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(E. coli). which is essential for proton transport 
(20). 

Om results indicate that the c subunit oli- 
gomer rotates with the y subunit during ATP 
hydrolysis by F,F,. In the reverse direction. 
proton transport should dive rotation of the c 
subunit oligomer, which ill tun1 would drive 
rotation of the y subunit to promote ATP syn- 
thesis. Our study demonstrates that the mechan- 
ical rotation of the y and c subunit complex is 
an essential feature for the energy coupling 
between proton transport through the F, sector 
and ATP l~ydrolysis or synthesis in the F, sec- 
tor. Analysis of a series of E. coli F,F, mutants 
(24, based on the progsess of single molecule 
biomechanics (22). will contribute to the further 
understandmg of the motor mechanism. 
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Visualization of Dioxygen 
Bound to Copper During 

Enzvme Catalvsis 
C. M. Wilmot,' J. Hajdu,' M. J. Mcpherson,' P. F. Knowles,' 

S. E. V. Phillips' 

X-ray crystal structures of three species related t o  the oxidative half of the 
reaction of the copper-containing quinoprotein amine oxidase from Escherichia 
coli have been determined. Crystals were freeze-trapped either anaerobically 
or aerobically after exposure t o  substrate, and structures were determined t o  
resolutions between 2.1 and 2.4 angstroms. The oxidation state of the,quinone 
cofactor was investigated by single-crystal spectrophotometry. The structures 
reveal the site of bound dioxygen and the proton transfer pathways involved 
in oxygen reduction. The quinone cofactor is regenerated from the iminoqui- 
none intermediate by hydrolysis involving Asp383, the catalytic base in  the 
reductive half-reaction. Product aldehyde inhibits the hydrolysis, making re- 
lease of product the rate-determining step of the reaction in the crystal. 

Oxygen is a ubiquitous electron acceptor in poorly understood. To address this, we have 
aerobic biological systems. The mechanisms of used flash-freezing techniques on catalytically 
oxygen activation by redox enzymes, including competent c~ystals of ECAO to trap intelmedi- 
Esclzericlzin coli amine oxidase (ECAO), are ates in the oxidative half-reaction, and solve the 
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structures by single-crystal x-ray crystallogra- 
phy. ECAO is representative of copper-contain- 
ing mine oxidases (CuAOs), homodimeric en- 
zymes ranging in size from 140 to 180 kD (I). 
Each subunit contains a single copper ion and a 
quinone cofactor, 2,4,5-trihydroxyphenylala- 
nine quinone (TPQ) at the active site (2). TPQ 
is generated from an intrinsic tyrosine in the 
amino acid sequence by a self-processing event 
that requires only the bound copper ion and 
molecular oxygen (3). 

The structure of ECAO has been determined 
crystallographically to 2.0 A (Fig. 1) (4, 5), and 
the crystal structures for pea seedling CuAO (6), 
Arthrobacter globifomis CuAO (7), and Han- 
senula polymorpha CuAO (8) are also known. 
In ECAO, each subunit consists of four distinct 
domains: an NH,-terminal domain (Dl, -90 
amino acids), which is not present in all CuAOs; 
two homologous and conserved domains (D2 
and D3, - 100 amino acids each), which have a 
cystatin-like fold; and a large P-sandwich do- 
main (D4, -440 amino acids), which contains 
the active site. D3 and D4 form the substrate 
arnine entry channel and the back of the sub- 
strate-binding pocket (7-9). The central water- 
filled cavity of the dimer interface is proposed to 
be the entry site for molecular oxygen (8). The 
copper is coordinated in an approximately 
square pyramidal arrangement by three con- 
served His residues (His524, and His689) 
and two water molecules-one axial to the 
Cu2+ (Wa) and the other equatorial (We) (Fig. 
1B). The TPQ is close to, but not directly ligan- 
ded to, the Cu2+ and appears to have high 
rotational mobility in ECAO, the major confor- 
mation involving a hydrogen bond between 0-2 
of TPQ and the axial water ligand of the copper 
ion. TPQ 0-4 is hydrogen-bonded to the hy- 
droxyl group of conserved Ty?69, and TPQ 0-5 
points into the substrate-binding pocket lying 
close to the conserved Asp383, the catalytic base 
in the reductive half-reaction (9). 

The catalytic reaction of the enzyme divides 
into two half-reactions: a reductive half and an 
oxidative half (Fig. 2A) (10). Crystallographic 
(9) and solution studies (I) have shown that the 
enzyme is reduced through dissociation of a 
Schiff base from the 5 position of the quinone. 
This part of the reaction proceeds independent- 
ly of the copper ion and leads to the release of 
product aldehyde (1 1). The oxidative half-reac- 
tion involves the copper ion and molecular 
oxygen and recycles the reduced enzyme back 
to its oxidized resting state accompanied by the 
release of ammonia and hydrogen peroxide. 
The reduced quinone is a mixture of aminoqui- 
nol-Cu2+ and serniquinone radical-Cu+ cou- 
ples (Fig. 2A), most (>SO%) of the anaerobi- 

'Astbury Centre for Structural Molecular Biology, 
School of Biochemistry and Molecular Biology, Uni- 
versity of Leeds, Leeds LS2 9JT, UK. "epartment of 
Biochemistry, Uppsala University, 5-751 23, Uppsala, 
Sweden. 

Fig. 1. (A) Ribbon diagram of ECAO homodimer (30). One monomer is colored red and the other 
is colored by domains (Dl. cyan; D2, magenta; 03, royal blue; D4, light blue). Copper ions are shown 
as green spheres. (B) Schematic of ECAO active site, showing the,copper ion-ligand geometry and 
major TPQ conformation (37). The water axial and equatorial ligands t o  the copper ion are labeled 
Wa and We, respectively. We is mobile and its position is not always fully occupied in CuAO 
structures. 

0.02 
Abs 

0.01 

Fig. 2. (A) Schematic of identified species in the reaction of CuAOs. The enzyme in the oxidized 
resting state (species 1) reacts with amine substrate t o  form a substrate Schiff base (species 2). A 
proton is abstracted by the active-site base (Asp383) t o  form a carbanionic intermediate (species 3) 
leading to  the product Schiff base (species 4). Hydrolysis occurs, releasing the product aldehyde and 
leaving the reduced cofactor in an equilibrium between aminoquinol-Cu2+ (species 5) and 
semiquinone-Cu+ (species 6) coupled states. The reduced cofactor is reoxidized back to  TPQ by 
molecular oxygen, releasing hydrogen peroxide and ammonium ions in the process, and is 
postulated t o  do so via an iminoquinone intermediate (species 7) (70). (B) Typical ECAO solution 
spectra showing the features in the visible region associated with the oxidized (1) and semiquinone 
(6) species. 
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cally substrate-reduced enzyme existing in the The oxidation states of the quinone cofactor cally prepared and anaerobically substrate-re- 
duced ECAO crystals were measured to confirm 
that the state of the quinone wfactor remained 
the same both before and after x-ray data col- 
lection. We determined structures representing 
three intermediates in the regeneration of TPQ 
cofactor by molecular oxygen during catalytic 
turnover (Table 1). 

To investigate the starting point for the oxi- 
dative half-reaction, we determined the strudure 

aminoquinol-Cu2+ state at room temperature have distinctive visible spectra (Fig. 2B) (13). 
(12). Oxidation of the quinone is postulated to Visible spectroscopy of the reaction running 
proceed through an iminoquinone intermediate aerobically in the crystal was used to help iden- 
after transfer of two electrons to dioxygen (Fig. ti@ the maximal accumulation of intermediates 
2A) (1 0). (14). In addition, the visible spectra of aerobi- 

Table 1. Statistia for data collection and refinement of models. Native ECAO protein and crystals were 
prepared as detailed previously (4). Intermediates were prepared as desuibed (21). X-ray data for each form 
were collected from a single crystal at.lOO K, and the crystals were transferred back into liquid nitrogen after 
data collection to allow for remeasuring the crystal spectra. In each case, the single-crystal spectrum measured 
after data collection matched that of the crystal just after preparation. The data were processed with either 
DENZOJSCALEPACK (22) or MOSFLMJSCALA (23, 24, and were converted to structure factors (IF,I) by using 
the program TRUNCATE from the CCP4 package of programs (24). Modeling was performed by using 0 (25) 
and by using the native ECAO model (resolution 2.0 A) with the TPQ side chains and all active-site waters 
removed as the initial model All electron density map calculations and refinements were carried out in CNS 
(26), in cycles of positional Powell minimization and individual temperature factor refinement, with a 
maximum likelihood function target and an overall anisotropic temperature factor correction. Copper ion 
restraints were weakened by adjustment of the nonbonded parameters, to enable the copper iod~gand 
distances to more accurately reflect the data. Phenylacetaldehyde and p-phenylethylamine rnodels were 
obtained from the Cambridge Small Molecule Crystal Database (27). Dictionaries for CNS and 0 were 
produced with the help of HIC-Up (28) and incorporated ideal geometries. In every case a substrate molecule 
was found located at a crystal contact (involving a D l  and a D2) as well as a surface-bound glycerol molecule. 
An additional glycerol molecule was located in the solvent-filled intersubunit cavity. Refinements were ceased 
when the largest F, - F, peaks appeared to represent noise, and the no longer decreased. 

of the anaerobically P-phenylethylamine-re- 
duced ECAO crystallographically to 2.4 A, 
which revealed the aminoquinol form of re- 
duced TPQ found in CuAOs (species 5 in Fig. 
2A). The aminoquinol is ordered and adopts the 
dominant wnforrnation of the native oxidized 
enzyme (Fig. 3A). The Wa ligand on the copper 
ion is present and is hydrogen-bonded to 0-2 of 
aminoquinol, but the We position of the resting 
enzyme is vacant (Fig. 4A). The product, phe- 

Anaerobically Anaerobically 
Aerobically 

trapped 
substrate substrate 

reduced + NO 
equilibrium 

reduced species 

Data collection statistics* 
Beamline Daresbury SRS, 

9.6t 
Wavelength (A) 0.87 
Data processing MOSFLMJSCALA 

Daresbury SRS. 
9.55 
0.9 

DENZOJ 
SCALEPACK 

2.1 (2.14-2.1) 
287965 
92555 

0.046 (0.337) 
13.4 (1.8) 

ESRF BM14$ 

1.03 
DENZOI 

SCALEPACK 
2.4 (2.44-2.4) 

191118 
65769 

0.074 (0.265) 
16.0 (3.6) 

Resolution (A) 2.4 (2.53-2.4) 
Measured reflections 304948 
Unique reflections 69377 

0.094 (0.336) h$:)) 6.0 (2.1) 
Refinement statistics 
Completeness (%) 98.3 (94.7) 
Resolution (A) 2.4 
L, [No. of 0.181 [66738] 
reflections]# 
&- [NO. of reflections]# 0.239 [2400] 
rms deviations** 

Bond (A) 0.006 
Angle (de ) 1.49 

Average B (g) 
Protein 31.1 (main chain), 

33.7 (side chain) 
Ligands 43.0 
Solvent 46.1 

RMS of protein-bonded B's (A2) 
Main chain 1.8 
Side chain 3.7 

No. of atoms in refined model 
Protein 1 1349 
Solvent 1480 
NonproteinJsolvent 2 (Cu2'), 9 (p- 

atomstt PEA), 18 (PAAld), 
4 (Ca2+), 

12 (C303H8) 

39.8 (main chain), 
41.4 (side chain) 

52.8 
51.4 

28.5 (main chain), 
30.6 (side chain) 

43.2 
47.0 

1 1349 
1470 

2 (Cu"), 9 (p- 
PEA), 18 (PAAld), 
4 (O,), 4 (Ca2+), 

12 (C303H8) 

1 1349 
1443 

2 (Cu2+), 9 (p- 
PEA), 18 (PAAld), 
4 (NO), 4 (Ca2+), 

12 (C303H8) 

Fig. 3. Overview of the essential features of the 
active sites of the crystal structures (30). (A) 
Anaerobic P-phenylethylaminereduced ECAO. 
(B) Complex of anaerobic P-phenylethylamin* 
reduced ECAO with nitric oxide. (C) Equilibrium 
tumowr species in the crystal by flash-freezing 
after exposure to  P-phenylethylamine, highlight- 
ing the proposed mechanistic features of the 
oxidative half-reaction contained in the structure. 
Dashed lines indicate key interactions. Red 
spheres represent mechanistic waters. 

*Numbers in parentheses correspond to those in the last resolution shelL tData were collected on an ADSC 
Quantum 4 CCD, oscillation 0.75'. SData were collected on a MAR345 image plate operating in 300 mode, oscillation 
1.09 #Data were collected on a MAR300 image plate operating in 300 mode, oxillation 0.753 IR,, indicates 
agreement of individual reflections over the set of unique averaged reflections. = Zh,Il(h), - (I(h),)l,I h il( h 1, vhere 
h is the Miller index and i indicates individually obsewed reflections. #Unwe~ghted oysbllographic R valuee= ZhllFo(h)l 
- klF,(h)lV&,IF,(h)l, where F,(h) and F,(h) are the obsewed and calculated Nucture factors at Miller index h, respeb'dy, and 
k is a scale factor. **Geometry values of the final protein models as compared with ideal values (29). ttP-PEA = 
P-phenylethylamine; PAAld = phenylacetaldehyde. 
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nylacetaldehyde, remains bound at the back of 
the substrate-binding pocket. 

To investigate the site of initial dioxygen 
binding, we determined the complex of P-phe- 
nylethylaminduced ECAO with the dioxy- 
gen mimic nitric oxide, solving it to 2.4 A 
resolution. The structure reveals nitric oxide 
replacing the Wa ligand to the copper ion (Figs. 
3B and 4, A and B). Phenylacetaldehyde re- 
mains bound at the back of the substrate-binding 
pocket, and the We ligand site is unoccupied. 

The structure of the intermediate formed 
after prolonged aerobic exposure to excess 
P-phenyethylamine was trapped by flash-hz- 
ing and solved to 2.1 A resolution (Fig. 3C). The 
visible spectrum from this crystal matched that 
of the equilibrium turnover point as assessed by 
crystal kinetics (15). The electron density 
showed that a dioxygen species replaced the Wa 
ligand of the copper ion, in a position equivalent 
to that of bound nitric oxide (Fig. 4C). The We 
ligand site of the resting enzyme is vacant, and 
phenylacetaldehyde remains bound at the back 
of the active site. 

All the visible spectra measured from the 
crystals were bleached, characteristic of either 
the aminoquinol or the iminoquinone forms of 
the cofactor. Exposure of the ECAO crystals to 
P-phenylethylamine in an anaerobic environ- 
m&t.caused a change in color from pink (rest- 
ing enzyme) to yellow (semiquinone) to color- 
less (aminoquinol) ii < 10 s. Thus, in the crystal 
the semiquinone is a transient intermediate, and 
the cofactor exists as aminoquinol. This con- 
trasts with solution studies, where semiquinone 
remains evident. The oxidation states of the 
aminoquinol and iminoquinone differ by two 
electrons (Fig. 2A). In reduced ECAO, Cu2+ 
could accept one electron, but because there is 
no acceptor for the second electron, the cofactor 
is in the aminoquinol state. In contrast, the li- 
gands nitric oxide and dioxygen could accept 
an electron; therefore, based on the crystal 
spectra, the electronic form of the cofactor in 
these intermediates could be either aminoqui- 
no1 or iminoquinone. 

The presence of phenylacetaldehyde in the 
crystal structures was unexpected, as steady- 

state kinetics in solution are consistent with the 
catalytic cycle of CuAOs from several sources 

' 
operating through a ping-pong mechanism, 
whereby product aldehyde leaves before dioxy- 
gen binds (16). The identity of the electron 
density as product aldehyde rather than substrate 
amine was confirmed by the presence of a hy- 
drogen bond between the aldehyde group of 
phenylacetaldehyde and N-5 of cofactor (Fig. 
4D). The product aldehyde in the crystal is 
trapped between domains D3 and D4, which 
form the substrate entry and product exit chan- 
nel. In ECAO, the substrate entry channel is 
restricted in cross section compared with other 
CuAO structures, and D3 and D4 must move 
apart to allow access of P-phenylethylamine (9). 
In the crystal, this movement may be restricted 
by intermolecular contacts. Thus, in crystals of 
ECAO, the catalytic cycle does not appear to 

Fig. 4. Final 2F0 - F, electron density maps contoured at la (30). (A) Anaerobic P-phenylethylamine- 
reduced ECAO. (B) Complex of anaerobic P-phenylethylamine-reduced ECAO with nitric oxide. (C) 
Equilibrium tumover species in the uystal by flash-freezing after exposure to P-phenylethylamine. (D) 
Interactions of phenylacetaldehyde in the equilibrium tumover species. Waters (W) are labeled 
according to their positional equivalence to water positions in the crystal structure of H. polymorpha 
CuAO (8). Although the equivalent waters do not always form identical interactions within the two 
enzymes, their respective positions are mutually exclusive. The orientations of (B) and (C) are identical 
(A) has been rotated by -30" anticlockwise around the vertical compared with (B) and (C), to clearly 
reveal W1, whose electron density disappears upon binding of a diatomic molecule at the Wa position. 
The empty We position of the native resting enzyme is located in the plane of the copper histidine 
ligands between His526 and His689. Dotted lines represent hydrogen-bonding interactions with position 
1 of product aldehyde. 
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follow a ping-pong mechanism. Although prod- 
uct exit may be less restricted in solution, per- 
haps in CuAOs with a bulky product, the prod- 
uct may play a role in the oxidative half-reaction 
(1 7). 

In the nitric oxide complex, the nitric 
oxide is 2.4 A from the copper and at an angle 
of 117". The crystal structure reveals a hy- 
drogen bond between the oxygen atom of 
nitric oxide and the 0-2 position of cofactor 
(18); this is consistent with the aminoquinol 
but not the iminoquinone form of the cofactor 
and could be bound as Cu2+-NO-aminoqui- 
no1 or Cu+-NO+-aminoquinol. The nonlin- 
ear coordination suggests that the major spe- 
cies is Cu2+-NO-aminoquinol, with the ami- 
noquinol protonated at 0-2. To accommodate 
the diatomic molecule, the arninoquinol has 
rotated about x2 ( C 1 4 4  rotation axis of the 
ring) by about 20" compared with the sub- 
strate-reduced enzyme (Fig. 3, A and B). 

The semiquinone4W couple is required for 
molecular oxygen to bind directly to copper. For 
bovine serum amhe oxidase (BSAO), which 
has no detectable semiquinone-Cu+ couple in 
anaerobically substrate-reduced enzyme, the 
rate-limiting step in the oxidative half-reaction 
is the initial electron transfer to O,, and not 0, 
binding to the enzyme (19).  use electron 
transfer from Cu+ to molecular oxygen would 
be fast, this suggests that rate-limiting electron 
transfer to molecular oxygen may be from ami- 
noquinol. The distance between nitric oxide and 
copper in the crystal is longer than would be 
expected for a strong bond between copper and 
nitric oxide (2.4 A), although the error in this 
distance may be relatively large. Perhaps mo- 
lecular oxygen initially binds to the aminoquinol 
at the 0-2 position and the electron transfer 
from aminoquinol forms superoxide, which 
would subsequently favor the formation of the 
Cu2'superoxide ligand interaction. 

In the flash-frozen intermediate formed 
after prolonged aerobic exposure to excess 
P-phenylethylamine, the dioxygen species 
occupies the same site as that occupied by 
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nitric oxide. During the reductive half-reac- 
tion; one can postulate that a proton from the 
amine substrate is transferred by way of the 
catalytic base to 0 - 4  of the reduced cofactor 
(10). Solution work on BSAO suggests that 
both protons transferred to the dioxygen in 
the oxidative half-reaction are derived from 
the cofactor (19). One appears to be the sub- 
strate-derived proton at 0 - 4  (20), and the 
other is liltely to be transfeued from the axial 
water by way of the 0 - 2  position of cofactor 
(10). In the structure of the equilibrium hiin- 
over intermediate of ECAO. proton transfer 
pathways from both the 0 - 2  and 0 - 4  posi- 
tions of cofactor are evident. 

The 0 - 4  position has a short hydrogen bond 
(2.4 A) to the OH of the conserved Tyr369 (9). 
Thus. any proton originally at the 0-4 posiiton 
has probably been transferred, leaving 0-4 in 
an ionized state. The OH of T$69 is linked to 
the copper-liganded oxygen atom of the dioxy- 
gen by a bridging water (W2) that is conserved 
in all four known structures of CuAOs (Fig. 3C) 
(4, 6-8). Therefore. in the intermediate, the 
proton from 0 - 4  must either reside on lV2 or 
have been tranfei~ed to the dioxygen. A similar 
proton transfer route was proposed for BSAO 
(19). Because the proton ~vould probably have 
coinpleted its transfer. the corresponding sec- 
ond electroil transfer to dioxygen ~vould also 
have occurred. A single electron transfer would 
yield superoxide and semiquinone. The visible 
spectrum of the ciystal clearly shows that the 
cofactor is not semiquinone, which suggests 
that the second electron transfer has also oc- 
cul~ed. yielding the iminoquinone and perox- 
ide. The 0 - 2  position is directly hydrogen- 
bonded to dioxygen (18). Because the 0 -2  po- 
sition of the iininoquinone is a carbonyl, appar- 
ently the 0-2 proton has also been transfeued to 
dioxygen. Thus, the obseived dioxygeil species 
in this intermediate is probably the product 
hydrogen peroxide. The hvo oxygen atoms of 
dioxygen are 2.8 and 3.0 A from the copper ion. 
giving a Cu-0-0 angle of 88". This geomehy is 
consistent with a peroxide character and differs 
koin that obseived in the nitric oxide complex. 
This correlates with the orientation of the co- 
factor, which is similar to that of native and 
reduced enzyme and different kom the nitric 
oxide complex (Fig. 3; A and C). 

During the oxidative half-reaction. the ami- 
noquinol is oxidized back to TPQ with the 
release of ammo~lia and the concomitant reduc- 
tion of molecular oxygen to hydrogen peroxide. 
The release of ammonia has been proposed to 
proceed either by hydrolysis of iminoq~~inone to 
leave the enzyme in the resting state or by 
substrate transimination to foim the substrate 
Schiff base (species 2; Fig. 2A) (10). In the 
equilibiium turnover crystal intermediate of 
ECAO, a water (W4) is within van der Waals 
distance (3.0 A) of C-5 (Fig. 3C); suggesting 
partial activation for nucleophilic attack. A pro- 
ton must reinain on the base in the active site. 

Asp383, because a hydrogen bond is obseived 
behveen the acid side chain and the aldehyde 
group of the phenylacetaldehyde product. Only 
after the exit of phenylacetaldehyde from the 
ellzyine can Aspjs3 deprotonate, thereby allow- 
ing it to accept a protoil from the water and fillly 
activating lV4 for nucleophilic attaclc at C-5 to 
restore the cofactor and release arntnonia (step 7 
+ 1. Fig. 2A). This demonstrates that Asp3" 
has an important catal>Tic role to play in the 
oxidative, as well as the reductive. half-reaction. 
Although a hydrolytic mechailism is clearly in- 
dicated in this case; a transimination mechanism 
(step 7 + 2, Fig. 2A) may be favored at high 
substrate concentratioils or in ervymes from 
other sources, particularly those wit11 preferenc- 
es for sinall aliphatic amines and containing 
large substrate channels. This work provides a 
demonstration of the power of ciyocg;stallogra- 
phy, in co~~junction with single-ciystal spectro- 
photomehy. in trapping enzyme reaction inter- 
mediates and providing detailed mechanistic in- 
foimation about the interaction of oxygen with a 
metalloenzyme. 
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