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ABSTRACT. The structure and coordination chemistry of the copper centers in the bifunctional peptidylglycine
a-amidating enzymen(-AE) have been investigated by EPR, EXAFS, and FTIR spectroscopy of a carbonyl
derivative. The enzyme contains 2 coppers per 75 kDa protein molecule. Double integration of the EPR
spectrum of the oxidized enzyme indicates thatt983% of the copper is EPR detectable, indicating that

the copper centers are located in mononuclear coordination environments. The Cu(ll) coordination of
the oxidized enzyme is typical of type 2 copper proteins. EXAFS data are best interpreted by an average
coordination of 2-3 histidines and 42 O/N (probably O from solvent, Asp or Glu) as equatorial ligands.
Reduction causes a major structural change. The Cu(l) centers are shown to be structurally inequivalent
since only one of them binds CO. EXAFS analysis of the reduced enzyme data indicates that the non-
histidine O/N shell is displaced, and the Cu(l) coordination involves a maximum of 2.5 His ligands together
with 0.5 S/CI ligand per copper. The value ofCO) (2093 cm?) derived from FTIR spectroscopy
suggests coordination of a weak donor such as methionine, which is supported by a previous observation
that the APro-PHM382s mutant R4 is totally inactive. Binding of the peptide substrate N-Ac-Tyr-
Val-Gly causes minimum structural perturbation at the Cu(l) centers but appears to induce a more rigid
conformation in the vicinity of the S-Met ligand. The unusually intense 8983 eV Cu K-absorption edge
feature in reduced and substrate-bound-reduced enzymes is suggestive of a trigonal or digonal coordination
environment for Cu(l). A structural model is proposed for the copper centers involving 3 histidines as
ligands to Cip and 2 histidines and 1 methionine as ligands tésCuHowever, in view of the intense

8934 eV edge feature and the lack of CO-binding ability, a 2-coordinate structure fas @lso entirely
consistent with the data.

C-Terminal peptide amidation is essential for the bioac- 2H* 2¢5, O,
tivity of numerous peptide hormones involved in the regula- RO-NH-CHCOH PAM RGNH, + HGCOH + HO
tion and control of cellular function. The amidation reaction O prm ° °
is carried out by the bifunctional enzyme peptidylglycine ™ © K
a-amidating monooxygenase (PAMEC 1.14.17.3) accord- R(-NH-CH(OR)COH
ing to the reaction chemistry below. HO 0 I

The reaction involves two separate activities involving (i)

C.. hydroxylation of the terminal glycine residue to formthe  gjycine a-amidating lyase (PAL) activity]. Both activities
intermediate peptidyd-hydroxyglycine,!l [peptidylglycine  are encoded by a single gene which can produce different
o-hydroxylating monooxygenase (PHM) activity], and (ii) (j.e., tissue-specific) forms of the enzyme via alternate
elimination of water coupled to NC bond fission to form  gpjicing and endoproteolytic posttranslational processing
an amidated peptide and glyoxalate [peptidyhydroxy- (Stoffers et al., 1989). The full-length mRNA encodes a
membrane-bound, 120 kDa bifunctional protein comprised
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Exon A Exon B during the catalytic mechanism (Freeman et al., 1993), and
| PHM Tl 4 | PAL produces a hydroxylated product in which the oxygen atom
&R) KK RKKK is derived exclusively from © (Merkler et al., 1992a;
WO 40 60 80 1000 nyap, Noguchi et al., 1992; Zabriskie et al., 1991).
rPAM-1 © ) 120 Given the strong similarities betweer® and the PHM

domain, we have embarked on detailed comparative spec-
troscopic studies aimed at establishing the relationship
rPAM-3 = 2 c = 95 between coordination chemistry and catalytic function in this
class of copper monooxygenases. Extensive spectroscopic
studies on [BM have led to the formulation of an active-
GAE-type A == — 7 site model in which the 2 copper centers are structurally and
Ficure 1: Different PAM molecules produced by alternate splicing. functionally inequivalent (Cyand Cuy) (Blackburn et al.,

The coding regions of the PAM gene are represented by the 1990, 1991; Pettingill et al., 1991; Reedy & Blackburn,
rectangular box at the top of the diagram and show PHM and PAL 1994). In the oxidized enzyme, both Cu(ll) centers appear

coding domains, the regions encoding optional exons A and B, andt be tet | and ligated to-3 histidi
the putative membrane-anchoring coding region (black-shaded area)'© Y€ tetragonal and figated 6o hislidines per copper

The different mRNAs produced by alternate splicing are representedand 12 O donors (probably from solvent). However,
by the rectangular boxes in the lower portion of the figure, together reduction to the Cu(l) dioxygen-binding form of the enzyme

with the molecular mass (kDa) of the molecule they encode. Coding results in a dramatic structural change, the most notable
regions are drawn to scale relative to amino acid residud<00. feature of which is the appearance of an S donor coordinated
to one of the Cu(l) centers. CO binding experiments and
X-ray absorption spectroscopy of the carbonyl derivatives
of fully metallated and Cardepleted forms have shown that

' CO (and, by inference, £ binds specifically at the Gu

rPAM-2 ——— =] C 1 105

38

bPHM-1

endoproteolytic processing at paired basic amino acid sites,
which are contained within the exon coding sequence (Eipper
et al., 1991, 1992; Husten & Eipper, 1991; Husten et al.

1993; Stoffers et al., 1991). Thus, for example, rPAM-1 ; - ; ;
' ' o ? ter, which al t th dinated S d I d.
and rPAM-2 (the major forms of PAM in rat atrium) are center, which also contains the coordinated S donor ligan

membrane-associated bifunctional proteins, since both con- Our initial efforts to investigate the coordination chemistry
tain the membrane-anchoring domain encoded by exon gof the copper centers in thg amidating enzyme focused on a
(Husten & Eipper, 1991). On the other hand, rPAM-3, the recombinant (rat) monofunctional PHM construct, PH#s0,
major bifunctional form found in neurointermediate pituitary Modeled on the shortest catalytically active, naturally oc-
and in brain, lacks exon B and is a soluble protein (Stoffers cUrfing PHM molecule, bPAM-A, which terminates at
etal., 1991). Similarly, mMRNAs which contain the optional "eSidue 382 (Eipper etal., 1995). Biosynthetic labeling and
exon A encode proteins which are generally processed to@ctivity measurements on a series of truncation mutants of
monofunctional forms which exhibit separate PHL or PAL this construct indicated a catalytic core that did not extend
activities. Two forms of PHM, bPHM-A (38 kDa) and Past Asﬁ59. Sipe-directed mutagenesis furthe_r indicated that
bPHM-B (54 kDa), have been isolated from bovine pituitary 2 histidine residues (¥°and H*) and 1 methionine (W)
and result from proteolytic cleavage at B§#rg®* (absent were abfsolutely esgentlal for_cataIyS|s and were most likely
in rat) and Ly ys#%3 while further proteolytic cleavage ~ COPPer ligands, while a tyrosine (¥, though not a copper
at Lyl ys822 generates the 50 kDa monofunctional PAL ligand, was predlc;ted to be cIo_se to the active site and was
fragment (Eipper et al., 1991; Stoffers et al., 1991). A similar proba_lbly involved in substrate binding or some other catalytic
distribution of bifunctional and monofunctional activities has function.
been reported for the amidating enzymes isolated from frog In the present paper, we explore the copper coordination
skin (Iwasaki et al., 1991, 1993; Shimoi et al., 1992; Suzuki chemistry of the recombinant bifunctional-amidating
et al., 1993). Recent work from a number of laboratories enzyme ¢-AE) type A form of the enzyme [cloned from
has led to the overexpression of full-length and truncated rat medullary thyroid carcinoma (CA-77) cells and expressed
bifunctional forms of the enzyme (retaining both catalytic in a stable CHO cell line (Miller et al., 1992)]. The mRNA
activities) as well as monofunctional forms which exhibit encoding this form of the enzyme in CA-77 cells contains
separate PHM or PAL activity (Eipper et al., 1995; Husten exon B but not exon A. Although initially synthesized as a
et al., 1993; Merkler & Young, 1991; Milgram et al., 1992; full-length, membrane-bound protein, proteolytic processing
Miller et al., 1992; Shimoi et al., 1992; Suzuki et al., 1993). eventually generates a stable 75 kDa bifunctional form which
The PHM domain has strong similarities to the catechola- does not undergo further cleavage to separate PHM and PAL
mine biosynthetic enzyme dopamingmonooxygenase  activities (Bertelsen et al., 1990). Therefore, the recombinant
(DBM) (Blackburn, 1993; Stewart & Klinman, 1988). Both bifunctional a-AE type A protein was constructed to
enzymes are copper/ascorbate-dependent monooxygenasetgrminate at V&l the residue immediately preceding the
with an unusual sensitivity to inactivation by:©&, (Eipper putative site of proteolytic cleavage (Ly&.ys'"). Here we
et al., 1983; Merkler et al., 1992b). Approximately 30% report results of EPR, EXAFS, and FTIR, which firmly
sequence homology exists between the two enzymes, whichestablish the structural similarity of the copper centers in
has allowed prediction of important catalytic residues (Eipper the PHM domain to those of M. In particular, the
et al., 1995; Southan & Kruse, 1989). Intrachain disulfide observation of a prominent feature attributable to S coordina-
linkages in ¥M correspond to conserved Cys residues, tion to Cu(l) in reduced bifunctionak-AE, coupled with
indicating a similar polypeptide fold in the catalytic core of our earlier demonstration of the essential catalytic role of
the two enzymes (Robertson et al., 1994). LikeMD PHM Met'4 establishes the novel coordination of a methionine
activity has a requirement for 2 copper atoms (Eipper et al., residue at the dioxygen-binding center of this class of copper
1995; Kulathila et al., 1994), which undergo redox cycling monooxygenases.
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MATERIALS AND METHODS Table 1: Experimental Parameters Used in Data Collection

Enzyme lIsolation Chinese hamster ovary cells which oxidized  reduced substrate-bound
secrete recombinant type A rat medullary thyroid carcinoma synchrotron source SSRL
o-AE into the culture medium were grown in a Wheaton beam energy (GeV) 3.0
stirred tank bioreactor (Matthews et al., 1994). The bifunc- E‘é’;&d”‘;‘gmm range (MA) 17*%10
tional 75 kDa enzyme was _purlfled as d_escrlbed by Miller 2 monic rejection mono detuned 50%
et al. (1992) except that the final gel filtration step (Sephacryl monochromator Si(220)
S-300) was carried out using 20 mM HEPES/NaOH (pH 7.8), energy range (eV) 8750608 8756-9608 8756-9599
50 mM NaCl, and 0.001% (v/v) Triton X-100. The purified 332{% fniss?i'tuggpn§ev) 10;110
a-AE_ was 2_9_5% pure as Judggqlby %I?&’AGE andhada ik aperture sit (mm) 210
specific activity of 7.8«mol min™* mg™. detector 13-element Ge
Activity Determination The conversion of dansyl-Tyr- ~ max countrate (kHz) 35
Val-Gly to dansyl-Tyr-Val-NH was monitored by isocratic ~ dead time correction no
elution from a Gg reverse-phase HPLC column (46100 number of scans 17 25 31
8 p : Eo(start of EXAFS) (eV) 8985

mm, Keystone Scientific Hypersil ODS) as previously

described (Jones et al., 1988). Standard assays to screen )
column fractions and to determine specific activity were @n airtight, double-chamber apparatus with the second

carried out at 37C by the addition of enzyme into 100 mM qhamber containing the identical b.uffer used in the prepara-
MES/KOH (pH 6.0), 30 mM KCI, 30 mM KI, tM CuSQ, tion of the enzyme (50 mM potassium phosphate at pH 7.4)
100ug/mL catalase, 1% (v/v) ethanol, 0.001% (v/v) Triton as @ control (Reedy & Blackburn, 1994). Both chambers of
X-100, 20uM dansyl-Tyr-Val-Gly, and 10 mM ascorbate. the apparatus were equilibrated with the same partial pressure
Ethanol was added to protect the catalase against ascorbate?l €O gas (+1.3 atm). Under these conditions, the reduced
mediated inactivation (Davison et al., 1986), and Triton €nNZyme reacts completely with CO. The stoichiometry of
X-100 was included to prevent the nonspecific absorption €O Pinding was determined by titrating with deoxyhemo-
of the enzyme to the sides of the tubes. At regularly timed 910Pin in the presence of the,Scavenging system ascorbate/
intervals, an aliquot (5@L) was removed, added to 10 ascorbate oxidase as previously described in detail (Reedy
of 6% (v/v) trifluoroacetic acid to quench the reaction, and & Blackbur.n, 1994).

then applied to the HPLC column for analysis of the percent ~ Preparation of Substrate-Bound Reduced Enzyre-
conversion of dansyl-Tyr-Val-Gly to dansyl-Tyr-Val-NH other sample of oxidized enzyme [reconstituted by the

Oxygen consumption was measured using a Yellow Springs Procedure described above, 20% glycerol (v/v)] was reduced
Instrument Model 53 monitor. One unit @f-AE is the with a 5-fold excess of ascorbate and then reacted with a

amount of enzyme necessary to COﬂVGﬂmO' of dan5y|- 2-fold excess of the peptide substrate N—acetyI—Tyr—VaI—GIy.

Tyr-Val-Gly to dansyl-Tyr-Val-NH (or consume Lkmol of Since theK, for this substrate with the bifunctional enzyme

O.) in 1 min under the standard conditions. is 6—14 uM (Huste_n et al., 19_93; Miller et al., 1992), an
Reconstitution wittf3Cu and Preparation of Fully Oxi-  €Xcess concentration of peptide of 2 mM should ensure

dized Enzyme.As isolated, the bifunctionab-AE was stoichiometric binding of substrate to the enzyme. The
approximately 90% apoprotein as determined by flame substrate-bound sample (BD) was tran:'sferred anaerobically
atomic absorption. Consequently, the enzyme was recon-t0 @n EXAFS cell and frozen immediately.

stituted with C@* prior to spectroscopic measurement. Pure EPR MeasurementsEPR spectra were recorded on a
isotope #3Cu) was used in the reconstitution protocol in order Varian E109 X-band spectrometer operating at approximately
to sharpen the EPR lines. The sample [16.7 mg/mL, 50 mM 9.1 GHz. Samples were measured as frozen glasses-in 20
sodium HEPES, 20 mM NaCl (pH 7.8)] was first washed 25% glycerol (v/v) at temperatures of 12040 K. Data
three times in an Amicon “centricon” ultrafiltration cell with ~ were collected, averaged, and integrated using the program
50 mM potassium phosphate buffer (pH 7.4) by diluting to IGOR (Wavemetrics) running on a Macintosh Quadra 650
2 mL with the phosphate buffer and then concentrating to computer interfaced to the spectrometer.2‘Gzoncentrations
500uL. Two molar equivalents of3Cu was added to the ~ were estimated by comparison of the double integrals of the
final concentrate (1.5 mL of 294M %3Cu added to 55@L enzyme samples to Cu(t)EDTA standard solutions (260

of the apoenzyme), and the sample was incubated on ice forl000«M) measured in the same quartz tube.

10 min. It was then concentrated to 400 and washed Fourier Transform Infrared (FTIR) MeasurementBTIR
with 2 mL of 50 mM potassium phosphate (pH 7.4) spectra were recorded on a Perkin-Elmer 2000 FTIR spec-
containing 5uM 8CW?t (to remove any excess copper). trophotometer. Solution IR protein spectra (200 scans) were

Preparation of Reduced Enzyme\ 220 uL sample of collected at 10°C in a 50um path-length calcium fluoride
the oxidized reconstituted enzyme was made anaerobic bycell, using a liquid nitrogen-cooled MCT detector. Reported
repeated vacuum flushing with pure argon. It was then spectra are differences of CO-bound and CO-free reduced
reduced with a 5-fold excess of sodium ascorbater{10f enzyme, measured under identical conditions. A nominal
stock sodium ascorbate in 50 mM phosphate buffer at pH instrumental resolution of 2 crh was employed.

7.4). Glycerol was then added to 20% (v/v). Fifty micro- X-ray Absorption (XAS) Data Collection and Analysis.
liters of this solution was transferred anaerobically to an XAS data were collected at the Stanford Synchrotron
EXAFS cell and frozen immediately in liquidN Radiation Laboratory (SSRL) on beam line 7.3. Experi-

Preparation of the CO Deriative and Measurement of mental conditions are summarized in Table 1. The protein
the CO Binding StoichiometryThe remainder of the reduced samples were measured as frozen glasses in 20% glycerol
sample prepared above was transferred to one chamber oft 11-14 K in fluorescence mode using a 13-element Ge
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detector. To avoid detector saturation, the count rate of each
detector channel was kept below 35 kHz by adjusting the
hutch entrance slits or by moving the detector in or out from
the cryostat windows. Under these conditions, no dead time
correction was necessary. The summed data for each
detector were then inspected, and only those channels that
gave high-quality backgrounds free from glitches, dropouts,
or scatter peaks were included in the final average. Raw
data were averaged, background subtracted, and normalized
to the smoothly varying background atomic absorption using
the EXAFS data reduction package EXAFSPAK (George,
1990). The experimental energy threshokd= 0) was
chosen as 8985 eV. 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 2600 2800 3000 3200 3400
in any series of scans was too small to perturb the EXAFS Field (Gauss)
oscillations. However, for edge studies, there was sufficient FIGUtREI 2: EPRtspectrum Ofﬁuir-recor}stituteda-AgEi1|nCS;tLU-
energy drift over the duration of the scans to lead to Mental parameiers were as lollows. Irequereyd. Z,
artifactual broadening of the edge features. To avoid this, modulation amplitude= 10 G, gain= 1.25x 1(%, andT = 120
edge data were generated from single scans and calibrated”
directly from the copper foil spectrum corresponding to that phosphate buffer, the sample was washed with the phosphate
scan. buffer containing a low concentration 1) of 83Cw?* which
Data analysis was carried out by least-squares curve fitting provided sufficient background concentration of free metal
utilizing full curved-wave calculations as formulated by the ion to prevent equilibrium dissociation of €ufrom the
SRS library program EXCURV (Binsted et al., 1988; enzyme but was low enough not to interfere with spectro-
Gurman, 1989; Gurman et al., 1984, 1986), using methodol- scopic measurements. Application of this protocol to two
ogy described in detail in previous papers from this labora- independent samples afAE gave values of the Cu/protein
tory (Blackburn et al., 1991; Sanyal et al., 1993; Strange et ratio of 2.2 and 2.4- 0.2. These results agree well with
al., 1987). The parameters refined in the fit were as those of Miller et al. (1992), in which a functional require-
follows: E,, the photoelectron energy thresholg; the ment for 2 coppers per protein was demonstrated.
distance from Cu to atorit and 273, the Debye-Waller EPR SpectroscopyFigure 2 shows the EPR spectrum of
term for atomi. For the protein fits, the coordination the fully reconstituted-AE. Two independent reconstitution
numbers were allowed to vary but were constrained so as toexperiments on independent samples gave superimposable
produce DebyeWaller factors within reasonable limits (first  spectra. Double integration and comparison to a Cu(ll)
shell, 0 < 202 < 0.012; second shell, 0.005 202). EDTA standard indicates that 98 13% of the total copper
Multiple-scattering contributions from outer-shell (s, is EPR detectable. Thus, the spectrum is representative of
N4, and G) atoms of coordinated histidine rings were mononuclear Cu(ll) sites with no magnetic coupling or
simulated using well-documented methodology described in residual Cu(l) component. ThgandA values, derived by
previous papers from this laboratory (Blackburn et al., 1991; inspection ¢, = 2.25,g95 = 2.05,A, = 162 G), are typical
Sanyal et al., 1993; Strange et al., 1987). The quality of the of tetragonally coordinated Cu(ll) sites with O and/or N
fits was determined using a least-squares fitting parameter,donor ligands and are close to those recently reported for
F, defined as the copper centers in the isolated monooxygenase domain
AProPHMs-382 (Eipper et al., 1995). The EPR parameters
F2= (1/N)zk6(xitheor_xiexp)2 differ somewhat from those reported by Freeman et al. (1993)
(gr = 2.29,A, = 142 G) for the bifunctionafi-AE, but the
reasons for this discrepancy are not clear. Visual inspection
of the spectrum suggests a single EPR species, but attempts
RESULTS AND DISCUSSION at simulation using a single set gfand A values do not
produce an entirely satisfactory fit (data not shown). This
Copper Stoichiometry Bifunctional a-AE was found to may suggest that the spectrum represents the combination
contain less than 0.2 Cu per mole of enzyme as isolated.of two similar but nonequivalent Cu(ll) sitesi¢le infra).
This suggests that, like #M (Blackburn et al., 1988), the  Further simulations are in progress to test this hypothesis.
copper is rather weakly bound in the active sites of the X-ray Absorption Spectroscopy (XASEXAFS and
monooxygenase domain. To reconstitute the enzyme with absorption edge studies are useful techniques for determining
copper, we adopted a procedure developed for tf#D  structural information on the local environment of metal ions
system which uses phosphate to buffer the added copper ain proteins. Unlike EPR, both oxidation states of copper
concentrations in the 0-11 uM level via the formation of  are amenable to study by XAS, which provides a powerful
sparingly soluble Cit—phosphate complexes. After addi- method for charting structural changes accompanying the
tion of 2 molar equiv off*Cl?* to the enzyme in 50 mM  catalytically significant redox cycling events. In this study,

referred to as the fit index.



Copper Sites of PAM Biochemistry, Vol. 35, No. 38, 19962245

(a)
1.0 2-His
1.5
v
z
53]
x
e
L
1.0 3
g 4 8 12 5
" &
g k(AT) = <
= 2 :
= b4 ‘g
\ oxidized T g
&
0.5 5
3
(+]
23]
reduced
0.0
T L T T
2 4 6 8 10
Distance (A)
Ficure 3: Comparison of Cu K-EXAFS and Fourier transforms i . , — O T T b

of oxidized (top) and reduced (bottora}AE. 4 6 8 10 12 4 .6 10
k(@AY r(d)

we have investigated the EXAFS and edges of oxidized, Fcure 4: Experimental versus simulated Cu K-EXAFS and

reduced, and substrate-bound-reduced forme-&fE. A Fourier transforms of oxidized-AE: top panel, 2-histidine fit;

comparison of the raw data for oxidized and reduced enzymemiddle panel, 2.5-histidine fit; and bottom panel, 3-histidine fit.
forms is given in Figure 3. Inspection of these data, Parameters used to generate the simulations are given in Table 2.
particularly the Fourier transforms, indicates that major of the Debye-Waller terms for the outer-shell imidazole C
structural changes accompany reduction of oxidized enzyme,and N atoms. In previous studies on CufiHis systems,
while binding of substrate to the reduced form produces only we have consistently noted that the DW terms for the second-
minimal structural perturbation. A detailed analysis of the shell Cu-Cg interactions are approximately double those of
EXAFS data has been carried out using curved-wave, the first-shell Cu-N, interactions. This empirical observa-
multiple-scattering theory. tion would tend to favor the 2.5 His per Cu fit. Another
EXAFS. The EXAFS data for the oxidized enzyme are reason for favoring the 2.5-His fit is the fact that there are
typical of Cu(ll)—imidazole coordination. The FT shows a only 5 conserved His residues between the catalytic cores
major intense peak & ~ 2.0 A, together with minor peaks  of DAM and PHM: H07, H108 H172 H242 gnd H44 If all 5
at R ~ 3.0 and 4.0 A. This pattern has been well- His residues coordinate, and nonhomologous His coordina-
documented as arising from the €N,, Cu—Cs, and Cu- tion is excluded, then the average His coordination per copper
C,/N, atoms of the coordinated imidazole ligand(s), respec- must be 2.5. Support for coordination of¥fland H44 has
tively. Since the &N,—C,/N, angle is~163, the near recently been obtained from site-directed mutagenesis.
colinearity of the triatom groups leads to significant multiple- However, this reasoning will remain speculative until mu-
scattering (MS) interactions which serve as a fingerprint for tagenesis experiments have been carried out on all 5
imidazole (histidine) coordination. Quantitative analysis of conserved His residues. In the meantime, the EXAFS
the MS contribution can provide an estimate of the number analysis provides firm evidence for 4 O/N ligands per Cu at
of histidine ligands coordinated to the Cu(ll) centers (Black- 1.97 4+ 0.02 A, with 2-3 of these ligands being histidines.
burn etal., 1991; Fan et al., 1995; Reedy & Blackburn, 1994;  The Cu(l) form ofa-AE is expected to be the form that
Strange et al., 1987). binds dioxygen and activates it for hydroxylation of the
Acceptable fits to the unfiltered EXAFS data®@fAE have peptide substrate. Structural characterization of the Cu(l)
been obtained for average (per Cu) coordination environ- form is thus pivotal for understanding the monooxygenase
ments of the form Cu(Hig)O/N)s—x, with x between 2 and  mechanism at the molecular level. XAS is unique in its
3, as shown in Figure 4. This corresponds to an averageability to provide structural information on the Cu(l) centers,
4-coordinate Cu(ll) environment with-23 histidine ligands and comparison with data on the oxidized form gives
per Cu and the remainder non-histidine O or N donor ligands, valuable insights into the catalytic role of the copper centers.
most probably corresponding to solvent O atoms. ParameterAs shown in Figure 3 above, ascorbate reduction-@fE
sets corresponding to 2-, 2.5-, and 3-His fits are given in leads to a dramatic change in structure, exemplified by a
Table 2, together with the corresponding values of the least-large (<2-fold) decrease in the amplitude of the first shell
squares residual or fit index (FI). The fit index is lowest in the FT and the appearance of a well-resolved splitting of
for the 2-His fit (1.30), with slightly larger values for the the first shell into two peaks aR = 1.90 and 2.3 A,
2.5-His (1.39) and 3-His (1.49) fits, respectively. The values respectively. Detailed simulations show that these changes
of the fit indices are too close to allow meaningful distinction can be interpreted by the loss of the non-imidazole O/N shell,
in the goodness of fit, and the fits differ only in the magnitude a decrease in the average-@midazole bond length to 1.91
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Table 2: Parameters Used To Simulate the EXAFS and Fourier Transforms of Oxidix&d
first shell outer shells
shell R(A) 202 (A2 shell R(A) OCu—Ny—X (deg) D2 (A2
Fit A: 2 Histidines, 2 O/N, Fi= 1.30
2 Ng (imid) 1.97 0.006
2 O/N 1.97 0.006
2 Cs (imid) 2.82 —-132 0.008
2 Cs (imid) 2.92 122 0.008
2 C,IN, (imid) 4.03 158 0.015
2 C,/N, (imid) 4.13 —168 0.015
Fit B: 2.5 Histidines, 1.5 O/N, F=1.39
2.5 Ny (imid) 1.97 0.006
1.5 0/N 1.97 0.006
2.5 G (imid) 2.82 —-132 0.011
2.5 G (imid) 2.92 122 0.011
2.5 C/N, (imid) 4.03 158 0.020
2.5 G/N, (imid) 4.13 —168 0.020
Fit C: 3 Histidines, 1 O/N, F&= 1.49
3 Ng (imid) 1.97 0.006
10/N 1.97 0.006
3 G (imid) 2.82 —-132 0.015
3 Cs (imid) 2.92 122 0.015
3 C,/N, (imid) 4.03 158 0.025
3 C,/N, (imid) 4.13 —168 0.025

a Estimated errors ar&25% for coordination numbers;0.02 A for first-shell distances, ant0.05 A for outer-shell distances. Deby@aller
terms (2?) are highly correlated with coordination numbers, and no independent estimation of their errors is possible.

+ 0.02 A, and the appearance of a new Cu(ijand
interaction at 2.27 0.02 A, best simulated by a second-

row scatterer such as S or Cl.

Inclusion of a shell ef 2

C atoms at 3.24 A, in addition to the outer-shell C atoms
from the imidazole rings, lowered the fit index from 0.69 to
0.42. These C atoms could arise from the(@ethylene)

and/or G (methyl) atoms of a methionine ligand (see below).

These observations are reminiscent of the change in coor-

dination that accompanies reduction gfid (Blackburn et

al., 1991; Reedy & Blackburn, 1994; Scott et al., 1988),
where S coordination has been demonstrated at the Cu
(dioxygen-binding) site. However, the second-row scatterer

component of the amidating enzyme appears more intense

and even better resolved than observed ivD The best

fit to the reduced data is shown in Figure 5a, and the
parameter set corresponding to this simulation is given in
Table 3. Since itis unlikely that reduction elicits dissociation
of coordinated histidine ligands, we have simulated the data
with an average of 2.5 His per Cu(l). As expected from the
25% error inherent in the determination of coordination
numbers from EXAFS analysis, fits involving 2 His per Cu(l)
were equally acceptable. On the other hand, 3-His fits were

unable to reproduce the very low amplitude of the first shell
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unless unreasonably large DW terms were employed, whichg,g e 5. Experimental versus simulated Cu K-EXAFS and
suggests an upper limit of 2.5 His per copper. In support of Fourier transforms of reduced forms ofAE: bottom panel,

this conclusion, the average €tHlis bond length is short  reduced enzyme; and top panel, substrate-bound-reduced enzyme.
(1.91 A), again suggestive of 3-coordination or lower at each Parameters used to generate the simulations are given in Table 3.
copper. The S/CI interaction fits well to 0.5 S at 2.27, ) S o

indicative of Cu-S/CI coordination at 1 of the 2 Cu(l) interpretation of this finding is that binding of substrate

centers. Thus, neither Cu can have more than 3 His ligandsStrengthens the CeS/Cl interaction, most likely via locking
if the overall average coordination numbersis. the active site in a more rigid conformation. On the other

The effect of substrate binding to the reduced enzyme is hand, no additional scatterers are observed in the EXAFS
shown in Figure 5b. Structural perturbation is minimal, ©Of the substrate-bound form, implying that peptide binds
although small differences are observed in the EXAFS data close to the Cu(l) but does not coordinate.
which can be traced to a decrease in the DW term for the Absorption EdgesFigure 6 shows the absorption K-edges
SICl shell. The parameters used in the simulation are givenfor oxidized, reduced, and substrate-bound-reduced enzyme.
in Table 3 and indicate that the major effect is a decrease inThe edge profile of the oxidized enzyme is typical of
the DW for the S shell from 0.009 to 0.004.AA reasonable  tetragonally coordinated Cu(ll) with a midpoint energy of
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Table 3: Parameters Used To Simulate the EXAFS and Fourier Transforms of Reduced and Substrate-BoundReuesith the Average
Histidine Coordination Number Fixed at 2.5 per Copper

first shell outer shells
shell R(A) 202 (A?) shell R(A) OCu—N,—X (deg) 22 (A?)

Reduced, F= 0.426

2.5 Ny (imid) 191 0.016

0.5 S (met) 2.27 0.009
2.5 G (imid) 2.85 —122 0.015
2.5 G (imid) 2.95 132 0.015
2.5 C/N, (imid) 4.10 168 0.030
2.5 G/N, (imid) 4.20 —158 0.030
2C 3.24 0.022

Reduced plus Substrate (N-acetyl-Tyr-Val-Gly)=F0.604

2.5 N, (imid) 1.90 0.016

0.5 S (met) 2.27 0.004
2.5 G (imid) 2.85 —122 0.015
2.5 G (imid) 2.95 132 0.015
2.5 G/N, (imid) 4.10 168 0.030
2.5 G/N, (imid) 4.20 —158 0.030
2C 3.24 0.022

a Estimated errors ar&25% for coordination numbers;0.02 A for first-shell distances, and0.05 A for outer-shell distances. Deby@/aller
terms (22) are highly correlated with coordination numbers, and no independent estimation of their errors is possible.

The absorption edges of the reduced and substrate-bound-
reduced enzyme show an intense edge feature (bound-state
transition) at 8983.7 eV. This feature is characteristic of
Cu(l) in a coordination environment such as 2-coordinate
0.8 or trigonal planar 3-coordinate (Blackburn et al., 1989;
Sanyal et al., 1993). For example, we recently reported edge
data on 2- and 3-coordinate 1,2-dimethylimidazole copper(l)

complexes which showed well-resolved edge features at
064" 8984.7 and 8984.0 eV, respectively, shown for comparison
in parts d and e of Figure 6. The intense 8984.7 eV peak in
the 2-coordinate complex is assigned to the-ts4p.y
(nonbonding) transition of the linear complex. The transition
044 @ is also present in the edge spectrum of the 3-coordinate
imidazole complex, although its intensity is attenuated
considerably. This behavior has been noted previously in
3-coordinate Cu(l)hlsystems, where the 8984 eV transition

1.0 1

Abs

(e)

©)

0.2 ®) has also been assigned to a—ts4p transition & direction

normal to the N plane) (Kau et al., 1987). The intensity of
@ the transition is expected to be less than that of the
2-coordinate complex, since the presence of only one
8960 8970 8980 8990 9000 9010 nonbonding orbital reduces the probability of the transition.
eV However, the intensity also correlates with the degree of
FiGURE 6: Cu K-absorption edges of oxidized and reduced forms planarity of the 3-coordinate system (Blackburn et al., 1989).
of a-AE and related systems: (a) oxidizeehE, (b) reducedx-AE, Thus, the intensity decreases with the degree of distortion

(c) substrate-bound-reducadAE, (d) 2-coordinate bis(1,2-di- of the complex from planar (trigon@s, or T-shapedCs,)

methylimidazole)copper(l), (e) 3-coordinate tris(1,2-dimethylimi- . :
dazole)copper(l), and (f) reduce@®. The inset is an overlay of toward pyramidal €s,) geometry where the band is generally

the absorption edges of reduced and substrate-bound-redu&Ed present only as a shoulder. A simplistic explanation of this
effect supposes that distortion from planarity requires
~9000 eV. A weak inflection point is observed on the increasing amounts of 48 4p, mixing in the excited states
absorption edge at 8988 eV. Such features are oftenand, consequently, makes the transition increasingly forbid-
observed in 5-coordinate Cu(ll) systems (Sanyal et al., 1993).den.
On the other hand, no intense feature attributable te>1s The intensity of the 8984 eV edge feature in reducedE
4p + shakedown (Smith et al., 1985; Strange et al., 1990) approaches that found in the 2-coordinate 1,2-dimethylimi-
characteristic of square planar Cu(ll) is observed. Thus adazole complex and exceeds the usual intensities found in
5-coordinate or distorted 4-coordinate geometry seems likely. nonplanar Cu(l)y systems. Given the clear evidence for
Although only four strong scatterers are required to simulate an average coordination of-2.5 His ligands and 0.5 S
the EXAFS, this does not preclude the presence of a fifth ligand per copper from the EXAFS analysis, it is likely that
axial ligand. In fact, axial ligation is seldom detected by at least 1 of the copper centers (s 3-coordinate with
EXAFS due to the strong JahiTeller distortion and  the other (Cu) either 2- or 3-coordinate. The intensity of
associated large increase in the Deby¢aller term for the the 8983 eV transition also suggests that the coordination
weak axial ligand. of both Cu(l) centers approaches planarity. An analogous
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feature is observed in the K-edge of reduced dopamine
p-monooxygenase (Figure 6f), but its intensity is less than
that found in the bifunctionalr-AE. Thus although the
ligation of the sites appears very similar in the reduced forms
of the two enzymes, the coordination environment ghD
appears more distorted than that of bifunctionadE, and

it is possible that the amidating enzyme has 1 fewer
coordinated histidine (at GY than dopamingg-monooxy-
genase.

Figure 6¢c shows the K-edge of the substrate-bound-
reduced form, and the inset to Figure 6 shows the edges of
reduced and substrate-bound-reduced enzymes superimposed.
The two edges are identical, leading to the conclusion that . . I .

T . . . 2250 2150 2050 1950
substrate binding produces no change in the coordination W

.Y avenumber

geometry of the Cu(l) centers. This is in good agreement .
with the result of the EXAFS study, which indicated that (liI_GAL\JRET FTIR spectrum of the CO complex of ascorbate-reduced
the binding of substrate produced no change in coordination
but did seem to lock the S-ligated copper center into a more the coordination of which is known from biochemical (Hosler
rigid conformation. et al., 1993), spectroscopic (Fan et al., 1995), and most

CO Binding. Carbon monoxide has been used extensively recently crystallographic (lwata et al., 1995; Tsukihara et
as a probe of dioxygen binding to Fe(ll) and Cu(l) centers al., 1995) studies to be also comprised of 3 His ligands.
in proteins because of the similarity of its electronic structure While the structure of these protein Cu{larbonyls can
and mode of binding. Both ligands have empty antibonding only be inferred from the native structures, it is reasonable
orbitals of x symmetry which interact with filled metal d to propose a 4-coordinate Cu(l)B®0 structure, especially
orbitals to generate back-bonding interactions. In the caseas CO is known to bind strongly only to 3-coordinate Cu(l)
of CO, the back-bonding leads to a decrease in the IR precursor complexes (Pasquali & Floriani, 1984). Thus, in
stretching frequency which is often highly diagnostic of the the Cu(l)HisCO protein systems as well as in a number of
coordinate structure of the Cu(l) center. Previous studies Cu(I)NsCO model complexes [see Table Il in Blackburn et
have shown that CO binds to only one of the Cu(l) centers al. (1990)],»(CO) is below 2070 cm. As we have argued
in DAM. In the fully metalated enzyme, the ratio of CO/Cu previously (Blackburn et al., 1990; Pettingill et al., 1991;
and the S donor coordination number were both found to be Reedy & Blackburn, 1994), the20 cnt?increase in/(CO)

0.5, whereas in the Gedepleted form, both the S coordina- to the values found in BM (2089 cnt?') and a-AE (2093

tion number and the CO/Cu ratio increased to 1.0 (Blackburn cm™) is indicative of a decrease in the-back-bonding

et al., 1990; Reedy & Blackburn, 1994). These data led to interaction from Cu(l) to CO. This would require the Cu(l)
the conclusion that CO bound to only 1 of the 2 copper center to be less electron-rich than in the Cu§lgystems
centers (Cp) which was also the site of S coordination described above and suggests either a decrease in Cu(l)
(Reedy & Blackburn, 1994). The observation of CO coordination number or (more likely) a decrease in the
inhibition kinetics, which showed competitive behavior with basicity of one or more of the coordinated ligands. Such an
respect to @ established the Gucenter as the site of effect would be expected to occur if one histidine of a
dioxygen binding (Blackburn et al., 1990). Cu(His) site were replaced by the poorer donor methionine.

We have carried out similar studies on the binding of CO We have recently shown by site-directed mutagenesis (Eipper
to reducedx-AE with the goal of establishing whether similar et al., 1995) that Nt“ is absolutely obligatory to catalytic
chemistry pertains to the Cu(l) centers of the amidating activity in the APro-PHM382s monooxygenase domain
enzyme. The stoichiometry of CO binding to reduceAE construct. This latter result, the unambiguous evidence from
was determined by the method described in Reedy et al.the present work of S coordination, and the high value of
(1994). A value of 0.52 CO per Cu(l) was determined, v»(CO) argue strongly in favor of f4* as the S ligand to
establishing that, like PM, the copper centers of the Cu(l) in a-AE and other forms of the amidating enzyme.
monooxygenase domain of AE are inequivalent and only Structural and Mechanistic ConclusionsThe spectro-
one of them binds CO. The FTIR spectrum of this carbonyl scopic data described in this paper suggest a structural model
complex is shown in Figure 7. The intraligand stretching for the copper centers in bifunctionatAE very similar to
frequency of the coordinated CO occurs at 2093 trwlose that proposed previously for AM (Reedy & Blackburn,
to that determined for BM (2089 cnt?). 1994; Reedy et al., 1995). The important elements of this

It is useful to compare this value to the CO stretching model are as follows. The enzyme contains 2 coppers per
frequencies of carbonyl complexes of Cu(l) centers in a 75 kDa protein molecule, which are located in mononuclear
number of crystallographically characterized proteins and coordination environments. The Cu(ll) coordination of the
models. Deoxyhemocyanin (deoxyHc), the oxygen-binding oxidized enzyme is typical of type 2 copper proteins, with
protein of molluscs and arthropds, contains a dinuclear Cu(l) 2—3 histidines and 2 O/N (probably O from solvent, Asp
center in which each copper is coordinated to 3 His residuesor Glu) as equatorial ligands. Reduction causes a major
(Hazes et al., 1993). The dinuclear unit binds 1 CO per 2 structural change. The Cu(l) centers are structurally in-
Cus, withv(CO) values of 2063, 2053, and 2043 citfior equivalent since only one of them binds CO. The non-
molluscanLimulus and arthropodal Hcs, respectively (Fajer histidine O/N shell is displaced, and the Cu(l) coordination
& Alben, 1972). CO also binds to the gaenter of heme-  involves a maximum of 2.5 His ligands together with 0.5
copper oxidase3[CO)= 2062 cm* (Thomas et al., 1994)],  S/CI ligand per copper. The value ofCO) is suggestive

2093

Absorbance
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Scheme 1: Structural Model for the Copper Centers in state which must develop (at least partially) on copper during
Oxidized, Reduced, and CarbonylateeAE? O—0 bond fission. On the other hand, the oxidized (resting)
enzyme shows no evidence for methionine coordination (this
work) and may indicate that steps in the mechanism that
follow formation of the putative Cu(lbyhydroperoxy inter-
mediate may not involve coordinated methionine either.
Elucidation of the coordination chemistry of such intermedi-
ates is a goal of future studies.
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