor (6), it was also possible
bance baseline, it was impossible to quantify the time course . ) )
that the observed differences reflect alterations in enzyme

of the growth and decay of this species. In particular, reparations; an argument against this possibility is the
isosbestic behavior between this peak and the product TPQD P ’ g g P y

could not be documented. Any@ependent peak with similar excellent agreement among rate constants collected by many

spectral and temporal characteristics was previously observeq‘;'ﬁerim investigators under the standard conditions of pH
for the H624C mutant. By analogy with the wild-type case, "’ 25°C.

the peak was tentatively attributed to an-@@pendent Given the evidence that the intermediate is Cull)
intermediate §). H624 is a ligand to Cu(ll) through its tyrosinate (and not the further downstream CufH)yl-
imidazolee nitrogen. If substitution of a Cu(ll) ligand affects ~ peroxide), the initial reaction between enzyme and:@uld

the absorbance of an@ependent intermediate, this implies occur in one of two general ways (Scheme 4). Tyr405 and
that Cu(ll) contributes electronically to the absorbing species O could collide and react directly to form the intermediate,
and supports the conclusion that the absorbance is due tovhich then decays in a rate-determining step to yield TPQ
LMCT. The fact that the M634A mutation effects similar (reaction 1). Alternatively, the reaction with,©ould occur
changes in thémax and time course of the analogous peak in a two-step process, in which Tyr405 angf@rm an initial
could similarly suggest some contribution of M634 to the collision complex that undergoes a second isomerization step
intermediate’s formation and electronic character. to form the 350 nm intermediate. This subsequently breaks

Asp319

His458

His456
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down in the rate-determining step to produce TPQ kyiia
reaction 2).

We attribute the hyperbolic curves in Figure 3 to saturation
in the initially formed enzyme/@collision complex. In the
context of the spectroscopic model, the initial intermediate
would contain @, but the Tyr precursor would remain off
the Cu(ll). Only upon isomerization of this species would
the 350 nm intermediate form, generating TPQ in a subse-
quent slow step. The new data presented in this manuscript
provide support for reaction 2 in Scheme 4. Both spectro-
scopic and kinetic data point toward a mechanism in which
relatively weak Q binding near M634 promotes a conforma-
tion change that places Tyr405 in close proximity to the Cu-
(IN. The detailed basis for this local structural change is
currently unknown. However, previously observed structural
differences between precursor and mature forms of HPAO,
with regard to the side-chain positions of the amino acids
that constitute the putative binding pocket in HPAO, focus
attention on this region of the active site as the origin of the
O-initiated LMCT complex 16).

Protein Structural Basis for Cofactor Biogenesisrsus
Amine Oxidation As noted previously, the copper amine
oxidases are multifunctional proteins that use a single protein
fold to catalyze the production of the quino-cofactor and
subsequent catalytic reaction. An overlay of structures for
the inactive, zinc-containing precursor form of HPAO and
the mature enzyme has indicated very limited changes in
the positions of amino acid side chains. The only significant
differences have been found to reside (i) at tyrosine 405,
which moves off the active site metal as it is transformed to
TPQ and (i) in the relationship of methionine 634 and
leucine 425 to one another. The finding that Met634 and
Leud25 are closer together in the precursor than mature
protein led initially to the proposal of different sites of
interaction for Q in the two enzyme forms (Figure 7B).
However, the data presented herein (Table 1 and Figure 6)
indicate an almost identical response of @activity to
mutations at Met634, which leads to the conclusion of very
similar sites of @ binding during biogenesis and catalysis
in HPAO.

This finding narrows even further the protein structural
differences that support cofactor production versus catalytic
turnover, pointing toward the conformation of residue 405
as a major determinant of chemical reactivity: when Tyr
405 points toward the active site copper, the protein is
positioned for monooxygenation, and when it is processed
and rotated off of the copper, the protein enters into cycles
of reduction by exogenous amines and oxidation by@ne
feature of the opposing reactivities is their rate differences,
with biogenesis occurring at ca. Ttimes the rate of
catalysis, implying greater evolutionary constraints on cata-
lytic efficiency than cofactor production. This is reasonable
in that formation of TPQ must occur only once and is
consistent with relatively low rates of biogenesis of other
cofactors 8, 17). Most significantly, perhaps, the properties
of the CAOs indicate the remarkable plasticity of protein
structures in which modest changes in the position of a single

DuBois and Klinman

side chain can lead to dramatic changes in chemical
reactivity.
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