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Abstract Peptidylglycine a-amidating enzyme (a-AE) and 
dopamine fl-monooxygenase (DiBM), two copper-dependent 
monooxygeases that have catalytic and structural similarities, 
are irreversibly Inactivated by sodium sulfite In a time., and con- 
centration-dependent manner. Studies with a-AE show that the 
sulflte-medlated Iactivation is dependent on the presence of 
redox active transition metals free in solution, with Cu(il) being 
the most effective In supporting the Inactivation reaction. Sulflte 
Inactivation of a-AE is specific for the monooxygenase reaction 
of this bifunctional enzyme and amidated peptides provide protec- 
tion against the Inactivation. Consequently, the suiflte-medlated 
Inactivation of a-AE and DI3M most likely results from the 
tran§ition metal-catalyzed oxidation of sulflte to the sulflte radi- 
caI, SO]. 

Key words: Sulfite-mediated inactivation; Peptide 
0~-amidation; Dopamine hydroxylation; Copper-dependent 
monooxygenase 

1. Introduction 

been discovered in the polypeptide backbone of pyruvate-for- 
mate lyase [10]; this radical reacts with hypophosphite leading 
to enzyme inactivation [11]. If a substrate-based glycyl radical 
were to form during 0~-AE turnover, it might be possible to trap 
the radical with hypophosphite or bisulfite, producing a sub- 
strate adduct that could be isolated and characterized. 

in this communication, we report that the addition of micro- 
molar concentrations of sulfite to 0t.AE or D, OM results in the 
irreversible inactivation of the two enzymes and that the sulfite. 
mediated inactivation is turnover independent. More detailed 
studies with 0c-AE show that the sulfite-mediated inactivation 
requires exogenous transition metals and is the result of chem- 
istry at the active site. The potent inactivation of 0t-AE an0 
D, BM by sulfite is important given that sulfite is a common food 
additive [12] and that millions of tons of sulfur (IV) compounds 
are dispensed into the atmosphere annually as a result of gase- 
ous sulfur emissions from anthropogenic combustion sources 
and natural sources of gaseous sulfur compounds [13]. At phys- 
iological pH, sulfite and bisulfite will be the predominate forms 
of sulfur (IV) [14]. 

Monoxygenases catalyze the reductive activation of 02 with 
the concomitant insertion of an oxygen atom into a carbon- 
hydrogen bond. Peptidylglycine 0t-amidating enzyme (0t-AE, 
EC 1.14.17.3) and dopamine p-monooxygenase (DpM, EC 
I. 14. ! 7.1) are examples of a relatively rare subset of monooxy- 
genases that require copper for catalysis. Each of these enzymes 
catalyzes a reaction of physiological importance in mammals. 
0~-AE converts inactive, glycine-extended peptide precursors to 
the active, tz-amidated peptide hormones in a two step reaction 
sequence (for recent a-AE reviews, see [!-3]) while D,BM con- 
verts dopamine to the neurotransmitter, norepinephrine (for 
recent D, BM reviews, see [4,5]). 

As shown in Scheme 1, both tz-AE and D,BM have obvious 
catalytic similarities, and alignment of their respective protein 
sequences reveals regions ofextensive homology. In particular, 
two proposed His-X-His copper-binding motifs are conserved 
[6]. Mechanistic studies on D, OM have shown that a substrate- 
based radical is formed during turnover [7,8]. Similarly, the 
formation of an <z-centered glycyl radical is argued for 0t-AE 
based on the turnover-dependent inactivation of the enzyme by 
D-Phe-Phe-o-vinylglycine [9]. An 0t-centered glycyl radical has 
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2. Materials and methods 

2.1. Materials 
DansyI-Tyr.VaI.Gly, D-Tyr-VaI-Gly, substance P (RPKPQQFFGL- 

M-NH2), disodium fumarate; bovine catalase, Cu(NO02, Mn(NO.02, 
Mg(NO,~)2, and Fe(NO0,~ were from Sigma; (R,S)-0c-hydroxyhippuric 
acid and Na~SO~ were from Aldrich; sodium ascorbate was from Spec- 
trum; and tyramine-HCI was from Janssen Chimica. All other chemi- 
cals were of the highest quality available from commercial sources. 
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Scheme I. The reactions catalyzed by peptidylglycine 0t-amidating en- 
zyme (0~-AE) and dopamine,8-monooxygenase (D,BM). 0t-AE is bii'unc- 
tional with separate sites for peptide hydroxylation and tx-hydrox- 
yglycine-extended peptide dealkylation [2,3]. Peptide 0t.hydroxylating 
monooxygenase (PHM) is the monofunctional enzyme that catalyzes 
the hydroxylation half-reaction while peptidylamidoglycolate lyase 
(PAL) is the monofunctional enzyme that catalyzes the dealkylation 
half-reaction. 
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Fig. I. Progressive inhibition of o~.AE (A) and D, OM (B) by Na,SO~. Reactions at 37°C were initiated at time = 0 by the addition of enzyme and 
the consumption of O~ was measured as a function of time using an O= electrode. The assay conditions for the two enzymes are described in section 
2. The numbers in panels A and !1 represent the concentration (pM) of Na2SO~ present in the assay solution. 

2.2. £n:ymes 
2.2.1, ot.A£. Chinese hamster ovary cells, which secrete recombi. 

nant type A rat medullary thyroid carcinoma c~-AE into the culture 
media, were grown in a Wheaton stirred tank reactor [15]. The bifunc- 
tional 75-kDa enzyme was purified as described by Miller et al. [16] 
except that the final gel filtration step (Sephacryl S.300) was carried out 
using 50 mM HEPES/NaOH pH 7.8, 20 mM NaCI. The purified en- 
zyme was =" 95~ pure as judged by SDS-PAGE and unless otherwise 
noted, had a specific activity of ;e 7.0 #mol of dansyi-Tyr-VaI.Gly 
amidated/min/mg at 37°C. 

2.2.2. D~M. Bovine adrenal dopamine/~-monooxygenase was pu- 
rified as described [17] and had a specific activity of 5.9 .umol of O, 
consumed/min/mg at 37°C. 

2.3. Progresslve inactivation of ~.AE and DpM by Na.,SO~ 
Reactions at 37 "C were initiated by the addition of enzyme, and O~ 

consumption was measured using a Yellow Springs Instrument Model 
35 monitor. The reaction conditions for ~-AE were: 20 mM MES/ 
NaOH pH 6.0, I00 mM NaCI, 1.0,uM CuSO4, I0 #8/ml catalase, 500 
#M sodium a~mrbate, 270 #M r~'ryr-Val.Oly, 20 ,ug/ml ~-AE, and 
0-1250 gM Na=SO~. The reaction conditions for I~M were: 20 mM 
ME,~NaOH pH 6.0, I00 mM NaCI, 1.0,uM CuSO~, 10,u~/ml catalase, 
I0 mM sodium fumarate, $00,uM sodium ascorbate, $00#M tyramine, 
8.6,ug/ml I~M, and 0~150//M Na=SO.~. 

2.~ Fffccl of Na:SO, on tM dealkylmlo, activity of ~.AE 
En~me (63 juip'ml) was incubated at 37"C in 20 mM MESIKOH pH 

6.0, |00 mM NaCI, 0.n01~ (v/v) Triton X-100, 1,0/tM Ca(NO3),, and 
100#M Na=$O~. Con~'ols lacking either Naa$O~ or Na2SO~ and ~-AE 
were also included. To determine residual dealkylation activity, an 
aliquot (5,ul) was removed at the desired time and added to 495 #I of 
assay mixture such that the final solution contained I00 mM MES/ 
KOH pH 6.0, 30 mM KCI, 0.001~ (v/v) Triton X- I00, I% (vlv) ethanol, 
and 2 mM (&5)-~-hydroxyhippuric acid. At regularly timed intervals, 
an aliquot (50 ,ul) was removed and added to I0 ,ul of 6% (v/v) tri- 
fluoroaceti¢ acid to quench the reaction, and then applied to a CIs 
reverse.phase column (4.6 x I00 mm, Keystone Scientific Hypersil 
aDS) for analysis of the percent conversion of ~-hydroxyhippuric acid 
to bemmmide as described by Kulathila et al. [18]. 

2.5. Substance P protection against the Na:SO.t.mediated tnactimtion 
of ct.A£ 

Enzyme (2,5 .u8/ml, specific activity = 4,4//mol/min/mg) was incu- 
bated at 37~C in 20 mM MF..S/KOH pH 6.0, I00 mM NaCI, 0.001% 
(v/v) Triton X-100, 1.0/aM CuSO4, 25 ,aM Na2SO~, and 0-500/aM 
substance P. A control containing no NaaSO.~ and 500 ,aM substance 
P was also included. To determine residual amidation activity, an 

aliquot (5 ,ul) was removed at the desired time and added to 495 pl of 
assay mixture such that the solution contained 100 mM MES/KOH pH 
6.0, 30 mM KCI, 1.0,uM Cu(NO.~),, 100 pg/ml catalase, 0.001% (v/v) 
Triton X-100, 1% (v/v) ethanol, 20/tM dansyI-Tyr-VaI-Gly, and l0 mM 
sodium ascorbate. At regularly timed intervals, an aliquot (50,ul) was 
removed and added to 10 pl of 6% (v/v) trifluoroacetic acid, and then 
applied to a Cis reverse-phase HPLC column for analysis of the percent 
conversion of dansyI-Tyr-Val.Giy to dansyI-Tyr-VaI-NH2 as described 
by Jones et al. [19]. 

2,6, Metal ion dependence of the Na.,SOt.mediated inactivation 
of ot.SE 

Enzyme (25 #g/ml, specific activity = 4.7 #mol/min/mg) was incu- 
bated at 37 °C in 20 mM MESIKOH pH 6.0, 100 mM NaCI, 0.001% 
(v/v) Triton X-100, O-100 ,aM metal ion (Cu(NO3),, Mn(NO3),, 
Mg(NO3)~, or Fe(NO~)~) and 0 or 50,aM Na,SO~ for 20 min. Residual 
amidation activity was determined by the addition of an aliquot (5 #l) 
to !.5 ml of 100 mM MES/KOH pH 6.0, 30 mM KCI, 1.0 ,tim 
Ca(NO0=, I00 ,ug/ml catalase, 0.001% (v/v) Triton X-100, I% (v/v) 
ethanol, 20/JM dansyl-Tyr-Val.Gly, and I0 mM sodium ascorbate. At 
regularly timed intervals, an aliquot (50 #I) was removed and added to 
10,ul of 6% (v/v) trifluoroacetic acid. Conversion of dansyl-Tyr-Val.Gly 
to dansyl-Tyr-Val.NH2 was determined by HPLC as described [19]. 

3, Results and discussion 

3. !. Sulfite.medialed inactimtion of  ~.AE and DflM 
in the absence of  Na2SO.~, the steady-state rates for both 

~-AE and DpM are reached rapidly and are maintained for a 
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E ,I, S E,P 
Z 

k41 k3 
EZ-  EZ" 

k6 

Slow 
Scheme 2. Kinetic model for slow-binding inhibition. 
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Fig. 2. Protection of 0t-AE against the suiflte-media*ed inactivation by 
substance P. The inactivation rates (k,~,J as a function of substance P 
were obtained by incubating enzyme (2.5 ,uglml, specific activity = 4.4 
#mollminlmg) at 37°C in 20 mM MESIKOH pH 6.0, I00 mM NaCI, 
0.001% (v/v) Triton X-100, 1.0 ,uM case4, 25 ,aM Na2SO~, and the 
indicated concentration of substance P. A control containing no 
Na2SO.~ (line C) was included. At the indicated times, an aliquot was 
removed and assayed for residual dansyl-Tyr-Val-Gly amidation activ- 
ity as described in section 2. 

significant conversion of substrate to product. In the presence 
of Na2SO~, there is a time-dependent decrease in the steady 
state rate that is a function of the Na2SO.~ concentration (Fig. 
i). These progress curves are similar to those obtained for a 
slow-binding inhibitor [20,21] in which an inactive enzyme form 
accumulates slowly relative to catalysis (Scheme 2). Note that 
DflM is > 10-fold more sensitive to Na2SO3 than a-AE under 
the conditions employed for these experiments (compare Fig. 
1B to Fig. IA). 

The progressive inhibition observed in Fig. I might result 
from a reaction between sulfite and a substrate-based radical 
producing a reactive ir~termediate that modifies a key amino 
acid in the active site. This hypothesis requires that the sulfite- 
mediated inactivation be turnover.dependent. A reaction be- 
tween the substrate.based radical and sulfite to form a sub- 
strate-sulfite adduct (without producing a reactive intermedi- 
ate) would most likely not cause the inhibition of 02 consump- 
tion shown in Fig. I. 

However, incubations of oe-AE or DflM with suifite lead to 
enzyme inactivation, demonstrating that the inactivation proc- 
ess is turnover-independent. Incubation of 3.4/4g/ml 0~-AE with 
28 #M Na2SO.~ and 1.0 #M Cu(NO.02 for 40 min at 37°C 
resulted in a loss of-90% of the original dansyl-Tyr-VaI-Gly 
amidation activity. Amidation activity was not restored upon 
exhaustive dialysis against 20 mM MES/NaOH pH 6.0, 100 
mM NaCI, 0.001% (v/v) Triton X-100. A control sample of 
0~-AE incubated in buffer without Na2SO3 lost only 4% of its 
original activity during this procedure (including dialysis). In 
contrast to the results with Na2SO3, incubation of 0~-AE with 
500pM NaNO2 or 500,uM NaH2PO2 for 20 min resulted in no 
loss of amidation activity. Incubation of DflM (8.9,ug/ml) with 
100/JM Na2SO3 and 1.0/zM CuSO4 for 30 min at 37°C resulted 
in a >90% loss of tyramine oxidation activity, which was not 

restored upon exhaustive dialysis against 20 mM MES/NaOH 
pH 6.0, 100 mM NaCI, 1.0 ,uM Cu(NOa)2, 10 mM sodium 
fumarate, and 500/JM tyramine. A control sample of DflM 
incubated in buffer without Na2SO3 lost 51% of its original 
activity during this procedure (including dialysis). These results 
show that the sulfite-mediated inactivation of both 0c-AE and 
DflM is turnover-independent and irreversible, and is thus not 
a consequence of chemistry between a sulfite and a substrate- 
based radical• In addition, the inactivation, at least for 0~-AE, 
is specific to sulfite. Also note that significantly lower concen- 
trations of Na2SO3 inactivate 0~-AE under non-turnover condi- 
tions than the those concentrations shown in Fig. I A. This 
result suggests that substrates (or competitive inhibitors) pro- 
tect (x-AE against the sulfite-mediated inactivation. 

The rat 75-kDa 0~-AE is a bifunctional enzyme (see Scheme 
i) with separate active sites for peptide hydroxylation (PHM 
site) and for 0~-hydroxyglycine-extended peptide dealkylation 
(PAL site) [2,3,22,23]. When incubated with 100 pM Na2SO~ 
and 1.0 ,uM Cu(NO02 for 15 rain at 37°C, 0t-AE (63 ,ug/mi) 
retained 104% of the original 0~-hydroxyhippuric acid dealkyla- 
tion activity. Since sulfite causes only the loss of amidation 
activity, the sulfite-mediated inactivation must result from 
chemistry at the PHM site. The inactivation mediated by ascot- 
bate [24] and benzylhydrazine [25] was similarly localized to 
chemistry only at the PHM site. 

3.2. Substance P protection against the sulfite-mediated 
inactivation of o~-AE 

One mechanism that could account for the sulfite-mediated 
inactivation of PHM and DflM would be the Cu(II)-dependent 
oxidation of sulfite to the sulfite radical, SO.;, (Eqn. I) [14,26] 
followed by a reaction between the radical and an active site 
amino acid. This is an attractive mechanism 

Cu(II) + SO~- ---> Cu(1) + SO~ (I) 

given that both enzymes are known to carry out redox chem- 
istry at bound copper atoms [27,28] and that the sulfite-medi- 
ated inactivation of rhodanese [29] and papain [30] has been 
attributed to the oxidation of SO2; to SOL Inactivation medi- 
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Fig. 3. Replot of IIk,,b, vs. [Substance P]. The observed inactivation 
rates (kobJ as a function of the substa,ce P concentration are tYom 
Fig. 2. The line represents a linear regression fit to the d:lta. 
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Fi+, 4. Metal ion effects on the sulflle-medieted inactivation of m.AE, 
Enzyme (25 pg/ml, specific activity : 4.7 pmol/mint~a8) was incubated 
in 20 mM MES/KOH pH 6.0, 100 mM NaCI, 0.001% (v/v) Triton 
X,100, 0~100pM metal ion, and 0 or 50#M Na:SO~ After 20 rain at 
37*C, an aliquot was removed and assayed for residual dansyl-l~r.Val. 
Oly amidation activity as described in section 2. The slashed bars 
reprement tncubation,olutions containing 50pM Na:SO~, the filled bars 
represent incubation solutions containing the metal ion listed below and 
no Na2$O.~, and the open bar represents the control containing no 
added metal ion and no Na,SO~. The numbers above the bars indicate 
the micromolar ~M) concentration of metal ion present in the incuba- 
tion solutions. Each specific activity is the average of triplicate determi- 
nations with standard deviations of < 9~. Preliminary experiments 
with a variety of metals evaluated at concentrations from 0-100 pM 
showed that these metals at the indicated concentrations provided the 
most pronounced effects. 

ated by a radical might be viewed as being indiscriminate be. 
cause such a reactive species could react with a number of 
amino acids causing a loss of activity by either alter, ng the 
structure ofthe enzyme or by modifying a key catalytic residue. 
Protection by a competitive inhibitor would provide strong 
evidence that the sulfite-mediated inactivation is due to the 
modification of an active site amino acid. Substance P, an 
eleven amino acid amidated peptide involved in pain transmis. 
sion [31], is a competitive inhibitor of ~-AE with a £~ value of 
33 + 2 #M [32]. As shown in Fig. 2, substance P does protect 
afainst the sulflte- mediated inactivation. The concentration of 
substance P which halved the inactivation rate at 25 #M 
Na=$O~ was -25 pM, a value approximately equal to the K,, 
value. The replot of I/kob, vs. [substance P] (Fig. 3) is linear 
indicating that the binding of I reel of substance P per mole of 
enzyme is sufficient to protect against the inactivation. The data 
presented in Figs. 2 and 3 indicate that sulfite must modify a 
8map in the PriM site and confirms that the suifite-mediated 
inactivation of ¢z-AE is turnover-independent, 

3.3, Metal ion effects on the sulfite-mediated inactivatimz of  
=-AE 

in the absence of exngenously added Cu(ll), 50#M Na=SO~ 
had virtually no effect on ~-AE activity (Fig. 4), This result is 
not surprisin 8 since ~-AE binds copper relatively weakly [18] 
and the enzyme, as purified, is substantially underloaded with 
respect to Cu(ll), containing only 0-0.2 reel of copper per reel 
of enzyme [2,18]. Addition of 1.0 or 2.0/IM Cu(ll) results in 

a substantial loss of amidation activity in -15  min when 
Na2SO3 is ->25 pM (Figs. 2 and 4). Concentrations of Cu(lI) 
in excess of 4 pM protect a-AE against the sulfite-mediated 
inactivation. The residual amidation activity after a 15 min 
incubation in the presence of 50 pM Na2SO3 increased from 
12% at 2#M Cu(II) to 82~ at !0.aM Cu(ll) (Fig. 4), relative 
to untreated controls. These data are consistent with the hy- 
pothesis that the inactivation of ~-AE and priM results from 
the Cu(II)-catalyzed oxidation of sulfite to ~O] (Eqn. 1). The 
strongly reducing sulfite radical is likely to be consumed at 
[Cu(II)] >4,aM (Eqn. 2) [14,33], thereby explaining the protec- 
tion seen at higher Cu(II) concentrations (Fig. 4). 

Cu(lI) + SO~ --* Cu(1) + SO3 (2) 

Transition metals other than cupric ions will catalyze the 
oxidation of SO~- to~O]. Both Fe(llI) [33] and Mn(lI) [34] will 
also catalyze sulfite oxidation. As shown in Fig. 4, both Fe(llI) 
and Mn(ll) do support the sulfite-mediated inactivation of 
~z-AE, but the extent of inactivation is not as dramatic as that 
observed with Cu(ll). In contrast, Ms(If), which is not a redox 
active metal, does not support the sulfite-mediated inactivation 
of =-AE (Fig. 4). The data presented in Fig. 4 for Fe(lll), 
Mn(ll), and Mg(ll) provide strong support for the hypothesis 
that a sulfite radical is responsible for the inactivation ofcx-AE 
and DflM shown in Fig. !. Because of the relatively weak 
affinity of ~-AE for Ca(If) [18] and the unknown affinity for 
Mn(ll) or Fe(lll), it is not possible at present to determine if 
enzyme-bound or free metal is responsible for the formation of 
the putative sulfite radical. Furthermore, the variable extent of 
sulfite inactivation in the presence of Cu(ll), Mn(II), and 
Fe(ill) (Fig. 4) may result from the effects of the diverse redox 
potentials of these metals on sulfite radical formation. 

The increase in specific activity seen in Fig. 4 upon the incu- 
bation of ~-AE with 10 ~M Cu(NO~)= is reproducible and 
represents a 1.8-fold increase from 4.7 pmol/min/mg to 8.5 
pmol/min/mg. The original specific activity of this enzyme was 
8.9pmol/min/mg which had slowly decreased upon storage and 
repeated freeze/thaw cycles. The restoration of activity upon 
incubation with Cu(II) suggests that Cu(lI) restores ~-AE to a 
more active conformation which had been lost during storage. 

In summary, we have found that two copper-dependent 
monooxygenases, ~-AE and DflM, are irreversibly inactivated 
by low (micromolar) concentrations of sulfite. Additional stud- 
ies with =-AE show that the sulfite-mediated inactivation is 
specific to the Prim active site and requires the presence of 
redox active transition metals. ~-AE is unaffected by sulfite in 
the absence of added Cu(ll), Mn(ll), or Fe(lll) and in the 
presence of Mg(lI). These data suggest that the inactivation is 
the result of the modification of a key catalytic amino acid by 
~O], which is formed by the transition metal catalyzed oxida- 
tion of SO~-. More detailed studies to determine if the inac- 
tivated enzyme contains bound sulfur, to determine which 
amino acid(s) are modified, and to detect the sulfite radical by 
EPR are underway. The results presented here suggest that 
other enzymes that catalyze transition metal-dependent redox 
chemistry such as tyrosinase or cytochrome P-450 may also be 
inactivated by sulfite. The potent inactivation of 0~-AE, D~gM, 
and perhaps other redox enzymes by sulfite is likely to be of 
physiological importance since sulfite is a common food addi- 
tive [12]. Futhermore, sulfite is found in trace concentrations 
in the atmosphere [13], and its inhibition of redox enzymes may 
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provide an explanation for the hypersensitivity of asthmatics 
to sulfite [35]. 
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