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ABSTRACT. Peptidylglycine monooxygenase (PHM) carries out the hydroxylation ofott@ atom of
glycine-extended propeptides, the first step in the amidation of peptide hormones by the bifunctional
enzyme peptidyl-amidating monooxygenase (PAM). Since PHM is a copper-containing monooxygenase,

a study of the interaction between the reduced enzyme and carbon monoxide has been carried out as a
probe of the interaction of the Cu(l) sites with.dhe results show that, in the absence of peptide substrate,
reduced PHM binds CO with a stoichiometry of 0.5 CO/Cu(l), indicating that only one of the two copper
centers, Cg, forms a Cu(l)-carbonyl. FTIR spectroscopy shows a single band in the-22HD cnt?

energy region withy(CO) = 2093 cnt! assigned to the intraligand-@ stretch via isotopic labeling

with 13CO. A His242Ala mutant of PHM, which deletes the gCsite by replacing one of its histidine
ligands, completely eliminates CO binding. EXAFS spectroscopy is consistent with binding of a single
CO ligand with a Cu-C distance of 1.82- 0.03 A. The Cu-S(met) distance increases from 223.02

A in the reduced unliganded enzyme to 2:83.01 A in the carbonylated enzyme, suggesting that the
methionine-containing Gucenter is the site of CO binding. The binding of the peptide substrate N-Ac-
tyr-val-gly perturbs the CO ligand environment, eliciting an IR band at 2062 emaddition to the 2093

cm~! band.13CO isotopic substitution assigns both frequencies a®©Gtretching bands. The CO:Cu
binding stoichiometry and peptide/CO FTIR titrations indicate that the 2062 band is due to binding

of CO at a second site, most likely at the tenter. This suggests that peptide binding may activate the
Cua center toward @binding and reduction to superoxide. As a result of these findings, a new mechanism

is proposed involving channeling of superoxide across the 11 A distance between the two copper centers.

Many neuropeptides and peptide hormones are activatedindependent proteins9). PHM shares similar cofactor
by posttranslational C-terminal amidation in a reaction that requirements and a 30% homology in its amino acid sequence
is carried out by the enzyme peptidydamidating monooxy-  with another monooxygenase, dopamjii@onooxygenase
genase (PAM,EC 1.14.17.3)1—3). PAM is a bifunctional (DAM) (10). Although their substrate specificity is quite
enzyme which consists of two domainrthe peptidyle- different, both PHM and PM appear to share a number of
hydroxylating monooxygenase (PHM) and the peptidyl- mechanistic featuresly, 12), and they each contain two
hydroxyglycine lyase (PAL)ywith separate enzymatic ac- mononuclear coppers at their active sites which undergo
tivities (4—7). The PHM domain catalyzes the first step of redox cycling through Cu(ll) and Cu(l) formd§—15).

the reaction, in which the terminal glycine residue of a  gpectroscopic studies (and in particular XAS) provided
peptide is hydroxylated at the,Qosition, in a copper,  the first structural model of the active site of both the
as_corbate, and molecular qugen—dependent monooxygenyyidized and reduced forms of PAMLE, 16). EXAFS
peptide in what is believed to be a Zn-dependent process 107, H108, H172, H242, and H244) and one conserved
(8). The two enzyme activities are encoded byasmglgcopy methionine (M314) were ligands to the copper centers
gene and can either be expressed as a single unit or ag;5 16). Mutations to any one of these ligands produced an
inactive enzyme 16—18). Further analysis of the EXAFS
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X-ray absorption spectroscopy. with proposed ligand sets (H107, H108, and H172) and
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Ficure 1. Ribbon diagram for the PHMcc crystal structure showing the position of the catalytic copper centers and important active site
residues. The inset shows an exploded view of the active site. Taken from the 1PHM data set of PDB coordinates at 1.9 A regolution (

(H242, H244, and M314), respectivel§). mechanism of catalytic event$, 19). In this mechanism,
These findings have been fully confirmed by the recent CW?" is first reduced to Ct in two one-electron transfers
X-ray crystal structure of a truncated version of PHM, to form the catalytically active dicopper(l) form. The
extending from residues 16 to 356 and designated PHM subsequent binding of peptidyl-gly and molecular oxygen
catalytic core (PHMcc)X9). The overall structure consists is equilibrium-ordered, which implies that the peptide
of two 150 residue domains, each a nine-strang@eand- substrate must bind prior to oxygen binding to ensure
wich. Each domain binds a single catalytic copper, orienting catalytic competencel(). The crystal structure shows the
it into the interdomain space which is completely accessible peptidyl-gly to be held in place by electrostatic interactions
to solvent. Cy is bound to three histidines (H107, H108, between the negatively charged C-terminal peptide carboxy-
and H172) from domain | in approximately T-shaped late oxygens and the positively charged guanidinium group
geometry, while Cglis located 11 A distant, ligated by a of R240 with an additional H-bond to the hydroxyl of the
solvent molecule, two histidines, and a methionine from conserved Y318. This peptide-binding site is in domain Il
domain Il (H242, H244, and M314), in pseudo-tetrahedral and is close to the oxygen-binding site atJas previously
geometry (Figure 1). suggested from XAS and CO binding data on a Gepleted
The crystal structure of PHM has allowed an intimate look form of DM (20)] with the pro-S G—H pointing directly
at its active site, which has generated a proposal for theat the solvent site on GuThus, the crystal structure lends
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strong support to a mechanism involving the formation of a
hydroperoxide intermediate at gufollowed by rapid

hydroxylation of the peptide substrate which is perfectly
aligned within the active site pocket. However, the structure

gives no clue to how such an intermediate can be formed,

Jaron and Blackburn

ment of Neuroscience, The Johns Hopkins School of
Medicine). The pCIS.PHMcc vector carrying the PHMcc
gene was constructed and stably transfected into a Chinese
hamster ovary (CHO) cell line DG44 (dhfr-) (created by Dr.

L. A. Chasin, Columbia University). Full details are described

since the copper centers are 11 A apart and no through-bondby Eipper and co-workersl8). Frozen cells were thawed
electron-transfer pathway exists between them. The poorand grown initially on minimal mediuno-MEM, GIBCO),

efficiency of electron transfer through disordered wa2d) (
brings into question the previously accepted premis® (
19, 20) that G, binding occurs at Gyand that its subsequent
two-electron reduction (to form the hydroperoxide) involves
long-range electron transfer between@nd Cuy (12). Some
other mechanism for £binding and reduction seems more
likely.

Here we explore new mechanisms fop Ginding and
reduction in PHMcc via studies of CO binding to the reduced

containing 10% dialyzed calf serum in order to ensure
positive selection for cells that retained high copy numbers
of the pCIS.PHMcc vector. After the first passage, the
medium was changed to DMEM/F12 (GIBCO) containing
10% fetal clone Il (Hyclone), which produced more rapid
cell growth and higher rates of division than the minimal
medium. Cell mass was amplified in NUNC triple flasks until
a confluent area of 0:30.4 n? was achieved. At this point,
the cells were trypsinized, resuspended in 75 mL of the

enzyme. CO has been used extensively as a model for oxygelPMEM/F12/fetal clone Il serum-containing medium, and
binding to iron and copper proteins, since both ligands have inoculated into a Cellmax 100 1.12mollow-fiber bioreactor

emptysr antibonding orbitals that are available for interac-
tions with filled metal d-orbitals. CO and Gre also both
neutral diatomic molecules with similar stereochemical

(Spectrum). In this system, the cell mass grows on the outside
of hollow fiber capillaries through which oxygen-rich
medium flows. Since the hollow fibers hava 4 kDa

binding requirements. Our results show that, in the absencemolecular mass cutoff, the secreted proteins, including

of substrate, CO does indeed bind togGs has previously
been observed for bifunctional PAM anggM (15, 22, 23).
However, we find that substrate binding to the enzyme turns
on previously undetected CO reactivity at LT his result

PHMcc, concentrate in the extra capillary space and can be
harvested daily.

The cell mass was grown for approximately 10 days on
the serum-containing DMEM/F12/fetal clone Il medium. The

suggests a completely new and unprecedented mechanismvolume of medium circulated through the bioreactor was
for electron/proton transfer between the two metal centers1 L, and the medium was changed when the glucose level

involving initial reaction of dioxygen at Cmy to form

dropped below 50% and/or the pH dropped below 6.6. At 3

superoxide, followed by superoxide channeling between theday intervals, the medium within the extra capillary space

two copper centers and subsequent reaction of HOCuUg
to form the reactive hydroperoxy intermediate.

EXPERIMENTAL PROCEDURES

Preparation of Medium for Cell Culturdinimal medium
was prepared as follows.oT1 L of deionized (Nano-pure)
water was added 1 packet-MEM (Minimal Essential
Medium), 1.23 g of Hepes, 1.35 g of glucose, 0.12 g of
penicillin G, 0.2 g of streptomycin sulfate, and 0.6 g of
glutamine. The pH was adjusted to 7.35, and the solution
stirred for 30 min, after which 2.2 g of sodium bicarbonate
was added. For serum-containing medium, 100 mL of
dialyzed calf serum (Hyclone) was added to 900 mL of
medium, and the solution was sterile filteredarit L glass

or polycarbonate bottles. The medium was stored sterile at

4°C.
DMEM/F12 [Dubelco’s Modified Eagle Medium, Nutrient

(in contact with the growing cell mass) was drained, and
fresh DMEM/F12/fetal clone ll-containing medium was
introduced. After 10 days, the serum was eliminated from
the medium, and the cells were switched to growth on CSFM.
The extra capillary mediun~60 mL) was harvested daily,
but the initial 4-5 days of harvested medium was discarded,
because activity levels typically rose sharply after about 1
week of operation. The bioreactor conswuhiel of CSFM/
day, and the average daily PHMcc production was ap-
proximately 710 mg.

Enzyme Isolationln a typical enzyme isolation, 7 days
of bioreactor harvest were combined. Ammonium sulfate was
added to 50% saturation, and the solution stirred for about
1 h. The precipitate was centrifuged and redissolved with
gentle shaking in 10 mL of 50 mM potassium phosphate
buffer (pH 7.5), containing 0.001% Triton X-100. The sample
was then centrifuged to remove any undissolved particulates,
filtered through a 0.@&m sterile filter, and applied to a 26/

Mixture F-12 (Ham)] medium was prepared as above, exceptgq Hiload Superdex 75 prep grade gel filtration column

that a 1 L packet of DMEM/F12 was used instead of
o-MEM. Serum-containing medium was prepared by adding
100 mL of fetal clone Il (Hyclone) to 900 mL of medium,
followed by sterile filtration into glass bottles. The medium
was stored sterile at 2C.

(Pharmacia) at a flow rate of 2.5 mL/min. The active

fractions were pooled, concentrated, and dialyzed against a
buffer containing 100 mM potassium phosphate and 500 mM
ammonium sulfate. This sample was then applied to a
hydrophobic interaction column (Phenyl Superose HR10/

Complete serum-free medium (CSFM) was prepared as10, Pharmacia) previously equilibrated with the same

above, except that the dialyzed calf serum or fetal clone Il
was omitted and 2.5 mg of insulin and 0.5 mg of transferrin
were added per liter of medium. The solution was sterile
filtered and stored at 4C.

Cell Lines and Cell GrowthThe cell lines used to express
and purify PHMcc were constructed and kindly provided to
us by Drs. Richard E. Mains and Betty A. Eipper (Depart-

buffer. The column was washed with starting buffer until
the baseline had returned to zero and was then eluted with
50 mM potassium phosphate (pH 7.5), containing no
ammonium sulfate at a flow rate of 0.5 mL/min. The single
peak was concentrated and found to be greater than 95%
pure by SDS-PAGE. Typical yields of pure PHMcc were
about 50 mg, starting from 7 days of bioreactor harvest.
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PHM Mutants.Cell lines carrying specific site mutations
of PHMcc (M3141 and H242A) were constructed and kindly
provided to us by Drs. Aparna S. Kolhekar, Richard E.
Mains, and Betty A. Eipper. Full details of the construction
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A small volume (5.5.L) of hemoglobin ¢3.4 mM in Fe
sites) was made anaerobic in a serum vial by repeated
vacuum flushing with Ar. To this were added d. of
anaerobic buffer (50 mM potassium phosphate, pH 7.5) and

and properties of these mutants have been reported previously uL of ascorbate oxidase (1 unit/ in 50 mM potassium

(16, 18).
Copper ReconstitutiorAs isolated, PHM contained only
~0.3 Cul/protein. Following purification, the protein was

dialyzed for 2 days in 0.05 M potassium phosphate contain-

ing 25uM Cu?" as Cu(NQ),, with a change of buffer after
day 1. Following this procedure, the Cu/protein ratio was
typically in the range 1.52.1. The CO:Cu binding ratio of
the fully reduced protein (see below) was found to be the

phosphate, pH 7.5). The mixture was gently vacuum flushed
until it darkened slightly. Two microliters of anaerobic
ascorbate (330 mM in 100 mM sodium acetate, pH 6.0) was
added with continued Ar flushing. After 15 min, an additional
2 uL of ascorbate was added with vacuum flushing, and the
mixture was left under Ar for 20 minA 2 mm path-length
quartz cuvette fitted with an airtight septum was vacuum
flushed with Ar, and 70@L of anaerobic acetate buffer (100

best index of homogeneous loading of the copper centersmM, pH 6.0) was added. This solution was used to zero the
and the absence of adventitiously bound copper. A value baseline of the UVvis spectrophotometer. After the baseline

for CO:Cu of 0.5 indicated homogeneous reconstitution.
Copper and Protein ConcentratioRrotein concentration

was initially determined using the Bicinchoninic Acid Protein

Assay Kit (Sigma). The extinction coefficierq 10, 280 nm)

was recorded, pL of ascorbate (330 mM in acetate buffer,
pH 6) and 5uL of ascorbate oxidase (1 units/mL in 50 mM
potassium phosphate, pH 7.5) were added, and the cell was
inverted 10 times. An aliquot (4L) of the hemoglobin

was then calculated, and the average of five experiments wassolution was added to the cell, the cell was inverted to mix

found to be 0.98. Thereafter, the @pwas used to determine
protein concentration. Olgy measurements were recorded

the reagents, and a visible spectrum was recorded from 400
to 460 nm. The spectrum was rerecorded every 20 min until

on a Shimadzu UV-268 spectrophotometer at ambient the absorbances at 419 nm (Hb-#&hd Hb-CO) and 430 nm
temperature. Copper concentrations were determined by(deoxyHb) remained constant. This procedure ensured com-

flame atomic absorption on a Varian-Techtron AA5 spec-

plete deoxygenation of the hemoglobin solution.

trometer against standard copper solutions spanning the range CO-saturated buffer was titrated into the deoxyhemoglobin

5—20uM; all protein samples were diluted to be within this

solution in aliquots of 0.G:L, and the absorbance at 419

range. In most cases, protein and copper analyses werenm was recorded. The change in absorbanké.{y) was

performed on the same 1 mL sample of enzyme, which
eliminated dilution errors from the determination of copper-
to-protein ratios.

Activity Measurement€Enzyme activity was determined

from the rate of oxygen consumption using a Rank Brothers

oxygen electrode at 37C. The following reagents were
added to a stirred cell and were allowed to equilibrate until
a flat baseline was obtained. Mes, 16680of 150 mM; C#t,
100 4L of 100 mM; catalase, 20AL of 130 000 units/mL
stock solution; ascorbate, 10 of 220 mM; PHM, 10uL
of 0.3—1.5 mg/mL solution. The cell was fitted with a Lucite
stopper with a minimal opening to prevent oxygen from the
air entering the solution. The reaction was initiated with 20
uL of 25 mM peptide substrate N-Ac-tyr-val-gly (N-AcYVG)
and was allowed to run until completion (around 3 min).
The slope of the line was used to calculate activity, defined
as micromoles of @consumed per minute per milligram of
enzyme, using a value of 178M for the concentration of
oxygen in air-saturated buffer at 37C (Handbook of
Physical Chemistry). Activities of preparations used in this
study varied between 15 and 20 units/mg.

Measurement of CO Binding Stoichiomettymodifica-
tion of the protocol described by Reedy et &0y was used
to measure the stoichiometry of CO binding to the copper
centers in PHMcec. Sixty microliters of a concentrated PHM
sample (at least 800M in Cu) was transferred to an airtight
conical vial. An equal volume of buffer was transferred to a
second airtight conical vial. Both samples were made
anaerobic by vacuum flushing with Ar, and a 5-fold excess

plotted against the total volume of CO-saturated buffer added.
The [CO}luser Was calculated using the equation

[COlputter = (SV/(A€y1d)

whereSis the slope of the plot oAA4;9 vs aliquots of CO
added)V is the total volume in the cuvette at the end of the
titration, Aesig is the difference between the extinction
coefficients of carbonmonoxy- and deoxy-hemoglobin at 419
nm, and is the path length of the cuvette. The titration was
continued using 0.6L aliquots from the PHM-CO reaction
mixture, and the [CQlm+buier Was calculated similarly. The
difference between [COlm+buter @Nd [COLuster gave the
concentration of CO bound to the enzyme. An aliquot of
the PHM-CO reaction mixture was then analyzed for copper
content, allowing the [CO]/[Cu] binding ratio to be deter-
mined.

CO Binding to PHM in the Presence of Substra#e-fold
excess of substrate (N-AcYVG or hippuric acid) was added
to 40uL of PHMcc in a conical vial. The solution was made
anaerobic by repeated vacuum flushing with Ar and left
under 1.5 atm of Ar for 15 min. A 5-fold excess of
ascorbate was then added with additional flushing of Ar. The
vial was vacuum flushed with CO three times and was left
under a constant pressure of CO for at least 20 min. Samples
for IR, XAS, and stoichiometry measurements were prepared
from the product.

Isotope Shifts and Rersibility of CO Binding A sample
of PHMcc (800uM) was made anaerobiaia 1 mLconical

of ascorbate was added to reduce the copper centers. Botlvial fitted with a septum and then reduced with a 5-fold
vials were connected via a T-piece to a single gas line andexcess of ascorbate. A 2.5 mL volume '8€O gas was

equilibrated with the same partial pressure of C& @tm).

injected via gastight syringe into the vial (to increasephe

A 50 uL sample of the carbonylated enzyme was removed to approximately 22.5 atm), and the PHMCO reaction

for infrared analysis.

mixture was allowed to equilibrate on ice for 20 min, after
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which its _lR spectrum w_as recorded. The sample was thenTable 1: Stoichiometry of Carbon Monoxide Binding to Reduced
flushed with'2CO at ambient pressure, and the IR spectrum pHMce

was again recorded. The experiment was repeatgd |n.the [COloampe [COlbuter [COlbora  [CU]
presence of a 2-fold excess of N-AcYVG or 10 mM hippuric (mM) (mM) (mM)  (mM) [COJ/Cu]
acid. . WT3/97 140 1.08 031 057 054
Titration of PHM with N-AcYVG and Subsequent Carbo- 4/97 1.42 0.84 0.58 1.24 0.46
nylation. A sample of oxidized PHM, with an initial DAMP 2.79 2.10 0.70 1.38 0.50
concentration of 1.6 mM, was separated into 5 aliquots of PAM® 0.52
40 uL each. Each portion of enzyme received an increasing T/%‘QZA 1.08 118 0 1.00 0
number of mole equivalents N-AcYVG peptide substrate (g/98 0.83 0.71 0 0.83 0

(0.0,0.1, 0.5, 1.0, and 5.0 equiv, respectively). Each mixture
was then sealed with a septum in a separate vial and made
anaerobic by vacuum flushing with Ar. After anaerobiosis
was achieved, the enzyme was reduced with a 5-fold exces
of anaerobic ascorbate, and the PHBubstrate adduct was
exposed to pure CO by vacuum flushing. Each vial was left
under a pressure of CO for at least 20 min. (This time was
determined previously to be sufficient for full carbonylation
of small volumes of concentrated enzyme.) For each sample
35 uL was transferred anaerobically to an infrared cell for
IR analysis.

IR Spectroscopysolution IR spectra were recorded on a
Perkin-Elmer System 2000 FTIR with a liquid nitrogen-
cooled mercury cadmium telluride detector. Protein solutions
were injected into a 0.050 cm path-length transmission IR
cell fitted with Cak, windows and placed in a constant
humidity sample compartment that was kept at °ID.
Samples were kept at € to inhibit formation of bubbles
from the outgassing of carbon monoxide during infrared
irradiation of the sample. Two hundred scans were coIIectedﬁt were as follows: Eo, the photoelectron energy threshold:
for each sample, and the compilation and analysis of spectraR the distance from’ Cu to atoin and 272, the Debye- '
were _performed gs?r)g the Perkin-Elmer program Spectrum Waller (DW) term for atomi. Ir,1 generai, coordination
for Windows. An initial spectrum (200 scans) of the empty numbers were fixed at values consistent with the crystal-

chs;nb(?[r (\;vas ttakert1_ ar:ld lf)se;jhas the backfground V\(]hiChbwa?ographic description of PHMcc and the measurements of
subtracted automatically by the program irom each Subse--q binding stoichiometry, but were allowed to float in some

q“??t Zsopoectrum. 1]:% r_em_ov% thet large water banc? at dzt#loﬁts to test the consistency between spectroscopic, biochemi-
cm = scans of delonized water were averaged an encal, and crystallographic results. In the latter case, the

manually subtragted from the protein spectra. Water ba_ck— coordination numbers were constrained to produce DW
ground subtraction was completed using the interactive ¢, .y s yyithin reasonable limits (first shell,©0202 < 0.015;
polynomial baseline subtraction routine of the Spectrum second shelt first shell). The goodness of fit was judged

program. f f fi fi
X-ray Absorption (XAS) Data Collection and Analysis. by reference to a goodness of fit parameterdefined as

aThis work.? From ref23. ¢ From ref15.

absorption using the EXAFS data reduction package EX-
SAFSPAK (24). Energy calibration was achieved by reference
to the first inflection point of a copper foil (8980.3 eV) placed
between the second and third ion chambers. In any series of
scans, the measured energy of the first inflection of the
copper foil spectrum varied by less than 1 eV. Averaged
'EXAFS data were referenced to the copper calibration of
the first scan of a series, since the energy drift in any series
of scans was too small to perturb the EXAFS oscillations.
Data analysis was carried out by the least-squares curve-
fitting program EXCURV98 which utilizes full curved-wave
calculations as described by Gurman and co-work2ss- (
28). The application to metalloprotein systems, particularly
the treatment of imidazole rings from histidine residues, and
of linearly coordinated carbonyl groups by multiple scattering
analysis has been described in detail in previous papers from
this laboratory 23, 29—31). The parameters refined in the

XAS data for the CO complex of PHM were collected at 1N

the Stanford Synchrotron Radiation Laboratory (SSRL) on F2== Y K¥data — mode})*
beam line 7.3, operating at 3.0 GeV with beam currents N =

between 100 and 50 mA. A Si220 monochromator with 1.2 RESULTS

mm slits was used to provide monochromatic radiation in
the 8.8-10 keV energy range. The monochromator was  Stoichiometry of CO Binding to Wild-Type PHRWrified
detuned 50% to reject harmonics. The protein samples werewild-type (wt) PHMcc was found to contain0.3 Cu/protein.
measured as frozen glasses in 21% glycerol at14lK in Therefore, it was necessary to reconstitute the enzyme with
fluorescence mode using a 13-element Ge detector. To avoidcopper as described in the Experimental Procedures. For
detector saturation, the count rate of each detector channeknzyme samples used in the present work, this protocol
was kept below 100 kHz by adjusting the hutch entrance produced enzyme with 1-3.1 coppers bound/molecule of
slits or by moving the detector in or out from the cryostat PHMcc. The stoichiometry of CO binding to reduced PHMcc
windows. Under these conditions, no dead-time correction was determined using these reconstituted protein samples.
was necessary. The summed data for each detector was theResults from four separate experiments showed that one
inspected, and only those channels that gave high qualitymolecule of CO binds per two active-site coppers, with a
backgrounds free from glitches, drop outs, or scatter peakscalculated average of 0.50 CO/Cu. Data from two represen-
were included in the final average. Twelve 35 min scans tative experiments are shown in Table 1. These results are
were collected for the PHMCO complex. comparable to previous results fop® and PAM, which
Raw data were averaged, background subtracted, andwere also found to bind 0.5 mole equivalents of CO per Cu-
normalized to the smoothly varying background atomic (1) (15, 22). It is thus clear that, like PM and PAM, the
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0.005 —— ——  — - —
! 2093

] shift of 47 cn?* for a linearly coordinated CO molecule.
‘ This allows definitive assignment of the peak as a carbonyl.
When the PHM-13CO sample was flushed witCO, the
@ 2044 cmt peak was replaced by the 2093 chpeak, as
shown by the difference spectruff¢@O—12CO) in Figure
0.000 2044 2b. This is good evidence that CO binding to PHM is
completely reversible. Similar isotope frequency shifts are
found in other Cu(l)-carbonyl adducts (Table 2). For
example, the/(CO) for Hc downshifts 46 cmt when CO is
replaced witht*CO.
-0.005 | Copper Binding CO Stoichiometryand Infrared Spec-
© troscopy of the H242A Mutan®ur data show that PHMcc
binds CO at only one copper center, and comparison to
_ previously published data on nativgg® (20, 23) suggests
1900 2000 2100 2200 that the binding occurs at the methionine-containing Cu
Wavenumber center. Therefore, we examined the stoichiometry and IR
FIGURE 2: Fourier transform infrared spectra of the complexes spectroscopy of CO binding to a mutant which was expected
formed in the reaction of carbon monoxide with reduced PHMcc to lack the Cy center. M314, H242, and H244 are the three

and a H242A site-directed mutant. (a) CO complex of wt reduced endogenous ligands to gand mutation of any one of these
enzyme. (b}3CO minust?CO difference spectrum for the wtPHM S - ) . ;
CO complex: thé2CO spectrum was generated by vacuum flushing ©© & noncoordinating residue such as isoleucine or alanine

of the PHM-13CO complex with natural abundance CO gas. (c) Would be expected to disrupt copper binding to the site.
FTIR spectrum of the reduced H242A mutant reacted with CO using Unpublished work from our laboratory has shown that the

(b)

Absorbance

identical conditions as in panel a. M3141 mutant is probably unable to form the £oenter
and that it has an unusual EXAFS spectrum indicative of a
Table 2: Infrared Frequencies and Isotope Shifts for Carbony! 2-coordinate, all histidine copper center (Ein its reduced
Complexes of PHMcc and Other Copper Proteins form. However, this mutant still appeared to bind low levels
protein CO  ®CO  Av(CO) ref of CO (0.2 CO/Cu) with a similar frequency to wtPHMcc,
PHM? 2093 2044  —49 this work suggesting that the @Glcenter may still be able to form in
PHM + AcYVG? 2093 2044 —49 this work the presence of CO. To overcome this ambiguity, we have
PHM + hippuric acid gggé 3822 :28 his work investigated CO binding to the H242A mutant. The EXAFS
2075 2028  —47 spectrum of the reduced H242A derivative (unpublished data)
DAMP 2089 23 is identical to that of the reduced M314I derivative with no
E@MC 2093 16 contribution from the S(M314), which establishes unambigu-
molluscan 2063 2017 —46 32 ously that the Cgl center has been disrupted. Following
limulus 2053 2007  —47 32 identical protocols used for total copper reconstitution in
arthropodal 2043 32 wtPHM, the mutant H242A was found to bind only one
cytochrome oxidase copper per protein, confirming that one of the copper centers
22 gggé gg has been lost. The single copper in the H242A mutant was

unable to bind carbon monoxide. Data from two separate
CO binding experiments are presented in Table 1, and the
two copper centers in PHMcc are inequivalent with respect FTIR spectrum (measured under identical experimental
to reactivity toward carbon monoxide. conditions to wtPHMcc) is shown in Figure 2c. These data
Infrared Analysis of CO Binding to wtPHMrigure 2a support the premise that the binding of CO takes place at
shows the Fourier transform infrared (FTIR) spectrum of CO- the Ci site in PHM.
bound wtPHMcc. A single, strong, infrared frequency is  XAS of PHM-CO. EXAFS data for a sample of the
observed ar(CO) = 2093 cn1?! assignable to the PHMec PHM—CO complex (0.50 CO/Cu) are shown in Figure 3.
carbonyl complex. This value is reported in Table 2 along The Fourier transform shows a well-resolved splitting of the
with »(CO) values for other carbonyl complexes of copper first shell due to the presence of shottl(.8—2.0 A) Cu—
proteins including bifunctional PAM, BM, hemocyanin C(CO0) and CuN(imid) interactions and the longer (2.3 A)
(Hc), and cytochrome oxidase (CCO) for comparison. The Cu—S(methionine) interaction. Since the crystal structure has
infrared band for PHMcc is close to the published value of defined the ligand set at each of the copper centers and the
»(CO) = 2089 cm! for DM —CO, which was assigned as  stoichiometry measurement shows that CO binds to only one
the C-O stretching frequency for CO bound at thegCu of the two copper centers (gy meaningful simulation of
(methionine ligated) center. The IR frequencies for molluscan the EXAFS data can only be achieved by using a two-site
Hc (32 and CCO B83—36) are 2063 and 2062 cmh model which treats each copper center separately. Our
respectively, 20 cm lower than the Cu-carbonyls of PHM  simulation method thus allowed the imidazole shells (single
or DAM. and multiple scattering) associated with each copper to refine
13CO Isotope Binding Datalhe results of the binding of  independently, together with the contributions from 0.5 CO
isotopically labeled*CO to wtPHMcc are shown in Figure and 0.5 S(methionine) ligands. The best fit obtained is shown
2b and Table 2. The FTIR spectrum of th&€O-treated in Figure 3 with metrical parameters listed in Table 3.
enzyme shows a single band at 2044 émvhich represents The EXAFS simulations give CtC(CO) and Cu-S(met)
an isotope shift of 49 cri, close to the expected isotope distances of 1.82 0.03 and 2.33+ 0.01 A, respectively,
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0.6 with an isotope shift of-47 cn1? (Figure 4, panels ¢ and
d). The isotope shifts conclusively assign the substrate-
induced frequencies as copp@&arbonyls and show that the
binding is completely reversible.

Two possibilities exist to explain the origin of the second
CO band. Substrate binding could perturb the copper
coordination at Cg such that the CO frequency was itself
perturbed. In this case, we would expect that, at the high
substrate concentrations used here (2 orders of magnitude
above theKy), the 2093 cm! band would be completely
converted into the 2062 crhband, as the resting state was
completely converted into the substrate activated form. On
R (A) the pther hand, if the_ second CO band arises from CO

binding at a second site, then we would expect the 2093
Ficure 3: Fourier transform and EXAFS (inset) of reduced and 2062 le bands to coexist even at h|gh substrate

wtPHMcc reacted with carbon monoxide. Solid thick lines represent : P . .
the experimental data; solid thin lines represent the simulated data_concentratlons. The CO binding stoichiometry argues in favor

Parameters used to generate the fit to the EXAFS data are listed in®f the latter. However, as a more stringent test, we undertook
Table 3. an IR titration of the enzyme under a CO atmosphere with

up to a 5-fold excess of substrate. The results are shown in
and show the presence of two distinct populations of-Cu  Figure 5. The 2062 cnt band grows in and maximizes with
imidazole interactions at 1.98 0.01 and 2.0 0.01 A, no loss in intensity of the 2093 crhband, indicating that
respectively. Although this splitting is at the limit of the the 2062 cm® band must arise from binding of CO at a
resolution of the dataAR = m/2Ak = 0.11 A), it is second site.
consistent with one 2- or 3-coordinate center {Cwith
histidine-only coordination [CtN(imid) 1.90 A] and one DISCUSSION
4-coordinate copper center (guvith two histidines (2.01 The activation of dioxygen by copper monooxygenases
A), methionine-S (2.33 A), and CO (1.82 A). The €8(met) has been studied for over three decades. Crystallographic
distance is 0.1@ 0.02 A longer than found in uncarbony- studies on hemocyanim?—44) and catechol oxidaset$)
lated reduced enzyme, which is consistent with replacementhave provided a clear picture of the way that dioxygen binds
of a weakly bound coordinated solvent with the stronger- and is activated in dinuclear active sites. For example, in
field carbonyl ligand and provides strong evidence that the hemocyanins, the two copper atoms are each ligated by three
CO is bound at the methionine site. The-8DO distance histidine residues and are separated by—&5A. This
of 1.82 Ais in the range expected for a Cu(l)-carbodji- configuration allows the @molecule to bridge in a,—172
41). Interestingly, no multiple scattering is detected from the (side-on) fashion and to accept one electron from each copper
supposedly linear C4C—O triatom unit, perhaps suggesting to form coordinated peroxide. In contrast to these dinuclear
a statically disordered orientation for the CO group. systems, PHM and BM contain mononuclear, chemically
CO Binding to PHMcc in the Presence of Substrdtee inequivalent copper centers separated by 11 A. Comparison
stoichiometry of CO binding to PHMcc in the presence of of the X-ray crystal structure (oxidized enzyme) with EXAFS
the peptide substrate N-AcYVG was determined, and the results (oxidized and reduced forms) has revealed the
results are shown in Table 4. These data show that the COcatalytic copper centers in considerable detH (L9). The
binding stoichiometry for peptide-bound wtPHM increases Cua center is coordinated by three histidines (H107, H108,
from 0.5:1 to close to 1:1. Comparison with the data in Table and H172) via their M nitrogens in what appears to be
1 shows that the increase of CO bound per copper appearsT-shaped geometry. More recent EXAFS analysis of the
as an increase in the concentration of CO complexed in thereduced enzyme (unpublished data) supports a model in
aqueous PHMCO sample, rather than a decrease in the which the H107 and H108 residues are approximately trans
copper concentration. Four individual experiments were run to each other with short (1.88 A) GN bonds and no
on four distinct preparations of PHM, and the average ratio detectable interaction with H172. gus ligated by two
for the stoichiometry was found to be 0.85. This strongly histidines (H242 and H244) and a methionine (M314) with
suggests that binding of peptide to reduced PHM activates some evidence for a fourth solvent ligand. Since these centers
a second site for CO binding which may be at the second differ by the substitution of one histidine at gdor a
copper center (CGy). methionine, for clarity, we will refer to the Gucenter as
Infrared Spectra and Isotope Shifts for CO Binding to the histidine site and the Gcenter as the methionine site.
PHMcc in the Presence of Substraiée infrared spectrum A crystal structure of the oxidized enzyme soaked with
of N-AcYVG-bound PHM+ CO is shown in Figure 4a. A diiodotyrosylglycine shows that this substrate binds with its
second IR band at a frequency of 2062 ¢éris reproducibly carboxylate group salt-bridged to the guanidinium group of
observed along with the original carbonyl stretching fre- R240 and with a further H-bond to the hydroxyl of Y318,
guency at(CO) = 2093 cnt?. 13CO isotope labeling studies  such that the peptide is oriented toward the methionine site.
show a shift in each band 6f46 and—49 cnt?, respec- In this conformation, the Cof the substrate is nicely aligned
tively, which revert back to the original frequencies upon to interact with a peroxide located at the solvent-accessible
flushing with naturally abundant CO (Figure 4b). When the coordination position on G
alternative substrate hippuric acid (benzoylglycine) was used A crucial mechanistic question is how such an intermediate
instead of N-AcYVG, the second band shifted to 2075&m  could be formed. The 11 A intermetal distance precludes
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Table 3: Parameters Used to Simulate the EXAFS and Fourier Transform of Reduced Carbonylated PHMe€®HM

first shelk outer shell3
shell (X) R(A) 20%(A2?) shell (Y) R(A) OCu—X-—Y (deg) 12 (A2
F=0.776,Ep = —1.90 eV
0.5C(CO) 1.82 0.003 0.50 (CO) 2.85 179 >0.05
1 Ny (imid A) 1.90 0.006 1 @ (imid) 2.90 128 0.007
1 C; (imid) 2.82 235 0.007
1 C,/N, (imid) 4.08 197 0.012
1 C,/N, (imid) 4.15 162 0.012
1 Ny (imid B) 2.01 0.007 1 @ (imid) 2.96 236 0.008
1 C; (imid) 3.02 128 0.008
1 C,/N, (imid) 4.22 201 0.012
1 C,/N, (imid) 4.29 164 0.012
0.5 S (M314) 2.34 0.009

aEstimated errors in distances at®.01 A for the first shell and:0.03 A for outer shells except for the EC(CO) distance where the error
is +0.03 A. Estimated errors in coordination numbers £#85%. 0Cu—X—Y (deg) represents the angle between the first shell scati€yemd
the outer shell scattereY), Estimated errors in angles at&° except for thedJCu—C—0O where the high DebyeWaller term for the carbonyl O

atom precludes precise determination.

Table 4: Stoichiometry of Carbon Monoxide Binding to wtPHMcc
in the Presence of the Peptide Substrate N-AcYVG

[COJpHm+buter [COlbutter [COlprm [CulpHm

preparation (mM) (mM) (mM)  (mM) [COJ/[Cu]
A 1.68 0.93 0.75 0.92 0.80
B 1.29 0.96 0.33 0.55 0.59
C 1.62 0.47 1.15 1.29 0.89
D 2.23 0.76 1.47 1.31 1.13
average 0.85
-0.005 | 2093
2062
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Ficure 4: Fourier transform infrared spectra of the complexes
formed in the reaction of carbon monoxide with reduced PHMcc
in the presence of substrates. (a) CO complex of wt reduced enzym
+ 2 molar equivalents NACYVG. (b) 13CO minus!'?CO difference
spectrum for the wtPHM-CO complex+ N-AcYVG; the 12CO
spectrum was generated by vacuum flushing of the PH@O
complex with natural abundance CO gas. (c) CO complex of wt
reduced enzyme- 10 mM hippuric acid. (d}*3CO minus'2CO
difference spectrum for the wtPHMCO complex+ 10 mM
hippuric acid; thé2CO spectrum was generated by vacuum flushing
of the PHM-13CO complex with natural abundance CO gas.

any kind of dioxygen bridge which might facilitate direct
electron transfer from each Cu(l) to,GDne alternative is
for O, to bind at one of the Cu(l) centers forming a Cu-

€
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Ficure 5: Titration of the PHM-CO complex with increasing
amounts of N-AcYVG substrate. (a) O equiv substrate; (b) 0.1 equiv;
(c) 0.5 equiv; (d) 1.0 equiv; (e) 5.0 equiv.

the related PAM and PM enzymes and concluded that the
methionine (Cy) locus was the site of COAbinding, based

on the following evidence 15, 20, 22, 23). First, both
enzymes bound only 0.5 CO/copper, indicating that CO
bound at only one of the two coppers. Second, a single
intraligand CO stretching frequency was observed in the
FTIR spectra at 2093 and 2089 cthfor PAM and DM,
respectively, a frequency which was more consistent with
the His-His-Met ligand set at Guthan the (His) ligand set

at Cu.. Third, we were able to prepare a Gdepleted
derivative of DM which was shown to retain both the S
scattering contribution from the methionine in the EXAFS
and the CO binding activity (1 CO/Cu).

On the basis of their crystal structure, Prigge and co-
workers also proposed that dioxygen binds to the methionine
site and is converted to peroxide via a long-range ET event.
However, since the copper centers are located in different
domains and the structure reveals no through-bond ET
pathway shorter than-50 A, they were forced to propose
that electron transfer occurs through the intervening solvent
(but see note added in proof). As discussed by Gray and

(I1) —superoxo complex and for the second electron necessaryWinkler (21), long-range ET rates are strongly dependent

to complete the formation of peroxide to arrive via long-

on the medium, being greatest f@¢structure and signifi-

range electron transfer. Previous studies from this laboratorycantly less fora-helices. The efficiency of ET through

used CO binding to probe potential binding sites fori®

H-bonded networks obrderedwater molecules appears to
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be roughly equivalent to the lower limit foo-helices, estimated 0.5 A movement of the M314 ligand. In addition,
predicting maximunker values of <10° s* for a donor- whereas the model complexes discussed above are presumed
acceptor distance of 11 A (H. B. Gray, personal communica- to form an outer-sphere doneacceptor complex in which
tion). The fastest step in the PHM mechanism (with hippuric the coordination spheres of each complex touch in the
acid as substrate) has been estimated by Klinman and co4ransition state [with center-to-center distances 8fA (49,
workers to be the decomposition of ES®ith a first-order the coordination spheres of each copper center in PHM are
rate constant of 818 120 s (11). Thus, solvent-mediated  constrained to remain separated by 11 A during the ET event.
ET could be consistent with the observed reaction rates, These structural elements all point to the conclusion that
provided that the solvent provided an ordered network of solvent-mediated ET between the copper centers of PHM is
H-bonds connecting the two copper centers. likely to be extremely slow, and other mechanisms for the
Two other factors are likely to dramatically reduce the formation of the Cy-OOH reactive intermediate should be

ET rates in the PHM system. First, the different coordination considered.

geometries preferred by Cu(ll) and Cu(l) often impose severe The present work has used CO to probe the chemistry of
Frank Condon restrictions on ET rates; second, the reorga-dioxygen interaction with the copper centers of PHMcc. The
nizational energies inherent in ET between solvated metal results indicate a stoichiometry of 0.5 CO/Cu and a single
ions embedded in bulk solvent are also likely to lead to band in the FTIR spectrumy(CO) = 2093 cml]. Thus,
slower reactions. Although no data are available on electron-they parallel the earlier work on PAM angb®! and establish
transfer rates in systems comparable to PHM, some insightsthat PHMcc also binds a single CO at the methionine site.
can be obtained from comparisons of self-exchange rates oflsotope substitution with*CO confirms that the 2093 crh
Cu(ll/1) redox couples. band is a Cu-carbonyl, while the facile exchangetfO

Cu(ll/l) self-exchange rates span a wide range of values With *?CO indicates that binding is reversible. Two other
(46, and references therein). Among the fastest arekthe ~ Pieces of_ewdence pr0\_/|de _conflrmanon of thg assignment.
values for cupredoxins which lie betweersEhd 16 M1 First, a His242 to Ala site-directed mutant (which lacks the
s~ with associateder values around 10571 (46, 47). These apility to bind copper at the.methionine site) is unable to
rapid rates are generally attributed to low reorganizational Pind CO and has no IR band in the 1958800 cn1* region.
energies resulting from an “entatic” state, i.e., a strained S€cond, binding of CO to wtPHMcc causes a 0:40.02
geometry around the copper center which lies midway A_mcrease in the CaS(met) bond Iength,wmch is consistent
between the preferred coordination geometries of cupric With replacement of a weakly coordinating solvent by a
(tetragonal or square) and cuprous (tetrahedral or trigonal)Strong field ligand such as CO at the £aenter. These
sites @8). Inorganic complexes containing macrocyclic results provide u_namblguogs evidence that,_ m_the gbsence
ligands which constrain the amount of structural change Of substrate, a single CO binds to the methionine site.
possible during redox also lead to fairly rapid self-exchange How can this result be reconciled with the unfavorable
rates in the range $610° M1 s (49-51). Stanbury and  nature of ET through solvent? The answer may lie in the
co-workers 46) have undertaken a quantitative analysis of additional CO binding site observed in the presence of
the internal structural reorganizational energy and the solventpeptide substrates. When 1 equiv of N-AcYVG is added to
reorganizational energy that accompanies redox and havethe CO binding assay, the CO:Cu ratio increases toward 1
correctly predicted differences between self-exchange rates(average of 0.85), and a second FTIR band appears at 2062
For example, althougky; values for the couples [Cu(ll/l)-  cm % The 2062 cm?! band titrates with the added substrate
(bib),] [bib = 2,2-bis(2-imidazolyl)biphenyl] and [Cu(ll/I)- without loss in intensity of the 2093 crh band. 13CO
(bimdpk)] [bimdpk = bis(1-methyl-4,5-diphenylimidazol-  substitution induces a 49 crhdownshift, indicative of a
2-yl)ketone] are 0.16 and 1.2 10* M~ s1, respectively, coordinated carbonyl, while facile exchange wittCO
differing by 5 orders of magnitude, molecular dynamics establishes reversibility. This new band thus has all the
calculations show convincingly that this difference can be properties of a Cu-carbonyl. The fact that its formation affects
traced to the much greater angular distortions that accompanyneither the frequency nor the intensity of thes€€O adduct
redox reactivity of the [Cu(ll/l)(bily] system. For systems  proves that it must bind at a site other thansCdence, we
involving large changes in both structure and coordination propose that the 2062 crh band arises from substrate-
number, dramatically slower self-exchange rates are ob-induced binding of CO at the Gu(histidine) site. Of
served, for example [Cu(ll/l)(aq)], % 107 M~ s™%, and particular interest is the observation th&€O) is dependent
[Cu(i/m(Im) ], 1 x 1007 M~ts1(52). These studies provide  on the nature of the bound substrate, since with hippuric acid
a quantitative basis for the premise that ET rates in copper (benzoylglycine) the band is found at 2075 ¢m13 cn1?
complexes depend critically on the extent of structural and above that of N-AcYVG.

solvent reorganization, which accompanies the redox process The ghserved frequency of the second-@oO is 20-30
and will be slow in cases involving large angular distortions ¢yt jower than that for the Gucarbonyl. The lower fre-
or changes in coordination number. quency is entirely consistent with the proposed Cu(@di€)

As discussed above, our XAS data have provided evidencecoordination. Histidine is a stronger donor than methionine,
for significant structural change at both copper centers in and the additional electron donation allows more back-
PHM during redox. The Gucenter changes from 4- or  bonding from Cu(l) to CO, thus lowering the frequency. The
5-coordinate tetragonal to highly distorted (T-shaped) trigonal extensive literature of structurally characterized Cu(l) car-
with an estimated 0-30.5-A movement of a histidine ligand  bonyls makes it possible to further quantify this correlation
(H172). The Cy center changes from 4- or 5-coordinate between IR frequency and ligand donor set/coordination
tetragonal to trigonal or tetrahedral coordination, with an number 22, 37, 39). Four-coordinate complexes withsN
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CO donor atom sets typically absorb in the range 2065
2085 cnt?, while three coordinate XCO complexes absorb
above 2090 cm'. Thus, the 2093 cmt Cus—CO adduct
obeys the correlation if we assume that the thioether S atom |
is essentially neutral with respect to its electron-donating
power, while the 2062 cnt band is at the lower end of the
range expected for ag8O donor atom set. It should be noted
that the Cu(l)>CO complexes of other proteins with Cu-
(His)s active sites, such as molluscan hemocyanin and
cytochromec oxidase, absorb at the same frequency (2062
cm!) as the Ac-YVG-induced PHMCO complex 82—

36).

The discovery that substrate binding turns on CO- and (by 0, binds first at Cu, forming
inference) G@-binding activity at the Cy center in PHM has superoxide
allowed us to suggest a completely new mechanism for
oxygen activation and formation of the reactive peroxo R
intermediate as shown in Figure 6. We propose that in the
resting enzyme, the Gusite is unreactive to either CO or
O,. Substrate binding induces a structural or electronic
perturbation at Cy which turns on its @ reactivity and
results in the initial formation of a G(ll)-O2" intermediate.
Such a step would be entirely consistent with a recent finding
that the mechanism is equilibrium ordered with substrate
binding first (L1). The superoxide next dissociates from the
Cua, either as a solvated anionic species or it picks up a
proton and dissociates as the neutral H@ then diffuses
across the 11 A solvent channel where it reacts with the
reduced Cu(B center, forming the proposed gtiydrop-
eroxo intermediate. In this mechanism, the extra electron and
possibly also the proton required to form the hydroperoxo
intermediate would be carried by the oxygen substrate itself
rather than via a protein-based ET pathway. .;_

A problem that remains is how the enzyme prevents | Cug, 1 :
diffusion of superoxide out of the channel, with the resulting - ' Sa”
uncoupling of dioxygen reduction and substrate hydroxyla-
tion. At present, this remains an open question, but a number =
of possible scenarios exist that could circumvent superoxide |
leakage. One possibility is that Y79, locdté A from Cu
(Figure 6), could H-bond to the superoxide anion, providing
an assisted channeling pathway. A second option is that |
dioxygen might bind at both copper centers, generating a c
Cu(ll)-superoxo species at each. The superoxide formed at
Cus might then channel, assisted by H-bonding to Y79, and

undergo a dismutation reaction with the superoxide bound HO, binds at Cug accepting a 2nd e and

at Cus, forming the Cu(ll}-OOH intermediate and regen- forming the hydroperoxy intermediate
erating a molecule of © This alternative would require

superoxide to channel over a much shorter distance via therFicure 6: A proposed mechanism for superoxide channeling
Y79-assisted pathway and provides a mechanistic role for between the two copper centers of PHMcc.
dioxygen bound at G4} thereby rationalizing our finding that
CO binds strongly to the Gucenter. bound at Cp (2093 cn?) is unaffected by substrate binding,
The mechanism by which substrate binding induces the whereas/(CO) for the substrate-induced £4CO complex
proposed switch in ©reactivity at Cy remains obscure. A is extremely sensitive to the nature of the substrate (hippuric
substrate-mediated change in the charge within the active-acid, 2075 cm*; N-AcYVG, 2062, cm'). This suggests
site pocket might induce changes in reactivity of thesCu that in the reduced enzyme the substrate does not bind at
center. This latter speculation is attractive since binding of the crystallographically defined position close togCsince
substrate will neutralize the positive charge on R240, which the ~4 A approach of the pro-S hydrogen atom to the CO
is equidistant (7 A) from each copper. Alternatively, it is ligand would be expected to perturb the frequency. Rather,
noteworthy that the evidence for substrate binding near Cu a structural and/or electronic interaction of the substrate with
comes from crystallographic studies on the oxidized protein, the Cw-carbonyl seems necessary to produce the observed
and it is possible that in the reduced form substrate might sensitivity of v(CO) to substrate structure. Further studies
bind in a different location, closer to Guln support of this are underway to clarify these and other intriguing features
idea, we note that the infrared frequency of the CO ligand of the PHM mechanism.

R Rt s e

Superoxide channels between the
Cus, which are separated by Il A

R R B R e R S R A TR SR
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NOTE ADDED IN PROOF

Amzel and coworkers have recently published an X-ray
crystal structure of the reduced enzyme. From comparisons
with the structure of the substrate-bound oxidized form, they
have proposed a novel mechanism in which electron transfer
between the two coppers is mediated by the bound substrate.

[Prigge, S. T., Kolhekar, A. P., Eipper, B. A., Mains, R. E.,

and Amzel, L. M. (1999Nat. Struct. Biol. 6976—983].
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