
cells that were initially infected before the 
initiation of therapy. The  ability of repli- 
cation-competent viruses to persist in a 
latent form in resting CD4+ T cells is also 
consistent with the finding that frequen- 
cies of latentlv infected CD4+ T cells did 
not decrease appreciably with increasing 
time on HAART. The  isolation of r e ~ l i -  
cation-competent virus from patients who 
have responded well to  long-term 
HAART has also been achieved by Wong 
et al. (25) and Chun et nl. (26). Whether 
latently infected CD4+ T cells can be 
efficiently reactivated to produce virus in 
vivo is unknown; however, the existence 
of a small but relatively stable compart- 
ment of latently infected cells should be 
considered in deciding whether treatment 
should be stopped in patients with no  
other evidence of residual virus. 
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Amida tion of Bioactive Peptides: 
The Structure of Peptidylglycine 
a-Hydroxylating Monooxygenase 

Sean T. Prigge, Aparna S. Kolhekar, Betty A. Eipper, 
Richard E. Mains, L. Mario Amzel* 

Many neuropeptides and peptide hormones require amidation at the carboxyl terminus 
for activity. Peptidylglycine a-amidating monooxygenase (PAM) catalyzes the amidation 
of these diverse physiological regulators. The amino-terminal domain of the bifunctional 
PAM protein is a peptidylglycine a-hydroxylating monooxygenase (PHM) with two cop- 
pers that cycle through cupric and cuprous oxidation states. The anomalous signal of 
the endogenous coppers was used to determine the structure of the catalytic core of 
oxidized rat PHM with and without bound peptide substrate. These structures strongly 
suggest that the PHM reaction proceeds via activation of substrate by a copper-bound 
oxygen species. The mechanistic and structural insight gained from the PHM structures 
can be directly extended to dopamine p-monooxygenase. 

M a n y  mammalian bioactive peptide hor- 
mones, neurotransmitters, and growth fac- 
tors have a COOH-terminal carboxamide 
(1-4). Surprisingly, the amide is not gener- 
ated by an NH2 transfer, but rather by N- 
oxidative cleavage of a glycine-extended 
prohormone (2, 3). One enzyme, peptidyl- 
glycine a-amidating monooxygenase (PAM) 
(E.C. 1.14.17.3), catalyzes the a-amidation 

S. T. Prime and L M. Amzel, De~artment of B IOD~VS~CS 

of these diverse physiological regulators, 
many of which are much less active with free 
carboxylates. Bioactive peptides produced by 
PAM are distributed widely across vertebrate 
and invertebrate species (5). The critical 
role of PAM is highlighted by data showing 
that a null mutation of the PAM gene in 
Drosophila is larval lethal (6). In humans, 
PAM is the target of drug design for diseases 
ranging from rheumatoid arthritis to cancer. 

PAM is a bifunctional enzvme encoded 
and ~iophysica Chemistly, ~ o h n s  Hopkins School of by a complex single-copy gene ;hat is subject 
Medicine, Baltimore, MD 21205, USA. 
A. S. Kolhekar, B. A. Eipper, R. E. Mains, Departments of tissue-specific and regu- 
Neuroscience and Physoogy, Johns Hopkns School of lated alternative splicing (1 -4, 7-9). Two 
Medc~ne, Balt~more, MD 21205, USA. independent enzymatic domains-a mono- 
*To whom correspondence should be addressed. oxygenase domain and a lyase domain-cat- 
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alyze the two sequential reactions required 
for peptide amidation (Fig. 1). The isolated 
domains, separated either through endopro- 
teolytic cleavage or through independent ex- 
pression, retain their enzymatic activities (2, 
7, 9, 10). The NH2-terminal domain, pepti- 
dylglycine a-hydroxylating monooxygenase 
(PHM), catalyzes the stereospecific hydrox- 
ylation of the glycine a-carbon of peptidyl- 
glycine substrates. The second domain, pep- 
tidyl-a-hydroxyglycine a-amidating lyase 
(PAL), is required to generate a-amidated 
peptide product and glyoxylate. Both enzy- 
matic activities have broad substrate speci- 
ficity, since peptides with all 20 amino acid 
amides have been isolated (1, 2, 4). 

The PHM domain is an ascorbate-depen- 
dent, colorless monooxygenase containing 
two coppers (1 0, 11 ), each of which carries 
one electron of the two electrons required for 
the monooxygenase reaction (1 2). In addition 
to its intrinsic interest, PHM is mechanisti- 
cally similar to the enzyme that converts do- 
pamine to norepinephrine, dopamine P- 
monooxygenase (DBM or dopamine P-hy- 
droxylase) (E.C. 1.14.17.1) (1 3). Further- 
more, rat PHM and DBM exhibit 30% 
sequence identity over a 286-residue region 
that includes eight conserved cysteines and 
six conserved Cu ligands (1, 10, 14). Despite 
extensive biochemical experiments, the 
mechanism of PHM and DBM remained elu- 
sive, in part due to lack of structural informa- 
tion. Here we report the three-dimensional 
structure of PHMcc, the catalytic core of ox- 
idized rat PHM (residues 42 to 356), alone 
and in complex with a peptide substrate (Ta- 
ble 1). In contrast to other dicqpper proteins, 
the coppers in PHMcc are 11 A apart and do 
not form a binuclear center. 

F'HMcc is a prolate elljpsoid of dimensions 
55 A by 45 A by 25 A composed of two 
nine-stranded P-sandwich domains. Each do- 
main is about 150 residues in length and binds 
one catalytic Cu (Fig. 2). The domains have 
similar topologies, each containing a common 
eight-stranded antiparallel jelly-roll motif 
(15). The interiors of both domains are highly 
hydrophobic and lack any charged residues. In 
the region of the loop linking strands 10 and 
11 (strand numbers are shown in Fig. 2), the 
two domains are closely associated through a 
hydrophobic interface that buries about 500 
A2 of surface areaofrom each domain (total 
area buried, 1014 A2). The rest of the inter- 
face consists of an interdomain space, -8 A 
wide on average, fully accessible to solvent. 

The NH2-terminal domain (domain I) is a 
P-sandwich of two antiparallel P sheets-one 
containing four strands and one containing 
five. Three disulfide bridges help anchor loops 
to the domain without linking the two P 
sheets together. In addition, at the side of the 
domain opposite to the interdomain space, 
two loops form a short antiparallel P sheet 

(strands 4 and 8). The P-sandwich of domain of which contains two strands (strands 14 and 
I1 consists of one four-stranded antiparallel P 18 and strands 12 and 20). 
sheet and one five-stranded mixed P sheet. Domain I binds one active site Cu, CuA 
Two disulfide bridges connect strands from (1 6), with three histidines (H107, H108, and 
one sheet to strands on the other sheet. In H172); the two histidines adjacent in se- 
addition to the two main sheets, this domain quence are located at the beginning of strand 
includes two small antiparallel P sheets, each 5, whereas the third is at the end of strand 9 

Fig. 1. Reaction catalyzed by bifunctional PAM. The PHM domain catalyzes the oxygen- and ascorbate- 
dependent hydroxylation of peptidylglycine, forming the a-hydroxyglycine intermediate. The PAL do- 
main cleaves the intermediate and releases amidated peptide and glyoxylate. Colored atoms indicate 
that molecular oxygen is incorporated into a-hydroxyglycine (26), and that the product amide nitrogen 
is derived from the substrate glycine (3). 

Fig. 2. A representation 
of the PHMcc fold. The 
backbone is shown in 
gray with the coppers 
represented by green 
spheres. Strands are 
numbered arrows and 
the cylinder is a 3,, helix. 
Side chains of ligands to 
the two catalytic coppers 
(green spheres) are col- 
ored by atom type (car- 
bon is gray, nitrogen is 
blue, sulfur is yellow). The 
dashed gray line indi- 
cates a six-residue loop 
(1176 to D181) not built 
into the final model. This 
figure was made with the 
program Setor (50). 

Fig. 3. Coordination geometry of CuAand CUB. Coppers are represented by green spheres and ligands 
are colored by atom type. Three CuA ligands are shown occupying three of the four equatorial positions 
of a square pyramidal complex. Four CUB ligands are shown, forming a tetrahedral complex. This figure 
was made with the program Setor (50). 
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(Fig. 2). Domain I1 binds the second catalytic dines are found at the end of strand 14 and the 
Cu, CUB, with two histidines and a methio- methionine at the beginning of strand 21. All 
nine (H242, H244, and M314). The histi- six Cu ligands are conserved among PHM and 

Table 1. Experimental. The catalytic core (PHMcc) of the monooxygenase domain of rat PAM (residues 
42 to 356 of rat PAM-I) was overexpressed in Chinese hamster ovary (CHO) cells through use of the 
pClS vector system (1 7, 40). Crystals of PHMcc were grown by hanging-drop vapor diffusion against 
transition-metal salts (Ni2+, Co2+, or Cuw) in buffers ranging from pH 5.25 through ~ H ~ 8 . 0  and 
crystallized in the orthorhombic space group P2,2,2, with cell dimensions a = 68 A, b = 69 A, c = 81 
A, and CY = p = y = 90' (41). Multiple-wavelength anomalous diffraction (MAD) data were collected on 
three occasions: once at beamline 1-5 of the SSRL (42) and twice at beamline X4A of the NSLS (42). 
Statistics from the most successful of the three experiments (at X4A of the NSLS) are shown (43). The 
MAD data sets were processed with DENZO and SCALEPACK (38) and analyzed with the MADSYS 
suite of programs (44). The positions of three coppers (45) were deduced from anomalous Patterson 
Taps (Patterson maps that have the square of the Bijvoet difference as coefficients) of data from 6 to 2.8 
A, The coordinates and individual temperature factors for the three Cu sites (occupancies = 1) were 
refined by least-squares analysis in ASLSQ, and MAD phases were calculated with MADABCD- 
programs included with the MADSYS package. Solvent flattening and histogram matching were per- 
formed in the program DM (46). Bones generated from density-modified maps skeletonized at 1 . 5 ~  
were used to identify 17 of the 22 strands in PHMcc and several connecting loops. A partial structure of 
222 residues (31 out of register) was built with the program 0 (47) on a Silicon Graphics Indigo2 and 
used to refine phases in X-PLOR-3.1 (39). Refined phases were combined with experimental phases 
with the program SIGMAA (461, improving the map sufficiently to place 247 residues (6 out of register) 
in 21 strands and again combine phases. From this point on, X-PLOR-3.8 (39) was used to refine the 
structure into a data set collected to 2.0 A (48). The final structure is missing the four NH2-terminal 
residues, the three COOH-terminal residues, and a six-residue loop (11 76 to D181). This structure was 
used to phase data collected from a PHMcc-substrate complex (49). Data collection statistics: R ,, and 
completeness values were calculated considering Bijvoets equivalent. R,,, = 100 x C C,7li(h) - 
(l(h))l/Zh Ci I,(h). MAD structure factor ratios and anomalous scattering factors: rms(~1 Ffi/rms(l F I ) ,  
where AFis the Bijvoet difference at one wavelength (values on the diagonal) or the dispersive difference 
between two wavelengths (values off the diagonal). Also shown are the anomalous components of the 
Cu scattering factors as a function of wavelength as determined by MADLSQ (44). Refinement and 
stereochemical statistics: A subset of the data (5 to 8%) was excluded from all steps of refinement and 
used only for the free R-value calculation (39). All data for which / F I  > 3u were used in the refinement. 
R-value = Z /   IF,^ -  IF,^ / / C / F , ~ .  

Wavelength 
(A) 

Data collection statistics 

Observations Redundancy Completeness Signal R,,,, 
(N) ("/U) ((l/ul)) (%) 

MAD data collection without bound substrate (20.0 to 2.3 A) 
' 1.3930 11 0,216 6.90 88.0 17.0 5.2 

1.3789 11 0,925 6.92 88.7 16.4 5.7 
1.3779 110,827 6.91 88.3 16.2 6.0 
1.3477 1 10,401 6.88 88.4 14.7 5.8 

High-resolution data collection without bound substrate (20.0 to 2.15 A)* 
1.542 72,425 3.74 90.4 (59.3) 18.6 (3.6) 4.3 (37.2) 

Data collection with bound substrate (20.0 to 2.5 A)* 
1.542 98,056 7.10 99.7 (100.0) 19.1 (4.2) 7.0 (37.0) 

MAD structure factor ratios and anomalous scattering factors 
(4 1.3930 1.3789 1.3779 1.3477 i' (el f" (e) 

1.3930 0.038 0.040 0.039 0.041 -6.1 0.5 
1.3789 0.045 0.036 0.044 -7.9 3.1 
1.3779 0.050 0.041 -7.0 3.8 
1.3477 0.046 -1 .8 3.2 

Refinement and stereochemical statistics 
PHMcc without substrate PHMcc with substrate 

Resolution (A) 6.0 to 2.15 6.0 to 2.5 
R value 0.1 93 (F > 3u; 14,759 refl.) 0.1 97 (F > 35; 11,750 refl.) 
Free R value 0.278 (F > 3u; 1628 refl.) 0.289 (F > 3u; 601 refl.) 
Protein atoms 2356 2408 
Solvent atoms 162- 102 
Average B (A2) 45.9 (protein), 49.4 (solvent) 44.5 (protein), 40.5 (solvent) 
rms deviations 

Bonds (A) 0.01 4 0.014 
Angles (degrees) 2.090 2.032 
Impropers (degrees) 1.421 1.485 

*Values in parentheses correspond to the highest resolution shell of data. 

DBM sequences; mutagenesis of any of these 
residues eliminates PHM actipity (10, 17, 18). 

The two coppers are 11 A apart and face 
the interdomain space in such a way that the 
cleft between them is fullv accessible to sol- 
vent. The coordination of CLLA can be de- 
scribed as sauare ~vramidal with three histi- . & ,  

dine 6-nitrogens (equatorial) and two unoc- 
cupied coordination positions (1 9). The coor- 
dination of CUB is tetrahedral, with two 
histidine E-nitrogens, one methionine sulfur, - .  
and one position occupied by a solvent com- 
ponent, probably a water molecule (this li- 
gand would be displaced by the proposed 
binding of molecular oxygen to CUB; see be- 
low). The solvent ligand departs somewhat 
from tetrahedral geometry by occupying a po- 
sition closer to the methionine (Table 2 and 
Fig. 3).  

Previously reported spectroscopic data 
obtained for oxidized (Cu2+) PHM and 
DBM are consistent with the coordination of 
oxidized CuA and CUB observed crystallo- 
graphically. Extended x-ray absorption fine 
structure (EXAFS) data support an average 
of 2.5 N (histidine) and 1.5 0 or N ligands 
per Cu  ( l o ,  20, 21). One study indicated th: 
presence of a weak sulfur ligand at 2.71 A 
from CuBo in PHM ( lo) ,  in agreement with 
the 2.68 A distance observed in the PHMcc 
structure. X-ray absorption spectroscopy 
(XAS) data support four-coordinate geome- 
try for the CLI sites in solution, with some 
evidence for five-coordinate geometry (20), 
in agreement with the CuA and CUB sites 
observed crystallographically. 

In PHM, the CuA site acts as an electron 
transfer site and the CUB site acts as an oxy- 
gen binding site (10, 20). However, structur- 
ally, the CuA site is most similar to the oxy- 
gen binding sites of other Cu proteins, and the 
CUB site is most similar to the electron trans- 
fer sites of other Cu proteins (22). These 
differences highlight the unusual use of Cu in 
PHM. In particular, it is surprising that there 
are open or solvent-occupied coordination 
positions on both coppers. The coordination 
of electron transfer sites is typically saturated 
by protein ligands, and open coordination in 
the case of CLLA may be important for aspects 
of PHM activity (for example, interaction 
with ascorbate). 

T o  gain insight into the mechanism of - - 
the reaction, we determined the structure of 
the crystallographically isomorphous com- 
plex of PHMcc with N-a-acetyl-3,5-di- 
iodotyrosylglycine (23) (Table 1 and Fig. 
4).  Comparison of the structure of oxidized 
PHMcc with and without bound peptide 
reveals no significant differences, either in 
the conformations of individu?l residues or 
in the overall structure 10.3 A root-mean- 
square (rms) a carbons]. i n  addition, the 
CuA-CUB distance is 11 A in both struc- 
tures; the binding of peptide does not bring 
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the two domains into closer proximity. The 
positions of structural waters are conserved 
in both structures, including the water me- 
diating hydrogen bonds between the pep- 
tide and PHM. The most significant struc- 
tural change upon peptide binding is a ro- 
tation of the N316 side chain (AX, - 30°), 
breaking a hydrogen bond with Y318 and 
forming a new hydrogen bond with the 
backbone of the peptide. 

The structure of this complex reveals a 
binding site tailored to bind peptidylglycine 
substrates. Several conserved active site resi- 
dues (R240, Y318, and N316) and one struc- 
tural water form hydrogen bonds with the 
peptide backbone of the bound substrate, an- 
choring it in the interdomain cleft (Fig. 4). In 
addition, several hydrophobic residues have 
extensive contact with the substrate, includ- 
ing CUB ligand M314 (24). Mutational stud- 
ies confirm the importance of these interac- 
tions. Replacement of Y318 with phenylala- 
nine increases the Michaelis constant (K,) of 
PHMcc for peptidylglycine substrate by about 
sevenfold, with little effect on V,, (1 7); and 
replacement of M314 with isoleucine resulted 
in an inactive enzyme that bound less tightly 
to peptidylglycine resin than wild-type 
PHMcc (1 0). 

In reduced DBM, CUB was shown to bind 
carbon monoxide competitively with respect 
to oxygen (21). In addition, spectroscopic 
studies with reduced (Cu+) PHM and DBM 
found that :he sulfur ligand poved closer to 
CUB (2.27 A in PHM; 2.25 A in DBM) than 
in the oxidized (Cu2+) enzyme (10, 21). 
Shortening of the sulfur-CUB bond distance 
upon reduction is probably due to a change of 
coordination to a ligand geometry favored by 

Table 2. Coordination geometry of CuA and CUB. The SOLV ligand could be one N atom of an azide 
molecule (from the crystallization conditions) instead of water. 

Bonds 
CUA-H1 07 
CuA-H1 08 
CUA-H1 72 

Angles 
H1 07-CUA-H1 08 
H1 07-CUA-H1 72 
H1 08-CUA-H1 72 

Degrees 
169* 
92 t 
91 t 

Bonds A Angles Degrees 
CUB-H242 1.93 H242-CUB-H244 1054 
CUB-H244 2.12 H242-CUB-M31 4 1024 
CUB-M31 4 2.68 H242-CUB-SOLV 1404 
CUB-SOLV 2.00 H244-CUB-M31 4 1034 

H244-CUB-SOLV 1114 
M31 4-CUB-SOLV 804 

'Ideally 180" for equatorial ligands in square pyramidal geometry. tldeally 90" for equatorial ligands in square 
pyramidal geometry. Sldeally 109.5" for tetrahedral geometry. 

Cu+. The structure of the PHMcc-peptide 
complex indicates that this geometry would 
allow peptidylglycine substrates to move clos- 
er (by about 0.4 A) to CUB, because the 
peptide backbone binds next to the M3 14 side 
chain. These results indicate that substrate, 
oxygen, and CUB are located near each other 
in the ternary complex with reduced PHM. 

The PHM-DBM reaction has been ex- 
tensively studied, particularly by Klinman 
and co-workers (25). Despite the marked 
differences in their substrates (peptidylgly- 
cine versus dopamine), the reactions cata- 
lyzed by PHM and DBM are highly similar. 
In both cases, a hydroxyl replaces a meth- 
ylene hydrogen. The enzymatic reactions 
share the same characteristics: catalytic 
competence of the reduced enzyme, pres- 
ence of a radical intermediate, stereospeci- 
ficity of abstraction (and addition), and 
incorporation of molecular oxygen into the 

product (3, 4, 7, 8, 12, 26, 27). The crystal 
structures of PHMcc with and without sub- 
strate suggest how events during catalysis 
occur. The PHM mechanism that results 
(Fig. 5) combines structural information 
with salient features of mechanisms pro- 
posed for DBM (28, 29). 

In the oxidized form of PHMcc (Cu2+), 
both CuA and CUB are solvent-accessible 
and may be independently reduced (to 
Cu+) by ascorbate in two one-electron re- 
ductions (two ascorbates oxidized to two 
semidehydroascorbates). Molecular oxygen 
can then bind reversibly to reduced CUB, 
displacing the solvent ligand. Reversible 
binding of peptidylglycine substrate takes 
place as seen in the structure of the 
PHMcc-substrate complex (Fig. 4): The 
COOH-terminal oxygens of the peptide 
form two hydrogen bonds with the guani- 
dinium of R240 and one hydrogen bond 

Fig. 4. PHMcc-substrate complex. (A) Representation of N-a-acetyl-35- red mesh, indicating the positions of the electron-dense iodine atoms. (8) 
diiodotyrosylglycine bound in the PHMcc active site. The PHMcc backbone Contact map depicting residues that interact with bound peptide (within 3.75 
is shown in gray with the coppers represented by green spheres and other A). Hydrogen bonding interactions and Cu-ligand bonds are indicated with 
atoms colored by atom type. The electron density of a difference (data with dotted lines. Figure 4A was made with the program Setor (50). 
and without the substrate are compared) map contoured at 7u is shown as 
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with the hydroxyl of Y318. Only in the 
ternary complex of reduced enzyme, sub- 
strate, and molecular oxygen does the reac- 
tion progress to produce hydroxylated prod- 
uct, water, and oxidized enzyme (1 2). 

In the ternary complex, CuA and CUB 
transfer one electron each to molecular oxy- 
gen, forming peroxide bound to CUB. Hy- 
droperoxide formation requires a proton, yet 
there are no PHM side chains that can act as 
a general acid in the vicinitv of the Cu-bound 
p&oxide. One possibility is ;hat this proton is 
provided by the carboxyl of the bound peptide 
substrate. At physiological pH (pH 5.0 to 5.5 
in the subcellular compartments of the neu- 
rosecretory pathway) (30), the carboxyl of the 
peptide substrate may be protonated. Binding 
of the carboxyl to positively charged R240 
would lower the pKa of the carboxylate 
(where Ka is the acid constant), facilitating 
transfer of the proton to Cu-bound oxygen. In 
the ~e~tide-bound structure of PHMcc. the . . 
distance between the sybstrate carboxylate 
oxveen and CUB is 4.8 A-well within dis- , L, 

tance for proton abstraction by a Cu-bound 
oxygen. This proposal provides a rationale for 
the required presence of substrate for oxida- 
tion of the coppers and explains why peptides 
terminating in glycylamides (such as oxytocin 
and vasopressin) are not substrates (3 1 ). 

After hydroperoxide formation, the re- 
action proceeds as shown in Fig. 5 with 
heterolytic cleavage of the oxygen-oxygen 
bond and hydrogen abstraction from the 
substrate glycine. The resulting glycyl radi- 
cal then combines with a Cu-bound 0x0 
radical to form a Cu-bound alkoxide  rod- 
uct that slowly dissociates. The structure of 
~ e ~ t i d e  bound to PHMcc shows how a re- 
& - 
action in which a Cu-bound oxygen species 
abstracts hydrogen from the a carbon of the 

substrate glycine can occur. In the struc- 
ture, the pro S hydrogen is pointing toward 
the CUB site (4.0 A from CUB) and away 
from other active site residues. Likewise, 
the si face of the resulting glycyl radical 
would face the CUB site, ready to react with 
a Cu-bound oxygen species. 

In all mechanisms proposed for PHM 
and DBM, the two coppers transfer one 
electron each to molecular oxygen. In other 
svstems (enzvme or biomimetic) where . , 
electrons are transferred from more than 
one Cu to one oxygen molecule, the oxygen 
is bound bridging two coppers (binuclear 
center), or the comers are located close . . . . 
enough for metal-to-metal electron transfer 
(32,33). In the case of PHMcc, the coppers 
are not only distant (11 A), but the envi- 
ronments around the coppers are not in 
direct contact with each other. The shortest 
through-bond electron transfer pathway is 
70 residues in length; the shortest pathway 
involving hydrogen-bonded residues is also 
prohibitively long (24 residues). 

Interdomain motion between domain I 
and domain I1 mav bring. residues near CuA 
and CUB close enohgh fo; electron transfer to 
occur directlv throueh interdomain contacts - 
(34). Such interdomain motion would have 
to occur in the reduced state, because the 
structures reported here show that binding of 
substrate in the presence of oxygen does not 
alter oxidized PHMcc structure. It is apparent 
from spectroscopy that interdomain motion 
does not allow formation of a binuclear Cu 
center in either oxidation state of PHM or 
DBM (10, 20, 29, 35). Consistent with these 
findings, if domain I is manually reoriented to 
form a binuclear center (CuA-CUB = 4.5 A), 
the CuA ligand H108 clashes with the sub- 
strate glycine, pushing it out of the active site. 

Fig. 5. Mechanism proposed for PHM, developed from structural data and mechanistic proposals (28, 
29). Ascorbate reduces both active site coppers. Molecular oxygen binds to CUB reversibly and peptide 
substrate binds reversibly nearby. Molecular oxygen is then protonated, with the concomitant oxidation 
of both coppers to Cu2+. The resulting CUB-bound hydroperoxide undergoes heterolytic cleavage of the 
oxygen-oxygen bond coupled with abstraction of the pro S hydrogen of peptidylglycine substrate. The 
substrate radical combines with the Cu2+-bound 0x0 radical, forming a Cu2+-alkoxide complex, which 
then undergoes slow dissociation through protonation from solvent to yield free enzyme and product. 

Alternatively, electron transfer may occur 
through water molecules in the solvent region 
between the two domains. The possibility of 
intramolecular electron transfer through wa- 
ter is intriguing in light of the debate about 
water as a transfer medium (36). 

The structures of PHMcc with and with- 
out peptide substrate suggest a reaction 
mechanism in which the enzyme is a scaf- 
fold for Cu chemistry. Lack of specific con- 
tacts between the enzyme and side chains of 
the peptide provides a rationale for the 
broad substrate specificity. Thus, the only 
function of PHM residues is to provide the 
coordination of the coppers and to anchor 
the substrate through hydrogen bonding 
contacts to its peptide main chain. Signifi- 
cant structural rearrangements would be 
necessary for additional residues to partici- 
pate directly in the reaction. The close 
similarity between the two structures de- 
scribed here argues against this possibility. 
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which the c-myc gene product, the transcrip­
tion factor c-Myc, triggers the cell death 
program remains unknown. In contrast, the 
mechanism of induction of apoptosis by the 
transmembrane receptor CD95, which be­
longs to the tumor necrosis factor (TNF) 
receptor family, is relatively well character­
ized (3). Upon ligation by its ligand CD95L, 
a member of the TNF family, CD95 initiates 
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Induction of apoptosis by oncogenes like c-myc may be important in restraining the 
emergence of neoplasia. However, the mechanism by which c-myc induces apoptosis 
is unknown. CD95 (also termed Fas or APO-1) is a cell surface transmembrane receptor 
of the tumor necrosis factor receptor family that activates an intrinsic apoptotic suicide 
program in cells upon binding either its ligand CD95L or antibody, c-myc-induced 
apoptosis was shown to require interaction on the cell surface between CD95 and its 
ligand. c-Myc acts downstream of the CD95 receptor by sensitizing cells to the CD95 
death signal. Moreover, IGF-I signaling and Bcl-2 suppress c-myc-induced apoptosis by 
also acting downstream of CD95. These findings link two apoptotic pathways previously 
thought to be independent and establish the dependency of Myc on CD95 signaling for 
its killing activity. 

www.sciencemag.org • SCIENCE • VOL. 278 • 14 NOVEMBER 1997 1305 

http://www.sciencemag.org

