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ABSTRACT:. The biosynthesis of the majority of biologically active peptides ends with an obligatory
o-amidation step that is catalyzed only by peptidylglycindydroxylating monooxygenase (PHM). The

utility of two mechanisms proposed for this copper- and ascorbate-dependent monooxygenase was examined
using site-directed mutagenesis and intrinsic tryptophan fluorescence. Retention of full activity by
PHMccGIrnt" Ala and -Asn eliminates a critical role for Giff in a substrate-mediated electron transfer
pathway. The 20-fold reduction W¥nax observed for PHMccGI%Iu and -Leu is consistent with a key

role for conformational changes in this region. Mutation of Pysituated near Gy to Trp reduced/max

200-fold. Measurement of changes in intrinsic fluorescence allowed determinatioiofos copper
(0.06u4M) and for a peptidylglycine substrate, Phe-Gly-Phe-Gly (iM§. Although the peptidylglycine
substrate bound more tightly at pH 7.0 than at pH 8.5« decreased 25-fold at neutral pH. Total quenching

of the signal from Trg° in apoPHMccTyfTrp along with its greatly reducednax defines a critical role

for Cua in the rate-limiting step of the reaction. Taking into account our data and the results of kinetic,
spectroscopic, and crystallographic studies, we propose a mechanism in which substrate-mediated activation
of molecular oxygen binding at Gucompletes a pathway for electron transfer fromsCu

Copper-containing proteins are critical for a variety of EPR (electron paramagnetic resonance) nor EXAFS detected
cellular functions from electron transfer to dioxygen activa- any coupling of the two copper ions8,(12—14). The
tion. Copper-dependent monooxygenases facilitate the acti-presence of an 11 A solvent-filled cleft separating the two
vation of molecular oxygen and the incorporation of oxygen copper ions bound to PHMcc (@ualso termed Cy and
into product (—5). Peptidylglycinea-hydroxylating mo- Cus, also termed Gyl) undoubtedly contributes to this lack
nooxygenase (PHMEC 1.14.17.3) is a copper- and ascor- of coupling, raising the question of how the two reducing
bate-dependent monooxygenase that catalyzes the stereospequivalents are used to catalyze the desired reaction (Figure
cific a-hydroxylation of glycine-extended neuronal and 1).
endocrine peptide precursors, leading to the formation of
o-amidated products and glyoxylate (Figure 1). PHM is a
member of the family of structurally related copper- and
ascorbate-dependent monooxygenases that includes dop
mine 3-monooxygenase and monooxygenaseéX Despite
kinetic studies, site-directed mutagenesis, crystallographic
data, and EXAFS (extended X-ray absorption fine structure)
studies, the mechanism through which PHM catalyzes
peptide amidation remains uncledr; 6—12).

PHM and DBM function in the ascorbate-rich environment
of the secretory pathway, making tight coupling of turnover
to binding of peptidylglycine substrate and dopamine,
respectively, a critical feature of the reaction. Although both
PHM and DBM bind 2 mol of copper/mol of protein, neither

Crystallographic, EXAFS, and kinetic data have provided
different insights into possible reaction mechanisms. Largely
on the basis of differences in the three-dimensional structures

%f the oxidized, substrate-bound catalytic core, and the
reduced catalytic core of PHM [PHMcc, rPAM-1(4356)],
a substrate-mediated electron transfer pathway was proposed
(4, 15). More on the basis of Fourier transform infrared
spectroscopy of carbon monooxide-bound PHM and EXAFS
data, a superoxide-channeling mechanism was prop@sed (
7, 10). In the substrate-mediated electron transfer pathway,
GIn*"®plays a critical role in transferring reducing equivalents
from Cuy to the peptidylglycine substrate. Site-directed
mutagenesis was used to explore the role of'Glin
catalyzing peptide amidation. Gfi was mutated to Asn or
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Ficure 1: Peptide amidation and PHMcc. (A) PAM-catalyzed reactions. The reactions catalyzed by PHM and PAL are shown. (B) PHM

catalytic core (PHMcc), with the region of homology between PHMcc afitfiindicated. (C) Active site of oxidized PHMcc, showing
Cua and Cy separated by 11 A. The bound [di-iodo]-acetyl-Tyr-Gly substrate is shown in black. Key residues are indicated, with the
relevants-strands and loops shown in a matching color: "Ty83, lavender; Hi&¥7, His'% 5, dark blue; GI&’% His!?2 f39, light green;
Arg?*, light blue; Hig42 His?*4, 514, following loop, dark blue; GR#3 orange-red; Mé&t4, yellow; Asr#s Tyr318 521, orange 10). The

figure was created using MolMol.

Studies of PHM and PAM have largely been limited to from the wild-type sequence are underlined. Products gener-
analysis of the copper-bound enzyme. We employed intrinsic ated by PCR were purified on agarose gels, digested with
tryptophan fluorescence as a means of evaluating the effectshe appropriate restriction enzymes, and inserted into pBlue-
of metal binding on protein structure. In addition, we used script as described previousli8). The coding region of

intrinsic tryptophan fluorescence to determine kqeof the

each construct was sequenced in its entirety by the molecular

enzyme for its peptidylglycine substrate. PHMcc has only Genomics Core Facilities at Johns Hopkins University School

three Trp residues. By substituting a fourth Trp for Pyr

of Medicine (Baltimore, MD) or the University of Con-

we hoped to generate a fluorescent marker that could monitornecticut Health Center and inserted into the pEAK10 vector

the active site. Our data suggest that neither the substrate{17). The pCIS vector encodinyProPHM382s Ty#Phe was
mediated electron transfer pathway nor the superoxide-described previouslyl().

channeling pathway provides an adequate description of the
reaction catalyzed by PHMcc, leading us to suggest alternate.

possibilities.
MATERIALS AND METHODS

Construction and Analysis of PHMcc Mutanfhe PH-
MccGInt’® mutants (GIA"°Ala, GInt"Glu, GInt"%Leu, and
GIn'%Asn) and PHMccTy#Trp mutant were constructed by
PCR-based mutagenesis of pBgroPHMcc356. Sense and

Transient expression of PHMcc proteins was carried out
in pEAK Rapid hEK293 cells using lipofectamine (Invitro-
gen, Gaithersburg, MD)1({7). Cells were grown in DMEM-
F12 supplemented with 10 mM HEPES, a penicillin/
streptomycin mixture, and fetal bovine serum (Hyclone,
Logan, UT). One day after transfection, transiently trans-
fected cells were rinsed and fed with complete serum-free
medium [CSFM; DMEM-F12 supplemented with HEPES,
a penicillin/streptomycin mixture, and an insulin/selenium/

antisense oligonucleotide primers encoding 21 bases up-transferrin mixture (Invitrogen)]; after 124 h, spent media
stream and downstream of the mutation were used. Primersand cells were harvested. Cells were extracted into 20 mM

used for each specific mutation were as follows: ‘Ghla,
5-GGAAGCAAATACTTCGTCCTTGCAGTTCACTATG-
GCGATATCAGTGC-3; GIn'"%Glu, 5-GGAAGCAAATA-
CTTCGTCCTTGAAGTTCACTATGGCGATATCAGTGC-
3; GIn'"%Leu, 3-GGAAGCAAATACTTCGTCCTTCTAG-
TTCACTATGGCGATATCAGTGC-3; GInt"°Asn, B-GGA-
AGCAAATACTTCGTCCTTAACGTTCACTATGGCGAT-
ATCAGTGC-3; and Tyr°Trp, 5-ACACCTAAAGAGTCT-
GACACATGGTTCTGCATGTCCATGCGTCT-3Changes

TES/NaOH, 10 mM mannitol, and 1% Triton X-100 (pH
7.4) containing protease inhibitord®). To provide an
accurate estimate of the amount of PHMcc protein in a
sample of medium, aliquots of medium containing a range
of PHMcc activity were subjected to SBRAGE and
Western blot analysis using PHM polyclonal antibody JH
1761 (@8). Following visualization of PHMcc protein by
enhanced chemiluminescence (Pierce), films were scanned
and the signals were quantified using NIH Scion Image.
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Aliquots of spent medium yielding signals in the linear range
of the film were used to calculate the amount of PHMcc
protein present.

Purification of PHMcc ProteinStably transfected CHO

DG44 (dhfr-) cell lines secreting PHMcc (cloneod (16),
PHMccGIrt " Ala (clone B6), and PHMccTyPTrp (clone
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PHMcc Enzyme Assaliquots of purified enzyme, spent
medium, and cell extract were assayed as described previ-
ously (L6) using 0.5uM CuSQ,, 0.5 mM ascorbate, 0.4M
acetyl-Tyr-Val-Gly, 0.1 mg/mL catalase, trace amounts of
129-labeled acetyl-Tyr-Val-Gly, and 150 mM NaMES (pH
5.5). Acetyl-Tyr-Val-Gly kinetic parameter¥§, and Vimay)

7D7G) were established using pCIS vectors encoding eachere determined in the presence of 0 CusQ, 0.5 mM

mutant protein and selected usiay/EM (growth medium
lacking nucleotides) supplemented with HEPES, a penicillin/
streptomycin mixture, and 10% dialyzed fetal bovine serum.
Clones were selected by screening spent medium for PHM
activity and PHM protein (by Western blot). Highly produc-
ing clonal cell lines were grown in polylysine-coated 850
cn? roller bottles in growth mediunaMEM with dialyzed
fetal calf serum) 16). Upon reaching confluence, the cells
were rinsed in CSFM and fed with 200 mL of the same
medium. Spent medium was collected daily and filtered
through a 0.22um filter; phenylmethanesulfonyl fluoride
(PMSF) (0.3 mg/mL) was added, and the medium was frozen
until purification. For the first 2 or 3 weeks of collection,
rollers were incubated in serum-containing medium over each

weekend; established rollers continued to secrete PHMcc at

slowly increasing levels for as long as 265 days (typically

at least 100 days) before the cells sloughed off the surface

of the roller bottle.

Protein purification was performed at 4C using a
modification of published protocolsl, 16, 19). Proteins
in 2 L of spent medium were precipitated by the addition of
0.611 g of (NH).SO/mL followed by centrifugation for 60
min at 6000 rpm. Pellets were suspended #84mL of
MilliQ water, and two or three pellets were pooled. Particu-
late material was removed by centrifugation, and the

ascorbate, 0.1 mg/mL catalase, trace amount¥eabeled
acetyl-Tyr-Val-Gly, 150 mM NaMES (pH 5.5), and 6:2
100uM acetyl-Tyr-Val-Gly (10). Kinetic parameters for the
peptide Phe-Gly-Phe-Gly (Bachem) were determined using
0.2-400 uM Phe-Gly-Phe-Gly. Assays were performed in
duplicate, and peptide controls were performed in the absence
of PHMcc protein. For reactions that included Phe-Gly-Phe-
Gly, the 40uL reaction was quenched with /_ of 10%
trifluoroacetic acid (TFA) and then the mixture diluted with
500 uL of 0.1% TFA. The samples were centrifuged, and
500 uL of peptide control or enzyme reaction sample was
subjected to HPLC analysis to separate substrate from
product.

Intrinsic Tryptophan Fluorescence Analys&eady-state
intrinsic tryptophan (Trp) fluorescence was recorded on a
SPEX fluorimeter (Jobin Yvon Inc., Edison, NJ) using
SPEXCO software. All Trp fluorescence emission spectros-
copy was performed in 3 mL of 50 mM NaMES/NaOH and
50 mM NacCl (pH 6.0) at 25°C. Emission spectra were
corrected for the appropriate solvent blank, as well as for
metal ions or substrate. An excitation wavelength of 295 nm
was used in all experiments. Fluorescence emission intensity
was recorded as a function of wavelength from 310 to 425
nm; wild-type and mutant PHMcc protein concentrations
were typically 606-800 nM. Prior to measurement, PHMcc
was treated with 10 mM EDTA at 4C for 60 min to remove

supernatant was applied to a Sephadex G75-120 (Sigma)dventitious metals, followed by four or five washes with

column (2 cmx 90 cm) equilibrated with 20 mM TES/
NaOH and 0.5 M (NH).SO; (pH 7.0). Fractions containing
PHMcc were identified by SDSPAGE and pooled, and
(NH4)2SO, was added to a final concentration of 1.5 M. The
protein was further purified on a phenyl-Sepharose high-
performance (Amersham Pharmacia Biotech) hydrophobic
column (5 mL) equilibrated in 25 mM TES/NaOH and 1.5
M (NH).SO;, (pH 7.0). Protein was eluted with a decreasing
(from 1.5 to 0 M) (NH,),SO, concentration gradient in 25
mM TES/NaOH buffer (pH 7.0). Fractions containing
PHMcc were pooled and prepared for the MonoQ 5/5
(Amersham Pharmacia Biotech) column by buffer exchange
in 25 mM TES/NaOH (pH 8) using a stirred flow cell
(Amicon) fitted with a YM-30 (30 kDa molecular mass

metal-free, EDTA-free buffer (pH 6.0) in a 15 mL Millipore
microconcentrator, followed by protein determination by
BCA andAzgo.

RP-HPLC AnalysisReverse phase HPLC analyses were
performed using Beckman Coulter System Gold software.
Samples were separated on as G:Bondapak column
(Waters) equilibrated with 0.1% trifluoroacetic acid and
eluted using a gradient to 80% @EN and 0.1% trifluoro-
acetic acid. For all samples, 50Q. was injected using a
Hamilton syringe and absorbance was monitored at 220 and
280 nm.

Copper and Peptide Substrate Binding Studi@spper
binding to the purified PHMcc proteins was assessed using
a Millipore microconcentrator (30 kDa cutoff), with the

cutoff) membrane. The sample was then applied to a MonoQ copper in the retentate and flow-through subjected to analysis
column equilibrated in 25 mM TES/NaOH buffer (pH 8.0) using an AAB00 furnace spectrometer (Perkin-Elmer A
and eluted with a gradient of increasing NaCl concentration Analyst 600). The amount of copper bound to the protein
(from 0 to 1 M) and decreasing pH (from pH 8 to 6). was calculated as the copper concentration in the retentate
Fractions were analyzed on 4 to 15% SEFAGE gels and ~ minus the flow-through, divided by the concentration of
visualized by Coomassie staining or Western blotting. enzyme in the retentate. Acetyl-Tyr-Val-Gly and Phe-Gly-
Fractions containing pure PHMcc were pooled and concen-Phe-Gly were dissolved in 0.1 and 1% HCI, respectively.
trated; enzyme activity was measured, and the protein Final stock solutions were prepared by serial dilution in 50
concentration was determined by measumag, using the mM MES/NaOH and 50 mM NaCl (pH 6.0). Substrate and
established extinction coefficieni§). Purification of the enzyme (600 nM enzyme, 5Q0.) were tumbled at £C
mutant PHMcc forms was unaltered from that for wild-type for 2 h and concentrated to 50L using a Millipore
PHMcc. The extinction coefficient previously determined for microconcentrator (30 kDa cutoff), and the retentate and
PHMcc ¢ = 1.29 at 280 nm for 1 mg/mL)16) was used flow-through were subjected to HPLC analyses as described
for PHMccGIrt"?Ala; for PHMccTyr®Trp, e = 1.41. above. Alternatively, microdialysis capsules (Spectra/Por
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Ficure 2: Analysis of PHMcc proteins transiently or stably expressed in hEK-293-derived pEAK Rapid cells. For Transient Expression,
equal volumes of cell extracts and 24 h spent medium from cells expressing PHMcc or a PHMcc mutant were fractionateeR#GHS
transferred, and visualized using a PHM antibody; the volume of medium that was analyzed was 6 times the volume of the cell extract, so
equivalent signals for medium and cell extract mean that the content of the cell is secreted in approximately 4 h. The Western blot shows
that mutation of GI&° or Tyr”® did not affect the folding or secretion of PHMcc. For Purified Proteins, spent medium from stably transfected
CHO cells was used to purify PHMcc, PHMccGlfAla, and PHMccTyfTrp; 2 ug of each PHMcc protein was fractionated by SBS

PAGE and visualized with Coomassie brilliant blue. For the Eatliefstee plots, wild-type and mutant PHMcc were assayed in duplicate

at pH 5.5 in the presence of ascorbate, copper, catalase, and various concentrations of Ac-Tyr-Val-G{y. afit&7 Michaelis constant

(Km) andVmaxWere determined by varying the tripeptide concentration over a 25-fold range. Data are representative of at least four experiments
for each PHMcc protein.

Micro DispoDialyzer, 15 kDa cutoff; Spectrum, Laguna mutants that were examined. Thus, none of these mutations
Hills, CA) were used to attempt to achieve equilibrium by of GIn'"®or Tyr® resulted in production of grossly malfolded
dialysis, followed by HPLC analysis as described above. or rapidly degraded enzyme. Since all of the mutant proteins
were secreted, we used the spent medium to evaluate the
RESULTS effect of each mutation on the catalytic activity of PHM.
We showed previously that accurafg, and relativeVpyax
values can be obtained by assaying secreted PHMcc without
The monooxygenase activity of wild-type and mutant further purification (0).
PHMcc proteins was assayed to determine the effect of Our initial assays, using a concentration of peptidylglycine
mutating amino acids proposed to be critical to the substrate-substrate far below it&n, revealed that all of the mutants
mediated electron transfer mechanism (PHMcé@)ror to retained some enzymatic activity. Substitution of Glrof
the superoxide-channeling mechanism (PHMcéJyFigure PHMcc with Asn, Glu, Leu, or Ala resulted in Michaetis
1). Since expression of active PHMcc in bacteria has not Menten constantsK(,) comparable to that of wild-type
yet been accomplished, we screened the effects of these sitetPHMcc Kn = 11 uM) (Table 1A). Substitution of TyP of
directed mutants by analyzing PHMcc secreted after transientPHMcc with Trp gave &, value for Ac-Tyr-Val-Gly of 18
expression in mammalian hEK-293 cells (Figure 2, Transient «M, not significantly different from that of wild-type PHMcc.
Expression). Stably transfected CHO cell lines were then To estimate the effect of each mutation dpa aliquots
established for the more diagnostic mutants. The activity of of spent medium containing equal units of PHMcc activity
wild-type PHMcc and mutant enzyme was studied under (assayed with saturating amounts of substrate) were fraction-
various conditions (substrate and pH) to determine the effectated by SDSPAGE and the amount of PHM protein was
of mutating these two active site residues.'@was mutated  determined by Western blot analysis. Compared tovths
to Asn or Glu, structurally related amino acids, to Leu, a of the wild-type enzyme, substitution of G with the
hydrophobic amino acid of similar size, and to Ala, a much negatively charged amino acid Glu or with the hydrophobic
smaller, nonpolar residue. T{¥rwhich had previously been  amino acid Leu resulted in a more than 10-fold reduction in
mutated to PhelQ), was also mutated to Trp to evaluate Vna Conversely, mutation of GI¥ to the structurally
the effect of having a different large, hydrophobic residue similar but smaller amino acid Asn or to the smaller and
with no hydroxyl group, as well as for use in Trp fluores- nonpolar amino acid Ala produced no difference between
cence studies. the mutant and wild-typ¥max Since replacement of Gif?
Mammalian cells were transiently transfected with vectors with Ala had been predicted from the crystal structure for
encoding wild-type or mutant PHMcc, and the amount of elimination of the substrate-mediated electron transfer path-
PHM protein in cell extracts and medium was evaluated by way, we generated a stable cell line producing this mutant
Western blotting (Figure 2, Transient Expression). Each of protein. Substitution of TyP with Trp reduced the relative
the mutant proteins was secreted, and similar levels of proteinViax by approximately 50-fold. Since mutation of Tto
were observed in cell extracts and medium for each of the Trp had a dramatic effect O« but did not totally eliminate

Kinetic Analyses of Transiently Expressed Proteins
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describes the relative affinity of the substrate for the enzyme
(20), is alImost 300-fold lower for PHMccT¥#Trp than for
wild-type PHMcc. In contrast, the specificity constants for

Table 1: Kinetic Constants

(A) Transiently Expressed PHMcc Proteins

Km relative Vimax . : .
sample (M) (pmol OD 1 h™?) PHMccGIn"?Ala and wild-type PHMcc are identical.
PHMcc 11+ 5 1.00 Since copper coordination is controlled in large part by
EEM“SI%@T” 18:2 g-g;’ His residues in PHMcc, the effect of pH on enzymatic
PHMGCGIT Al 81 226 activity was examined (Table 1B). At pH 7.0, tkg, values
PHMccGIH%eu 9+5 0.05 of wild-type PHMcc, PHMccGIH%Ala, and PHMccTyfTrp
PHMccTyr®Trp 18+ 10 0.02 for a-N-acetyl-Tyr-Val-Gly decreased-5-fold. Increasing
(B) Purified PHMcc Proteirts the pH of the reaction mixture had a more dramatic effect
| I\/ma}1 - Keat  KealKm on Vmax For all three enzymed/nax decreased 2630-fold
sample  pH Kn M) (nmolug™h™) (s7) @M7's™ when the pH was increased from 5.5 to 7.0 (Table 1B). As
PHMcc 556314  1.5+095 150 2.4 a result of the pH-dependent changes in bidthand Vinax
7.0 124009 0.06:£001 053 0.2 th ifici tants for all th d 4 onl
PHMccGIH™Ala 5.5 65+ 1.6 12406 140 29 e specificity constants for all three enzymes decreased only
7.0 29+10  0.07+£0.02 062 0.2 ~10-fold at pH 7.0 versus those at pH 5.5.
PHMccTyr®Trp 5.5 9.8+ 4.0 0.008+0.004 0.09  0.009
7.0 2.3+1.4 0.0004+0.0001 0.0035 0.0002 Steady-State Fluorescence Spectroscopy of Wild-Type

aPHM activity in medium samples from transiently transfected PHMcc
pPEAK Rapid cells (Figure 2) was measured as described, and the
amounts of the different PHMcc mutants were compared using an  Intrinsic fluorescence, using Trp as a reporter, can provide
ﬁpttiﬁfédﬁ”ﬁg'r“ﬂecﬁa??ﬁ ﬁfcfﬁ]pdf:r%fgﬁtzivi] Cgsa\t,v'g?:tgggzeggﬁg”t?::“tsa sensitive and revealing measure of structure, solvent
presenc)épof Ac-Tyr-Val-Gly at pH 5.5 andy7.0 as describedyin Materials acceSSIb"'ty’.and Conformatlonal.(:hange resulting from metal
and Methods (meatt standard deviation). or substrate interactior2g, 23). Wild-type PHMcc has three
Trp residues (Trig4 Trpt*L, and Trg%9) (Figure 3A) @). The
side chain of Trf?4 which is conserved in all species of
activity, we generated a stable cell line producing PHMcc- PHM, extends from the side @fstrand 6 facing away from
Tyr™Trp. Cua. Trp**, part of the highly conserved hydrophobic
Given that the protonation and/or deprotonation of residues sequence that formé-strand 7, is 8.9 A from Cuy Trp2e°,
at the active site may play an important part in the located ing-strand 16, is 22.8 A from Guand is not
monooxygenase reaction, the activities of this set of mutant conserved in all species of PHM.
PHMcc proteins were measured as a function of pH (data Copper Binding to PHMccAlthough active PHMcc is
not shown). When assayed between pH 4.0 and 7.0, theknown to require two bound coppers, a dissociation constant
PHMccGIn and -Tyr® mutants exhibited broad maxima  (Kp) for copper has not been measured. When our attempts
between pH 4.5 and 5.5 with very little activity above pH to determine a dissociation constant for copper using
6.5, much like wild-type PHMcc. Even substitution of Gt equilibrium microdialysis devices and microconcentrators
with Glu did not dramatically shift the pH profile of the  failed to provide clear data, we evaluated the effect of added

reaction. copper on intrinsic Trp fluorescence emission intensity using
N . steady-state fluorescence spectroscopy. An excitation wave-
Kinetic Analyses of Purified PHMcc Mutants length of 295 nm was selected to optimize the signal from

Stably transfected CHO lines secreting PHMcc mutant Trp, and fluorescence emission intensity was recorded as a
proteins GIA™Ala and Tyf°Trp were created to allow function of wavelength from 310 to 425 nm. Prior to
production and purification of large quantities of protein for measurement, wild-type PHMcc was treated with EDTA to
enzymatic, crystallographic, fluorescence, and other spec-remove adventitious metal; atomic absorption spectroscopy
troscopic studies. The purification procedures for the two revealed the presence &f0.25 mol of Cu/mol of protein
mutant proteins required no adjustment from the puriﬁca’[ion fO”OWing treatment. PHMcc exhibited maximal fluorescence
established for wild-type PHMcc, and the final preparations intensity at 344 nm (Figure 3B), substantially below fhgx
each consisted of a single major protein band (Figure 2, for free Trp (358 nm) 22), indicating that the Trp residues
Purified Proteins). Initial velocity measurements were per- in PHMcc are in a restricted, hydrophobic environment.
formed with purified wild-type PHMcc, PHMc-GHAla, Fluorescence emission spectra for wild-type PHMcc were
and PHMccTyfTrp as a function of Ac-Tyr-Val-Gly  recorded following the addition of increasing amounts of
substrate concentration at pH 5.5 and 7.0 (Figure 2 and Tablecopper, using a maximal copper concentration of.2B
1B). Kinetic parametersK(, andVnay) Were determined by  (Figure 3B). A biphasic decrease in fluorescence intensity
fitting the data to an EadieHofstee plot 20, 21). was observed as the copper concentration was increased. The

At pH 5.5, the substitution of G with Ala had little addition of similar concentrations of zinc or calcium had no
effect on the Michaelis constarX{) or the rate of product  effect on the fluorescence emission intensity of PHMcc (data
formation (.a) when those values were compared to the not shown). To control for any direct effects of copper on
wild-type values. On the other hand, while substitution of Trp fluorescence not in the context of PHMcc, emission
Tyr™ with Trp did not significantly alteK,, it reduced the  spectra were collected following the addition of copper to
specific activity 200-fold compared to that of the wild-type an equimolar solution of Trp; as the concentration of copper
enzyme. This finding suggests that ™/normally plays a  was increased aboveuM, emission intensity decreased quite
role in a rate-determining chemical step, e.g., substrate ordramatically (not shown). For wild-type PHMcc (600 nM),
dioxygen activation. The specificity constaki.{Ky,), which loading with 2uM copper yielded 1.6 0.2 mol of Cu/mol
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Ficure 3: Effect of copper on tryptophan fluorescence of purified PHMcc. (A) The structure of oxidized PHMcc is shown with the three
Trp residues indicated, along with the distance from each Trp to the nearest copper at®myfigh was replaced with Trp in PHMcc-
Tyr’9Trp, is also showni(5, 19). (B) Fluorescence emission spectra of PHMcc (600 nM enzyme) show graded quenching with the addition
of Cu(NGs),. (C) Replotting the change in fluorescence at 344 nm as a function of Cu(ll) concentration for PHMcc and for a solution of
1800 nM Trp. (D) Data for PHMcc over the-@ uM Cu(ll) range are replotted from panel C with the contribution of free Trp subtracted.
Data are representative of at least three experiments of this type.

of enzyme. Therefore, the response of PHMcc to copper We sought to extend the use of intrinsic Trp fluorescence to
concentrations ok2 M was examined. examine peptidylglycine substrate binding. On the basis of
Changes in fluorescence emission intensity { V) at crystallographic datal@), peptidylglycine substrate binds
344 nm were plotted as a function of copper concentration, near Cuy, interacting with Arg*, Phé'8 Asr?6 and Met!*
revealing a dose-dependent effect that reached a plateau a~igure 1C). The emission intensity of wild-type PHMcc
copper levels rose above QUM (Figure 3C). After we had  devoid of copper was recorded following the addition of Ac-
corrected for the direct effects of copper on free Trp [Figure Tyr-Val-Gly (from 0 to 8 uM) (data not shown). No
3C @)], the effect of copper on the intrinsic Trp fluorescence measurable differences in either emission intensity .k
of PHMcc was represented by a simple hyperbolic curve. were observed for the wild-type enzyme; similar results were
An Eadie-Hofstee plot (Figure 3D) revealedky of 0.06 seen in the absence of copper using the two purified mutant
uM for the interaction of copper with wild-type PHMcc. enzymes. Since the monooxygenase reaction requires copper
Collectively, these findings argue that the decrease in bound to the enzyme, copper-loaded enzyme was tested next
fluorescence emission intensity observed upon addition of (Figure 4A). However, addition of the Ac-Tyr-Val-Gly
sub-micromolar amounts of copper to PHMcc results from substrate produced no significant change in Trp fluorescence
copper-dependent conformational changes in the tertiaryusing the copper-loaded enzyme. Similar results were
structure of the enzyme. Since apoPHM cannot be examinedobtained using the mutant PHMcc proteins (data not shown).
by metal-dependent techniques such as EXAFS, this is the Phe-Gly-Phe-Gly (FGFG) as a Substrate for PHMcc.
first indication that copper binding affects the conformation Since knowledge of the affinity with which PHMcc binds
of PHM. Since Cy is further removed from any Trp residues its peptidylglycine substrate is essential to understanding the
than Cuy, the measured affinity of PHMcc for copper, 0.06 kinetics of the reaction, we sought a different means of
uM, may reflect a greater contribution from CuThe fact measuring this parameter. The lack of a shift in Trp
that incubation of the enzyme iniM copper yields almost  fluorescence upon addition of peptide substrate (Figure 4A)
2 mol of copper bound per mole of enzyme eliminates the could indicate that peptide binds weakly to the enzyme or
possibility that the Kp for copper binding to G is that peptide binding fails to alter the enzyme in a way that

substantially greater thana\. affects Trp fluorescence. At concentrations aboveulQ)
Steady-state fluorescence spectroscopy and copper tifluorescence emission from Ac-Tyr-Val-Gly obscures the
trations were carried out for PHMccGIfAla and PHMcc- signal from the enzyme. To evaluate peptidylglycine binding
Tyr™®Trp, yielding results indistinguishable from those of to PHMcc at higher peptide substrate concentrations, we
wild-type PHMcc (data not shown). The T§rmutation, explored the use of a nonfluorescent tetrapeptide, Phe-Gly-
which had a dramatic effect on enzymatic activity, did not Phe-Gly. First, to determine whether Phe-Gly-Phe-Gly serves
alter copper binding to the enzyme. as a substrate, HPLC analyses of reaction products were

Ac-Tyr-Val-Gly Binding to PHMcd\No Kp, for the binding performed; the enzyme-dependent appearance of a product
of a peptidylglycine substrate to PHM has been assessedeluting at the position expected for Phe-Gly-Rix&ydroxy-
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guenching, addition of a denaturant such as guanidine HCI
would be predicted to increase its fluorescence intensity. The
addition of 5.45 M guanidine HCI to apoPHMcc and to
apoPHMccTyfTrp shifts thedmax Of both proteins to 358
nm and increases their fluorescence intensity (data not
shown). As predicted, after exposure to 5.45 M guanidine
HCI, PHMccTyr®Trp, with four Trp residues, exhibits30%
more fluorescence intensity than an equimolar amount of
PHMcc, with three Trp residues. Collectively, these results
demonstrate that the 200-fold reductiorMpax produced by

the substitution of Ty¥® with Trp is accompanied by the
almost complete quenching of any fluorescence signal from
Trp™. An interaction of Trg® with His'”2 might be respon-
sible for this quenching, since neighboring Lys, Arg, and
His residues are known to quench Trp fluorescer&®. (

DISCUSSION

Intrinsic Trp fluorescence, using Trp as a reporter, provides
a sensitive measure of protein tertiary structure and is widely
used in protein folding studie22—24). The high sensitivity
of indole fluorescence to the polarity of the environment
provides a sensitive means of monitoring the effects of metal
ions and substrate on PHMcc. While EXAFS and crystal-
lization studies are restricted by pH, solvent, and a require-

substrate, Trp fluorescence does not vary with addition of the Ac- ment for millimolar quantities of enzyme, Trp fluorescence

Tyr-Val-Gly peptide substrate, using 600 nM PHMcc in the

presence or absence of Cu(ll). Data are representative of at leas

three experiments of this type for PHMcc, PHMcc8PfAla, and
PHMccTyr®Trp. (B) For the Phe-Gly-Phe-Gly (FGFG) substrate,
FGFG substrate and FGfe-hydroxylglycine product were sepa-
rated on a C1§Bondapak column in 0.1% trifluoroacetic acid,

spectroscopy can be assessed using sub-micromolar concen-
trations of metal-free or fully metalated enzyme. Dissociation
constants Kp) can be determined under a wide range of
conditions. In the presence or absence of copper, the emis-
sion intensity maximumAgay of the wild type, PHMcc-

and eluted with a gradient of acetonitrile, recording the absorbance GInt79Ala, and PHMccTyfTrp was 344 nm, indicating that

at 220 nm. Addition of increasing concentrations of FGFG to
PHMcc produced a graded reduction in fluorescence intensity at

344 nm; difference data are plotted as in Figure 3D, yieldikg a
of 0.8 uM for FGFG.

the detectable tryptophan residues are only partially solvent
exposedZ2). The signal from the additional Trp residue in
PHMccTyr®Trp was totally quenched.

The changes in intrinsic Trp fluorescence observed upon

glycine was apparent (data not shown). The ability of the addition of copper to PHMcc allowed us to draw two

tetrapeptide to compete witfl-labeled Ac-Tyr-Val-Gly was
next assessed using the wild type, PHMcd@®hla, and
PHMccTyr®Trp (not shown). For all three enzymes, FGFG
acted as a competitive inhibitor, withka value of -3 uM.

conclusions. First, the conformation of PHMcc is altered
upon binding copper. Second, copper binds witKmof
0.06 uM, nearly identical to thélp predicted (0.1uM) by
computer simulation of the copper-dependent activation of

Knowing that Phe-Gly-Phe-Gly serves as a substrate, wePAM (13). Consistent with this value, PHMcc has maximal
evaluated the effect of this longer peptidylglycine substrate enzyme activity when assayed in the presence ofud/5
on intrinsic Trp fluorescence. A small, dose-dependent copper (6). Higher concentrations of copper both inhibit
decrease in intrinsic Trp fluorescence was apparent. Theactivity (K, = 25u1M) (13) and further quench fluorescence
increased length of Phe-Gly-Phe-Gly in comparison to Ac- (Figure 3). Many cytosolic cuproproteins bind copper far

Tyr-Val-Gly may account for our ability to detect its binding
in this manner. EadieHofstee analysis yieldedk, for the
peptidylglycine substrate of 0.8M for the Cu-depleted
enzyme (Figure 4B). The measur€dis in good agreement
with the measured; (2.3 + 0.7 uM).

Steady-State Fluorescence Spectroscopy of
PHMccTyrTrp

The proximity of Tyr® to Cu, raised the possibility of

more avidly @5), raising interesting questions about how
PHM retains the copper it needs for activity.

With Phe-Gly-Phe-Gly as a substrate, we were able to use
changes in Trp fluorescence to determinkof 0.8 uM.
The Michaelis constani(,) for Phe-Gly-Phe-Gly could not
be precisely determined, due to limitations in sensitivity
during HPLC, but is clearly below @M. The K; determined
for Phe-Gly-Phe-Gly competing with?fl]- N-acetyl-Tyr-Val-
Gly is similar, 2.4uM. Knowing that the Michaelis constant

using Trg® as an active site reporter. However, despite the (Kn) is similar to the actual binding constant of the

presence of an additional Trp residue, PHMccTimp

peptidylglycine substrateKg) argues that the rate-limiting

yielded no more fluorescence intensity than PHMcc either step in the multisubstrate reaction is downstream of the
in the absence or in the presence of copper (data not shown)binding of peptidylglycine to PHM, and that the peptide
Sequence analysis of PHM cDNA prepared from the PHM complex is effectively equilibratec®Q, 21, 26). The

PHMccTyr®Trp cell line confirmed the presence of the
mutation. If fluorescence from Tfp is eliminated by

fact that theK; for Phe-Gly-Phe-Gly is lower than th¢ for
Ac-Tyr-Val-Gly (16) presumably reflects additional substrate
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Ficure 5: Proposed mechanism for PHMcc-catalyzetydroxylation of peptidylglycine substrates. Dioxygen binds to reduced copper at
the Cu site, equilibrating with the Gi(ll) —superoxide resonance form. Peptidylglycine binding induces the binding of dioxygen at the
Cu,a site. An electron transfer pathway that includes dioxygen bound g9 <Tibstrate, and dioxygen bound toGallows formation of the
Cua(l)—superoxide species, with release of dioxygen frong(@u To position thepro-S hydrogen from thex-carbon of glycine for

abstraction, the peptidylglycine substrate must either swivel from its crystallographically defined site or bind at an additional site. The

remainder of the reaction could then proceed through the steps outlined by Priggé 8t alith the substrate radical attacking hydroperoxide

bound to Cy.

protein backbone interactions and is consistent with earlier rescence studies. Discrepancies in the predicted transition-

kinetic measurement&7). This type of interaction is absent
from a-N-acetyl-3,5-diiodo-Tyr-Gly, the only substrate
examined crystallographically.

The effects of pH on PHM are striking, witWmax
decreasing~25-fold from pH 5.5 (intragranular pH) to pH
7.0 (cytosolic pH) (Table 1). Although crystallographic
studies of PHM were conducted at pH 51%), EXAFS and

state structures, based on primary and secondary isotope
effects, along with the magnitude of the primary isotope
effect, suggest the occurrence of tunneling and coupled
motion as PHM activates the-@4 bond of its peptidyl-
glycine substrate3Q, 31).

One of the most striking features of the reactions catalyzed
by PHM and by DBM is the stability of the reduced enzyme

carbon monooxide binding studies were conducted at pH 7.5in the presence of molecular oxygen and in the absence of
(6), perhaps explaining some of the apparent discrepanciessubstrate 11, 32—34). Potentially toxic reactive oxygen

The proposed role for protonation of Hi% would be
consistent with the observed decreas&/ . at pH 7 98).
The existence of an active site base neax Suggests that

species are not generated at any significant rate, an important
feature for any monooxygenase. In the absence of substrate,
molecular oxygen binds to Guwhich has features common

important reaction chemistry occurs at this site. The fact that to electron transfer sites in other cuproprotei®s3( 19). In

the K, for N-acetyl-Tyr-Val-Gly decreases with increasing

the presence of substrate, studies of carbon monooxide

pH may reflect an increased affinity of the deprotonated Gly binding suggest that molecular oxygen also binds ta Cu

carboxylate for Arg*. Tighter binding of the substrate to

(6). Mechanistically, substrate-induced binding of molecular

Arg®® may lock the substrate in a position that is incompat- oxygen is critical. Cy has features common to oxygen
ible with hydrogen atom abstraction. A potent mechanism- binding sites in cuproproteins that function in redox reac-
based inhibitor of PHM, 4-phenyl-3-butenoic acid, also tions and oxygen transport9). The fact that peptide binding

serves as a substrat2d; multiple products are generated,

activates CO reactivity at Gu with the CO stretching

and their identity suggests a role for a delocalized free radical frequency dependent on the substrate bow)d uggests
as well as movement of substrate within the catalytic site. that the oxygen that is cleaved during substrate hydroxylation
On the basis of a detailed analysis of kinetic isotope binds at this site.

effects, PHM and DBM employ very similar reaction
mechanisms, with similar transition-state structurdg).(

The fundamental problem in understanding the reaction
catalyzed by PHM is how the single reducing equivalents

Therefore, data from both enzymes can be employed totransferred from two ascorbic acid residues tq @nd Cu,

propose a unifying reaction mechanism. Two ascorbate-which are more than 10 A apart, participate together in the
mediated single-electron reductions occur before substratereaction. The two domains of PHM interact through a large
binds. In the secretory granule environment, with its high hydrophobic interface formed by residues that are highly

levels of reduced ascorba#) (the reaction cycle starts with
both Cw, and Cy reduced (Figure 5). Whil&-benzoyl-

glycine (hippuric acid) exhibits equilibrium ordered kinetics,

larger peptides exhibit steady-state ordered kine86s The

conserved across species; more than 506fAhoth domains
is buried, with further stabilization by hydrogen-bonded
antiparallel 5-sheets linking the two domaind ). Both
crystallographic and spectroscopic data indicate thata®al

molecular oxygen consumed in the reaction binds only to Cus remain separated during the reaction cy@el®, 19).
the ES complex, perhaps as a result of subtle substrate-Crystallographic data led us to propose a substrate-mediated
induced conformational changes, as suggested by our fluo-electron transfer pathway in which GIf played a critical
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role linking His'°® to a water bound to the carboxylate of role for Cu, supported its ligand-dependent binding of
the peptide substraté). Given that replacement of Gif? molecular oxygen, its proximity to Hi&, the sensitivity of
with a smaller residue like Ala or Asn has no effectidp Vmaxto pH, and the total quenching of the fluorescence signal
or Vmax GINt"® cannot play the role proposed in the original from Trp’®, coupled with the 200-fold reduction in thé.x
substrate-mediated electron transfer pathway. Crystallo-of PHMccTrp®. Heterolytic cleavage of the oxygen bound
graphic studies of reduced PHMcc in which 8fhas been at Cu, occurs following attack by the glycyl radical, with
replaced with Ala should reveal any alternate electron transferreduction and protonation of the oxygen bound to.Cu
pathway. Replacement of Gf§ with a residue of a similar ~ perhaps involving His? (step 6), followed by dissociation
size (Glu or Leu) decreasedn.x 20-fold, suggesting that through protonation (step 7). Reduction of bothy@nd Ci
these larger residues interfere with the normal reaction occurs quickly in the presence of the millimolar levels of

pathway. reduced ascorbate in secretory granules (step 8). By taking
In addition to all of the Cu ligands, residues whose into account the substrate-dependent nature of oxygen
mutation substantially diminisheg;.x include Tyr® (200- consumption by these copper-dependent monooxygenases,
fold decrease for TrfJ), GIn'7°(20-fold decrease for L&tP), we are able to propose a testable mechanism that does not
Arg?4? (200-fold decrease for Giff), and GIl§*® (6-fold rely on the need for electrons or superoxide to move long

decrease for Aspd) (16, 19) (Figure 1C). Residues whose distances through the solvent or peptide backbone.
mutation primarily decreases the affinity for acetyl-Tyr-Val-

Gly include Ty#:8 (8-fold decrease for PR&), Met?!4 and ~ ACKNOWLEDGMENT

Gludt3 (8-fold decrease for ASP) (16). Despite the proxim-
ity of the glycyl carboxylate to Argf°, K, is scarcely altered
by mutation to GIA*. The crystallographically defined
substrate binding site is intimately connected tgs,Cand
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