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Abstract-Dapsone (4,4’-diaminodiphenylsulfone) is an antimicrobial substance that also has anti- 
inflammatory activity, which has been attributed to inhibition of the leukocyte enzyme myeloperoxidase 
(MPO). We observed that dapsone was a much better inhibitor of the eosinophil peroxidase (EPO) in 
an assay that measured peroxidase-catalyzed oxidation of tetramethylbenzidine at pH 5.4. To clarify the 
specificity and pH-dependence of dapsone inhibition of the purified enzymes under more physiologic 
conditions, we studied peroxidase-catalyzed oxidation of chloride to the antimicrobial and cytotoxic 
agent hypochlorous acid. Taurine was added as a trap for hypochlorous acid, to prevent inactivation of 
the enzymes or chlorination of dapsone by hypochlorous acid. Dapsone was much more effective as an 
inhibitor of both MPO and EPO when chloride rather than tetramethylbenzidine was the substrate. 
Inhibition of both enzymes was greater at neutral pH than at acid pH (pH 7 vs pH 5), but EPO was 
more sensitive to inhibition than MPO regardless of pH. Inhibition was increased by lowering chloride, 
raising hydrogen peroxide, or lowering the enzyme concentration. Inhibition was accompanied by 
irreversible loss of enzyme activity, which was correlated with loss of the heme absorption spectrum, 
indicating chemical modification of the enzyme active site. EPO, but not MPO, was partially protected 
against inactivation by adding physiologic levels of bromide along with chloride. The results suggest that 
dapsone could prevent MPO- and EPO-mediated tissue injury at sites where the peroxidase enzymes 
are secreted and diluted into the neutral pH environment of the tissue interstitial space. Dapsone might 
not inhibit peroxidase-mediated antimicrobial activity, which occurs at high enzyme concentrations in 
the acid environment of phagolysosomes. 

Dapsone (4,4’-diaminodiphenylsulfone) is an anti- 
microbial substance that has been used for many 
years to treat leprosy [l] and in recent years to treat 
Pneumocystk carinii pneumonia in AIDS patients 
[2]. Dapsone is a member of the class of compounds 
that are analogues of p-aminobenzoic acid and 
interfere with microbial folic acid synthesis [3]. 

Dapsone has also found limited use in the 
treatment of inflammatory diseases [&lo], primarily 
skin disorders that are not known to be initiated by 
infectious agents [4,9,11-141. A possible basis for 
anti-inflammatory activity emerged from studies 
indicating that dapsone inhibits myeloperoxidase 
(MPOII) [15], an enzyme found in two classes of 
inflammatory cells, the monocytes and neutrophils 
(polymorphonuclear leukocytes). Neutrophils com- 
bat infection by engulfing and killing microorganisms 

t Corresponding author: Dr. Paula M. Bozeman, 
Division of Cardiopulmonary-Critical Care Medicine, St. 
Jude Children’s Research Hospital, 332 North Lauderdale, 
Memphis, TN 38105. Tel. (901) 531-2351; FAX (901) 527- 
2270. 

(( Abbreviations: DETAPAC, diethylenetriaminepenta- 
acetate; EPO, eosinophil peroxidase; MPO, myelo- 
peroxidase; Nbs, 5-thio-2-nitrobenzoic acid or “TNB”; 
Nbs,, 5,5’-dithiobis(2nitrobenzoic acid) or “DTNB”; PBS, 
phosphate-buffered saline (0.14 M NaCl and 15 mM 
potassium phosphate buffer, pH 7.2); PMA, phorbol 
myristate acetate; TauNHCI, taurine-monochloramine; 
and TMB, 3,3’,5,5’-tetramethylbenzidine. 

in intracellular compartments known as phago- 
lysosomes [16]. MPO is one of a number 
of antimicrobial agents that are secreted into 
phagolysosomes. MPO and other lysosomal com- 
ponents are also secreted into the extracellular 
medium at sites of infection and inflammation and 
contribute to inflammatory tissue injury [17-191. 

Stimulated leukocytes produce hydrogen peroxide 
(H202), and MPO catalyzes the oxidation of halide 
ions by H202 to produce oxidizing and halogenating 
agents [20]. The physiologic substrate for MPO is 
thought to be chloride ion (Cl-), which is oxidized 
to the potent oxidizing and chlorinating agent 
hypochlorous acid (HOCl). The toxicity of the MPO/ 
H202/C1- system to microorganisms and host tissues 
may be due to the direct reaction of HOC1 with cell 
components, or may be mediated by other oxidizing 
and chlorinating agents such as chloramines, which 
are formed in the reaction of HOC1 with ammonia 
and amines. 

Like other hemoprotein peroxidases, MPO also 
catalyzes the oxidation of a wide variety of organic 
compounds including phenols and aromatic amines. 
Dapsone has two primary aromatic amine moieties, 
suggesting that dapsone is a substrate for MPO and 
inhibits by competing with other substrates for 
binding and oxidation at the enzyme active site. 
Figure 1 compares the structure of dapsone 
with that of the peroxidase substrate 3,3’,5,5’- 
tetramethylbenzidine (TMB). 
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Fig. 1. Structures of the inhibitor dapsone and substrate 
TMB. 

Dapsone has proved useful in our studies of MPO- 
catalyzed Cl- oxidation by isolated neutrophils 
[21,22]. Unlike other peroxidase inhibitors such as 
azide and cyanide, dapsone does not inhibit catalase 
in neutrophils or target cells [23]. Relatively low 
dapsone concentrations (co.1 mM or 30 yg/mL) 
were sufficient to block Cl- oxidation when 
neutrophil H202 production and MPO secretion 
were stimulated by phorbol myristate acetate (PMA) 
or high levels of opsonized zymosan. Under these 
conditions, Cl- oxidation occurs primarily in the 
extracellular medium [21,24] at the buffer pH of 7.0 
to 7.4. 

On the other hand, we observed that dapsone was 
a poor inhibitor of MPO in a non-physiologic assay 
of peroxidase activity that measures oxidation of 
TMB at pH 5.4 [25]. Dapsone did inhibit the 
eosinophil peroxidase (EPO), an enzyme found in 
another class of inflammatory cells, the eosinophilic 
leukocytes. The biological role of EPO is similar to 
that of MPO, but EPO is less active as a catalyst for 
Cl- oxidation [26]. At present, it is not known 
whether Cl- is the physiologic substrate, or whether 
EPO catalyzes the oxidation of bromide (Br-), 
iodide (I-), or thiocyanate (SCN-) in vivo [26-281. 

One aim of this study was to determine whether 
dapsone inhibition of MPO is pH dependent, which 
could account for differences in results obtained with 
isolated neutrophils and the TMB-oxidation assay. 
The pH-dependence of inhibition could be important 
in viuo. The inflammatory activity of MPO is 
expressed at neutral pH in the tissue interstitial 
space, whereas antimicrobial activity is expressed 
in the acidified phagolysosome compartment. If 
dapsone is more effective at neutral pH, then 
dapsone might block MPO-mediated tissue injury 
but not interfere with the role of MPO in host- 
defense against infection. 

Another aim was to determine whether dapsone 
is a better inhibitor of EPO than MPO in the more 
physiologic assay that measures Cl- oxidation. If 
EPO is especially sensitive to inhibition, then 
dapsone may be useful in treating inflammatory 
disease processes involving eosinophils. These 
leukocytes have a role in allergic phenomena and 
are found in high numbers in certain mucosal tissues, 
especially the intestinal mucosa, and inflamed skin 
PI. 

MATERIALS AND METHODS 

MPO and EPO were purified from human 
leukemic leukocytes [25]. Concentrations were 
calculated assuming extinction coefficients of 
89,000 M-l cm-’ for MPO at 430 nm [30] and 112,000 
M-l cm-’ for EPO at 415 nm [31]. Carboxymethyl- 
cellulose (CM-52) preswollen microcrystalline resin 
was from Whatman Biosystems Ltd., Maidstone, 
Kent, England. Dapsone, diethylenetriaminepenta- 
acetate (DETAPAC), hypotaurine, 5,5’dithiobis(2- 
nitrobenzoic acid) (Nbs*), taurine, TMB, thi- 
odipropionic acid, and Triton X-100 were from the 
Sigma Chemical Co., St. Louis, MO. Dapsone 
(0.1 M) was dissolved in 0.46 M HCl and diluted to 
1 mM in water, phosphate-buffered saline (PBS), 
pH7.2,or0.3Msucrosewith50mMsodiumacetate 
buffer, pH 5.4 or 7, and the pH was readjusted with 
potassium hydroxide. DETAPAC (0.1 M) was 
adjusted to pH 7 with potassium hydroxide. 5-Thio- 
2-nitrobenzoic acid (Nbs) (0.6 mM) was prepared by 
adding 4 PL of 2-mercaptoethanol to 100mL of 
1 mM Nbsz in PBS with 0.1 mM DETAPAC. 
Dilutions of H202 (Fisher Chemical Co., Pittsburgh, 
PA) were prepared in sterile water, 0.1 M sodium 
sulfate, or the sucrose/acetate buffer solutions. 
Catalase crystals (Boehringer Mannheim, 
Indianapolis, IN) were washed twice in water and 
dissolved in PBS. 

Cl-oxidation. Incubations of MPO or EPO at 37” 
with Cl-, H202, and taurine (10 mM) were stopped 
by adding catalase (15 ,ug), and then the taurine- 
monochloramine (TauNHCl) concentration was 
measured by a modification of the method based on 
oxidation of Nbs [32]. DETAPAC (0.1 mM) was 
included in the Nbs and diluent solutions to inhibit 
metal ion-catalyzed oxidation of Nbs [33]. In 
addition, absorbance was measured at 409 nm rather 
than 412 nm, and an extinction coefficient of 14,050 
M-l cm-’ was determined for Nbs at 409 nm. Oxidant 
concentration (PM TauNHCI) was calculated as 
previously described [32]. 

Peroxidase activity. Activity was calculated from 
the rate of HrOr-dependent oxidation of TMB [25]. 
Assay mixtures were warmed to 37”, and 0.05 mL 
of 0.1 M TMB in NJ-dimethylformamide was 
added. Incubations were started by adding 0.2mL 
of H202 to give 0.3 mM HZ02 in 3.5 mL total volume 
containing 1.4 mM TMB, 30 pg Triton X-100,0.3 M 
sucrose, and 50 mM sodium acetate buffer, pH 5.4, 
with 2-3 nM MPO or EPO. After 3 min at 37”, 
incubations were stopped by adding 0.1 mL of 
0.3 mg/mL catalase and 3.4 mL of cold 0.2 M acetic 
acid. Portions (0.6 mL) were diluted with 0.75 mL 
of 0.2 M acetic acid to give a final 4.5-fold dilution. 
The diluted mixtures were clarified by centrifugation 
and absorbance was measured at 655 nm. Absorbance 
values reported below are 4.5 times the value 
measured after dilution. 

Spectrophotometric experiments. Incubation mix- 
tures (30 mL) contained 30 nM MPO, 10 or 100 mM 
Cl-, H,O*, 10 mM taurine, and dapsone in 15 mM 
phosphate buffer, pH 7 or 5. Incubations at 37” were 
stopped by adding 1 PL of 0.3 mg/mL catalase, 
0.3 mL of 10 mM hypotaurine, and 10 mL of either 
50 mM acetic acid or 50 mM sodium acetate buffer, 
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Fig. 2. Inhibition of TMB oxidation. Assays with 2.5 nM 
MPO (0,O) or EPO (m, 0) were at pH 5.4 (e, W) as 
described in Materials and Methods, or with all solutions 
adjusted to pH 7 (0,O). Control values were 4.5 and 2.3 
absorbance units per 3 min at pH 5.4 and 7. (Number of 

experiments, N, was 10 with MPO and 3 with EPO.) 

pH 4.7, to adjust the pH to 4.7. All subsequent steps 
were at pH4.7. The mixtures were applied to 
columns each prepared from 0.25 g of CM-52 resin 
equilibrated in 25 mM acetate buffer. After washing 
with 50 mL of 0.2 M NaCl in 25 mM acetate buffer, 
MPO was eluted by raising NaCl to 0.5 M, and the 
eluate was adjusted to 1 mL total volume. After 
absorbance was measured, peroxidase activity and 
protein concentration [34] were determined. In 
similar experiments with 0.1 PM EPO, the enzyme 
was concentrated lo-fold by centrifugal filtration 
rather than chromatography. 

RESULTS 

Inhibition of TMB oxidation. To determine 
whether inhibition by dapsone is pH dependent, the 
effect of pH was first examined in the TMB oxidation 
assay. Figure 2 shows that dapsone up to 0. 3 mM 
did not inhibit MPO at pH 5.4, and caused only 
slight inhibition at pH 7. Dapsone did inhibit EPO, 
and was about 3 times more effective at pH7 than 
at pH5.4. The results indicate that dapsone was 
more effective as an inhibitor of EPO than of MPO, 
and more effective against both enzymes at neutral 
PH. 

MPO and EPO have identical activity per mole 
of enzyme at pH 5.4 in the TMB assay [25]. The 
enzymes were also found to have identical activity 
at pH7, equal to about half the activity at pH5.4. 
Therefore, the greater sensitivity of EPO to dapsone 
inhibition was not due to a difference in the ability 
of MPO and EPO to catalyze the oxidation of TMB. 

Inhibition of Cl- oxidation. Dapsone inhibition of 
MPO-catalyzed Cl- oxidation was studied under 
conditions similar to those in experiments with 
isolated neutrophils. The MPO concentration 
(50nM) was the same as would be obtained if half 

the MPO content of a suspension of 4 x lo6 
neutrophils/mL was secreted into the medium 
[25,27,35]. The Cl- concentration was 0.1 M, and 
0.1 mM H202 was added at the start of the 
incubation. This amount of H202 is the same as 
utilized in Cl- oxidation durin 1 hr by PMA- 
stimulated neutrophils at 2-4 x 10 

0 
/mL [21,24]. The 

amine compound taurine (10 mM) was added as a 
trap for HOCl, to prevent inactivation of MPO by 
HOC1 [36], reduction of HOC1 by H202 [37], or 
chlorination of the amine moieties of dapsone [38]. 
After 1 hr at 37”, the amount of Cl- oxidation was 
determined by measuring the concentration of 
TauNHCl . 

Figure 3A shows that in the absence of dapsone, 
the yield of TauNHCl was about 0.1 mM, indicating 
that the amount of Cl- oxidized was about equal to 
the amount of HzOz added. Dapsone at 2-3pM 
inhibited Cl- oxidation by 50% at pH7. Similar 
results were obtained either by adding 0.1 mM HzOz 
at the start of the incubation or, in other experiments, 
by using the glucose oxidase HzOz-generating system 
to produce the same amount of H202 over the course 
of an hour. The results are consistent with 
experiments indicating that dapsone inhibits neu- 
trophil Cl- oxidation at neutral pH. 

Figure 3A also shows that dapsone inhibited MPO 
activity rather than simply competing with Cl- as a 
substrate and thus lowering the amount of Hz02 
available for Cl-oxidation. That is, the amount of 
Hz02 that could be consumed in oxidizing 2-3 PM 
dapsone would be too small relative to the 0.1 mM 
H202 to lower Cl- oxidation by 50%. Similarly, 
scavenging of HOC1 by dapsone could not account 
for inhibition, because the decrease in the yield of 
TauNHCl was much greater than the amount of 
dapsone. Scavenging could account for this result 
only if 2-3 PM dapsone competed very effectively 
with 10 mM taurine for reaction with HOC1 and 
consumed 50pM HOCl, or if 2-3 PM dapsone 
consumed 50 PM TauNHCl. To test for scavenging, 
0.1 mM HOC1 was added to 10 mM taurine in the 
presence and absence of 0.1 mM dapsone, and the 
yield of TauNHCl was measured. In addition, 
0.1 mM dapsone was incubated for 1 hr at 37” 
with 0.1 mM TauNHCl, and then TauNHCl was 
measured. Dapsone did not interfere with TauNHCl 
formation by consuming HOCl, and did not react 
with TauNHCl, indicating that dapsone could not 
act as a scavenger under these conditions. 

Figure 3B shows that MPO was not inhibited at 
pH 5, but 2-3 PM dapsone inhibited EPO by 50%. 
These results were consistent with the TMB oxidation 
assay, which indicated that EPO was more sensitive 
to inhibition. Dapsone was much more effective as 
an inhibitor of both enzymes when Cl- rather than 
TMB was the substrate. 

A direct comparison of dapsone inhibition of EPO 
at pH 5 and 7 could not be made with this enzyme 
concentration (50 nM), because EPO-catalyzed Cl- 
oxidation was very slow at pH 7. However, Fig. 3C 
shows that when Cl- was increased to 0.3 M, EPO- 
catalyzed Cl- oxidation was nearly complete within 
1 hr and was 50% inhibited by 1 PM dapsone. For 
comparison, results are also shown for MPO at 0.3 M 
Cl-. Raising Cl- from 0.1 to 0.3 M made dapsone 
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Fig. 3. Inhibition of Cl- oxidation. The amount of oxidized Cl- was measured at the end of 1-hr 
incubations of MPO or EPO with Cl-, 0.1 mM H202, 10 mM taurine, and the indicated concentrations 
of dapsone. (A) 50nM MPO (O), 0.1 M Cl-, pH7. (B) 50nM MPO (0) or EPO (m), 0.1 M Cl-, 
pH 5. (C) 50 nM MPO (a) or EPO (W), 0.3 M Cl-, pH 7. (D) 50 nM (@) or 10 nM (0) MPO, 0.1 M 

Cl-, pH 5. [(A) N = 5; (B-D) N = 3.1 

less effective as an inhibitor of MPO. Therefore, 
this comparison of dapsone inhibition of EPO at 
pH 5 and 7 underestimates the pH-dependence. The 
results indicate that dapsone was much more effective 
as an inhibitor of both enzymes at pH7 than at 
pH 5, and that dapsone was more effective against 
EPO than MPO regardless of pH. 

Inactivation by dapsone. If dapsone is a competitive 
inhibitor of Cl- oxidation, then inhibition would 
depend on the Cl- concentration but would be 
independent of enzyme concentration. However, 
Fig. 3D shows that inhibition depended on the 
enzyme concentration. When MPO was lowered 
from 50 to 10 nM, dapsone was able to inhibit MPO- 
catalyzed Cl- oxidation at pH 5. A similar effect of 
enzyme concentration was observed with EPO (not 
shown). 

To examine the effect of dapsone on enzyme 
activity, the time-course of Cl- oxidation was 
measured (Fig. 4). In the absence of dapsone, Cl- 
oxidation was nearly linear with time during the first 
5 min. Within 30 min, the TauNHCl concentration 
approached a stable plateau level equal to the 
amount of H202 added at the start of the incubation, 
indicating that the reaction went to completion and 
all the H202 was consumed. With 1 PM dapsone, 
the initial rate of Cl- oxidation was inhibited, and 
in addition, a plateau level of TauNHCl was obtained 
that was much lower than in the absence of dapsone. 
Competitive inhibition would slow the initial rate, 
but the same plateau level would eventually be 
reached with or without the inhibitor. Therefore, 

1 PM Dapsone 
0 

30 

Time (min) 

Fig. 4. Time-course of Cl- oxidation. Incubation mixtures 
at pH 7 contained 30 nM MPO, 0.1 M Cl-, 0.1 mM H202. 
10 mM taurine, and no dapsone (0) or 1 pM dapsone (0). 

(N = 3.) 

the results suggested that dapsone caused progressive 
inactivation of MPO during the incubation. 

Figure 5 shows results of an experiment that 
confirmed inactivation. In the absence of dapsone 
(Fig. 5A), adding more HzOz after the plateau level 



Peroxidase inhibition by dapsone 

300 
No Dapsone 

A 
addltbal w 

4 
P 

_C-- 

i 

0 30 60 0 30 60 

r 

1pM Dapsone 

B 

Time (min) 

Fig. 5. Effect of adding more H20, or MPO after Cl- oxidation had stopped. Incubation mixtures at 
pH7 contained 30nM MPO, 0.1 M Cl-, 0.1 mM HzOz, 10mM taurine, and no dapsone (A, 0) or 
1 yM dapsone (B, 0). After 30 min. 0.1 mM I&$$)- 0--) or 30 nM MPO (-- A --) was added. 

of TauNHCl was achieved caused a second burst of 
Cl- oxidation, indicating that MPO was active. 
Adding more MPO had no effect, indicating that all 
the H202 had been consumed. The opposite results 
were obtained when 1 ,uM dapsone was present (Fig. 
5B). Adding more HZ02 had no effect because all 
the MPO was inactivated. Adding more MPO caused 
a second burst of Cl- oxidation, indicating that MPO 
was inactivated before all of the H202 was consumed. 

Mechanism of inactivation. Like other hemo- 
protein peroxidases, the form of MPO that oxidizes 
halide ions is the Compound I oxidation state, which 
is produced in the reaction of H202 with the ferric 
form of the enzyme [39-41]. The Compound I form 
of peroxidases also carries out one- or two-electron 
oxidation of other substrates such as phenols and 
aromatic amines 1421. One-electron reduction of 
Compound I by these substrates yields Compound 
II. The enzymes are inactive toward halide ions 
while in the Compound II form [39,43], but 
Compound II oxidizes other substrates and is reduced 
back to the ferric form [44,45]. Moreover, if excess 
Hz02 is removed, the enzyme reverts to the active 
ferric form, due to reduction of Compound II 
by endogenous electron donors [45]. Therefore, 
conversion of MPO to Compound II is a reversible 
form of inactivation. 

To determine whether dapsone caused reversible 
inactivation of MPO in the Cl- oxidation assay, 
MPO was incubated with Cl- H202, taurine, and 
dapsone under conditions that caused inactivation, 
the mixture was diluted, and MPO was assayed at 
pH 5.4 with TMB as the substrate. Aromatic amines 
such as TMB have been shown to be good substrates 
for the Compound II forms of other peroxidases 
[42]. Figure 6A shows that MPO lost activity toward 
TMB, suggesting that inactivation was irreversible. 
Dapsone at 1 PM almost completely inactivated 
30 nM MPO at pH 7, consistent with results of the 

Cl- oxidation assay. Also shown are controls in 
which H202 was omitted from the first incubation. No 
inhibition was obtained, indicating that simultaneous 
incubation with dapsone and H202 at pH 7 was 
required for inactivation. 

In experiments described in a later section, MPO 
was freed of H202 and dapsone by a chromatographic 
procedure and then assayed with TMB as the 
substrate. This procedure should permit any MPO 
Compound II to revert to the ferric form. Loss of 
activity was also observed in these experiments, 
confirming that inactivation was irreversible, and 
that inactivation did not result from accumulation 
of MPO in the Compound II form. 

The loss of activity toward TMB also made it 
possible to quantify the extent of inactivation that 
occurred during incubations of MPO or EPO with 
Cl-, Hz02, taurine, and dapsone at pH5 and 7. 
Because activity of the enzymes is high in the TMB 
assay, activity could be measured after extensive 
dilution of the incubation mixtures. Dilution lowered 
dapsone concentrations far below the levels required 
to inhibit in the TMB assay. Dilution also lowered 
Cl- to levels that do not interfere [25], and any 
unreacted Hz02 was diluted to levels that would not 
contribute significantly to color development with 
TMB. Hypotaurine was added to reduce any 
TauNHCl [32] and thus prevent the oxidation of 
TMB by TauNHCI. 

Figure 6B shows results of an experiment in which 
MPO or EPO was incubated with Cl-, H202, 
taurine, and dapsone at pH 5, and was then diluted 
and assayed with TMB at pH5.4. Consistent with 
results above, there was little inactivation of MPO 
at pH 5, but EPO was inactivated by low (l-10 PM) 
dapsone concentrations. The amount of dapsone 
required to inactivate EPO during the incubation 
with H202 and Cl- was far below the levels required 
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Fig. 6. LOSS of enzyme activity. Incubation mixtures at pH 7 (A) or pH 5 (B-D) contained MPO or 
EPO, H,Oz, Cl-, 10 mM taurine, and the indicated concentrations of dapsone. (A) 30 nM MPO, 0.1 M 
Cl-, and no H202 (0) or 0.1 mM H202 (0). (B) 30 nM MPO (0) or BP0 (m), 0.1 M Cl-, 0.1 mM 
H202. (C) 30nM (O,O), 20nM (A, A), or 10nM (V, v) MPO, 0.1 M Cl-, and no FirOr (0, A, V) 
or 0.1 mM H202 (0, A, v). (D) 30nM MPO, with 0.1 M Cl- and 0.1 mM HrOr (a), 0.1 M Cl- and 
0.2 mM ~~0~ (V), or 10 mM Cl- and 0.1 mM H202 (A). After 1 hr, 0.1 mM hypotaurine was added, 
the mixtures were diluted 14-fold, and peroxidase activity was assayed with TMB at pH 5.4. Control 

values were 54 absorbance units per 3 min for 30 nM enzyme. [(A) N = 5; (ED) N = 3.1 

to inhibit when dapsone was added at the start of a 
TMB oxidation assay (see Fig. 2). 

Panels C and D of Fig. 6 show that inactivation 
of MPO by dapsone could be obtained at pH5 by 
lowering the MPO concentration, raising Hz02, or 
lowering Cl-. The results suggest that dapsone and 
Cl- competed for oxidation, and that an oxidized 
form of dapsone reacted with and inactivated MPO. 
Raising H202 or lowering Cl- allowed more dapsone 
to be oxidized and thus more of the inactivator to 
be produced. When MPO was lowered, the number 
of inactivated enzyme molecules was a larger fraction 
of the total enzyme molecules, and a higher percent 
inhibition was observed. 

Figure 7 shows the time-course of inactivation of 
30 nM MPO at pH 7 and 10 nM MPO at pH 5. 
Inactivation was progressive during the 1 hr 
incubation, but significant inactivation was observed 
within the first 5 min. Therefore, inactivation 
contributed to inhibition of Cl- oxidation during the 
initial linear phase of Cl- oxidation as well as to the 
later phase when Cl- oxidation came to a stop. 

Diluting and assaying activity with TMB also made 
it possible to quantify inactivation of the enzymes 

under conditions that did not permit measurements 
of Cl- oxidation. For example, inactivation of MPO 
and EPO was not altered by substituting hypotaurine 
for taurine. Hypotaurine is oxidized to taurine by 
HOC1 or chloramines [32], and no oxidant 
accumulates in the presence of excess hypotaurine. 
As shown below, inactivation was also obtained in 
the presence of a lo-fold excess of the scavenger 
thiodipropionate. Therefore, accumulation of an 
oxidant such as TauNHCl was not required for 
inactivation. 

Effect of bromide. Results shown above indicated 
that when the Cl- concentration was increased, 
higher levels of dapsone were required for 
inactivation. Because physiologic fluids contain Br- 
as well as Cl- and Br- is a better substrate than Cl- 
for EPO, the effect of Br- on inactivation was also 
examined. The thioether compound thiodi- 
propionate, which is readily oxidized by chlorine- or 
bromine-containing oxidants [32], was added to 
prevent inactivation of the enzymes by hypobromous 
acid (HOBr), reduction of HOBr by H202, or 
bromination of dapsone. 

Table 1 compares inactivation of MPO and EPO 



Peroxidase inhibition by dapsone 559 

1 PM Dapsone 

OA 
0 30 60 

Time 

/By , , 

0 30 60 

(min) 

Fig. 7. Time-course of inactivation. Incubation mixtures contained MPO, 0.1 M Cl-, 0.1 mM HrOr, 
10 mM taurine, and no dapsone (0) or 1 nM dapsone (0). (A) 30 nM MPO, pH 7. (B) 10 nM MPO, 
pH 5. At the indicated times, 0.1 mM hypotaurine was added, the mixtures were diluted 14-fold, and 
peroxidase activity was assayed with TMB at pH 5.4. Control values were 54 absorbance units per 

3 min for 30 nM enzyme. (N = 5.) 

Table 1. Effect of bromide on inactivation 

Activity remaining (%) 

Dapsone 
(cLM) 

MPO EPO 

Without Br- With Br- Without Br- With Br- 

0 87 84 97 99 
0.1 65 66 34 96 
0.3 51 55 21 91 
1.0 11 13 5 82 
3.0 4 6 0 75 

Incubation mixtures at pH 7 contained 0.1 PM MPO or EPO, 0.1 M Cl-, 0.1 mM 
H,Or, 10 mM taurine, 1 mM thiodipropionate, the indicated concentrations of dapsone, 
and either no Br- or 0.1 mM Br-. After 1 hr, portions were diluted 50-fold, and activity 
was measured with TMB. The control was MPO or EPO incubated for 1 hr without 
H,Or, which had an activity of 180 absorbance units per 3 min. (N = 11 for MPO and 
3 for EPO.) 

at pH 7 with 0.1 M Cl- and with both 0.1 M Cl- and 
0.1 mM Br-. This level of Br-, which is at the high 
end of the physiologic range of plasma Br- 
concentrations [26,28], protected EPO but not MPO 
against inactivation. In a similar experiment with 
dapsone held constant at 1 PM and Br- at 0.01,0.05, 
and 0.1 mM, the EPO activity remaining was 34,54, 
and 76% of the control. In contrast, protection of 
MPO against inactivation was observed only at Br- 
concentrations of 1 mM or higher. Therefore, MPO 
rather than EPO was more readily inactivated when 
equal concentrations of the enzymes were compared 
at the same level of HzOz and the presence of both 
0.1 M Cl- and 0.1 mM Br-. 

Correlation of inactivation with spectrophotometric 
changes. MPO was incubated at pH7 with Cl-, 
H202, taurine, and dapsone at a low MPO 

concentration (30nM) that favored a high percent 
inactivation. Catalase and hypotaurine were then 
added to eliminate any HzOz and TauNHCl. The 
incubation mixtures were acidified and passed over 
ion-exchange columns to absorb MPO and remove 
dapsone. MPO was then eluted from each column 
with a small volume of high ionic strength buffer at 
pH 4.7 to obtain the enzyme at a higher concentration 
(1 PM) that permitted examination of the absorption 
spectrum. Activity of the recovered enzyme was 
measured with TMB at pH5.4, and protein was 
measured to correct absorbance and activity 
measurements for variations in recovery. 

Figure 8 shows that incubation with dapsone and 
Hz02 at pH 7 resulted in loss of both enzyme activity 
and the principal heme (Soret) absorbance at 430 nm. 
Complete inactivation was correlated with loss of 
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Fig. 8. Correlation of inactivation and loss of MPO heme 
absorbance. Incubation mixtures at pH 7 contained 
30nM MPO, 0.1 M Cl-, 10mM taurine, the indicated 
concentrations of dapsone, and either no H202 (A, 0) or 
50 PM H202 (A, 0). After 1 hr, MPO was freed of dapsone 
and concentrated to 1 ,uM. Absorbance at 430 nm was 
measured (A, A). Portions were diluted 350-fold, and 
peroxidase activity was measured with TMB at pH 5.4 
(0,O). The control, which was not incubated or 
chromatographed, was 1 PM MPO in 0.5 M NaCl with 
25 mM acetate buffer, pH 4.7, which had an absorbance 
of 0.089 at 430nm and peroxidase activity of 1800 

absorbance units per 3 min. (N = 7.) 

about two-thirds of the 430nm absorbance. No 
activity or absorbance was lost when H202 or 
dapsone was omitted. Loss of 430nm absorbance 
was due to bleaching of the heme absorbance, rather 
than a shift to higher wavelengths, which would 
occur if MPO was converted to a reversibly 
inactivated form such as Compound II or III [46,47] 
or to “sulfheme” or “sulfperoxidase” forms, which 
are produced in the reaction of hemoproteins with 
sulfhydryl and other sulfur-containing inhibitors 
[48,49]. 

When the same experiments were carried out at 
pH5, dapsone had no effect under conditions that 
resulted in complete inactivation at pH 7. However, 
inactivation and loss of 430nm absorbance were 
obtained by raising H202, lowering Cl-, or both. 
The activity remaining after incubation with 10 PM 
dapsone was 6.5,35, or 1% of the control when H202 
was raised from 50 to 100 ,uM, Cl- was lowered from 
0.1 to 0.01 M, or both. The remaining 430nm 
absorbance was 75, 58, or 44% of the control. 
Therefore, the inactivation process appeared to be 
the same at pH 5 and 7. 

In similar experiments with EPO, complete 
inactivation was correlated with loss of 80-90% of 
the heme absorbance. Figure 9 shows that inactivation 
was accompanied by bleaching of the heme 
absokbance at 415 nm and higher wavelengths, rather 
than a shift in the absorbance. The results indicate 
that inactivation of MPO and EPO was the result of 
a chemical attack on the enzymes that chemically 
modified the heme groups or which removed iron 
or heme from the active sites. 

T 
0.05 units A 

&I 
I I 

600 700 

400 500 600 700 

Wavelength (nm) 

Fig. 9. Absorption spectra of active and inactivated EPO. 
Incubation mixtures at pH 7 contained 0.1 ,uM EPO, 0.1 M 
Cl-, and 10mM taurine, with no H202 or dapsone (a), 
100 nmol/ml HzOz added over the course of 1 hr (b), Hz02 
and 3 PM dapsone (c), or H202 and 10 PM dapsone (d). 
After 1 hr, EPO in the mixtures was concentrated lo-fold, 
and the spectra were obtained. The inset figure shows the 
spectra at 5-fold higher sensitivity. Portions were diluted 
350-fold, and the activity was measured with TMB at 
pH5.4. Activity of the enzyme in b, c and d was 78, 54, 
and 2% of that in a, which was 1800 absorbance units per 

3 min. (N = 3.) 

DISCUSSION 

Mechanism of inhibition. In a study that measured 
the initial rate of MPO-catalyzed oxidation of I-, it 
was reported that dapsone was a competitive 
inhibitor, that inhibition was independent of MPO 
concentration, and that dapsone did not cause loss 
of MPO activity [15]. In our study of MPO- 
and EPO-catalyzed Cl- oxidation, inhibition was 
competitive in the sense that inhibition decreased as 
the Cl- concentration increased. However, the 
results suggest that Cl- and dapsone competed for 
oxidation, and that an oxidized form of dapsone 
reacted with and inactivated the enzymes. Inac- 
tivation rather than competition for oxidation was 
the principal mechanism of inhibition. 

In two recent studies, dapsone-dependent con- 
version of MPO to the Compound II state was 
proposed to account for inhibition of Cl- oxidation 
[50,51]. Spectrophotometric experiments were 
carried out at high enzyme concentrations and short 
times of incubation, conditions that are convenient 
for obtaining absorption spectra. Under these 
conditions, conversion of MPO to Compound II was 
observed, and no irreversible inactivation or loss of 
the heme spectrum was reported. In studies reported 
here, conditions were selected to resemble those in 
experiments with isolated leukocytes. Irreversible 
inactivation with loss of the heme spectra of both 
MPO and EPO was the major form of inhibition by 
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dapsone, and enzyme concentration and time were 
found to be important variables. 

Oxidized forms of dapsone. There are a number 
of reactive products that might be formed during 
dapsone oxidation that could chemically modify and 
inactivate the enzymes. If dapsone, like other 
aromatic amines (ArNH,), undergoes one-electron 
oxidation by the Compound I and/or Compound II 
forms of the enzymes, then free-radicals such as 
ArNH> - would be produced that might attack heme 
or adjacent sites required for activity. Two-electron 
oxidation of dapsone catalyzed by MPO was reported 
to yield the hydroxylamine derivative, ArNH*OH 
[38], which might also react with the enzymes. 
Because dapsone appears non-toxic to isolated cells, 
oxidation of dapsone to the hydroxylamine derivative 
in vivo was proposed to account for the toxicity of 
high-dose dapsone [38]. Recent studies indicate that 
oxidation of dapsone by liver microsomes rather 
than by MPO or EPO may account for formation of 
dapsone-hydroxylamine in vivo (521. 

Additional reactive derivatives could be formed 
in the chlorination of dapsone by HOC1 to yield the 
chloramines, ArNHCl and ArNC12. In particular, 
the dichloramine ArNC12 might chlorinate or insert 
into nucleophilic groups at the enzyme active site 
[53]. However, this study was carried out with a high 
concentration of taurine to compete with dapsone 
for chlorination. Moreover, oxidation of Cl- to 
HOC1 and chlorination of dapsone would be favored 
at high Cl- concentrations rather than the low Cl- 
concentrations that favored inactivation. Therefore, 
attack by a dapsone radical or the hydroxylamine 
derivative appears more likely, and dapsone might 
qualify as a suicide-substrate. 

Competition between dapsone and halides or TMB 
as substrates. Dapsone was more effective as an 
inhibitor of both MPO and EPO when Cl- rather 
than TMB was the substrate, and more effective 
against both enzymes at neutral rather than acid pH. 
These results are consistent with competition 
between dapsone and either Cl- or TMB as 
substrates. Dapsone should compete more effectively 
for oxidation when Cl- is the substrate because TMB 
is a better substrate than Cl- for both MPO and 
EPO. The enzymes were saturated with respect to 
TMB in the peroxidase activity assay; raising TMB 
above 1.4 mM did not increase the rate of oxidation. 
In comparison, 0.1 to 0.3 M Cl- was required to 
obtain maximum rates of Cl- oxidation, particularly 
at pH 7 or when EPO was the catalyst. Therefore, 
dapsone competed with a large excess of substrate 
in the TMB oxidation assay, but only a small excess 
or a sub-saturating level of substrate in the Cl- 
oxidation assay. 

Competition between dapsone and Cl- could also 
account for the greater inhibition of EPO, because 
Cl- is a better substrate for MPO than EPO. Adding 
Br-, which is a better substrate than Cl- for 
EPO, partially protected EPO against inactivation. 
Nevertheless, dapsone was also more effective 
against EPO when TMB was the substrate, although 
the enzymes oxidized TMB at the same rate. This 
observation suggests that EPO has a greater affinity 
for dapsone than does MPO. Structural differences 
between EPO and MPO might also make EPO more 

susceptible to chemical modification and inactivation 
by an oxidized form of dapsone. Deprotonation of 
residues at the active sites might make both enzymes 
more susceptible to chemical modification at neutral 
PH. 

Dapsone inhibition in vitro and in vivo. The 
characteristics of dapsone inhibition of MPO suggest 
that dapsone may have as yet unexploited potential 
as an anti-inflammatory agent. Inhibition was favored 
by low enzyme concentration and neutral rather 
than acid pH. These conditions may be found at 
sites of inflammation where MPO is secreted and 
diluted into the tissue interstitial fluid. In contrast, 
the amount of MPO inside monocytes andneutrophils 
is very high [35], and killing of microorganisms takes 
place in phagolysosomes, which undergo progressive 
acidification [54]. 

Dapsone blocks the oxidative toxicity of PMA- 
stimulated neutrophils to isolated pulmonary artery 
endothelial cells [55] and cultured tumor cells [22] 
in Cl- containing media, and protects cultured tumor 
cells in an I--supplemented medium [56]. These 
results suggest that dapsone could block toxicity to 
normal host tissues in vivo by inhibiting that portion 
of the MPO which is secreted and exposed to the 
extracellular environment. 

Several studies attempted to determine whether 
dapsone interferes with antimicrobial activity in 
neutrophil phagolysosomes, although possible effects 
of pH and enzyme concentration were not considered. 
Dapsone at 0.1 mM does not interfere with 
phagocytosis or killing of the gram-negative 
bacterium Escherichia coli, but inhibits killing of 
yeast-phase Candida albicans by up to 50% [15]. 
Because some of the yeast may have been killed in the 
extracellular medium rather than in phagolysosomes, 
the results do not necessarily indicate inhibition of 
MPO in phagolysosomes. Similarly, dapsone causes 
up to a 70% inhibition of MPO-catalyzed oxidation 
of I- by stimulated neutrophils, as measured by 
incorporation of radioactive I- into proteins [ 151. In 
this and another study [56], iodination was assumed 
to be intracellular, and the results were taken to 
indicate inhibition of MPO in phagolysosomes. 
However, other studies have indicated that iodination 
occurs primarily in the extracellular medium [57] 
and that the amount of iodination is poorly correlated 
with intracellular antimicrobial activity [58]. There- 
fore, further studies are required to determine 
whether antimicrobial activity in phagolysosomes is 
inhibited. 

Although high-dose dapsone has toxic side-effects 
[4,59,60], increased susceptibility to infection has 
apparently not been noted. Results reported here 
suggest that dapsone would not inhibit MPO in 
phagolysosomes. In addition, the inhibition of 
microbial folic acid synthesis by dapsone might 
counterbalance any defect in host-defense. 

In both the TMB and Cl- oxidation assays, 
dapsone was a more effective inhibitor of EPO than 
of MPO. Therefore, dapsone might be especially 
effective in treating inflammatory disease processes 
in which EPO mediates tissue injury by stimulated 
eosinophils. The extraordinary efficacy of dapsone 
in treating certain conditions such as dermatitis 
herpetiformis [4] might indicate that eosinophils 
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have a role in pathogenesis. Nevertheless, the 
relative susceptibility of MPO and EPO to inhibition 
in vivo would depend on a number of factors 
including enzyme concentrations, pH, Hz02 levels, 
the mix of substrates including Cl- and Br-, and 
local dapsone concentrations. 
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