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In the presence of Escherichia coli, myeloperoxidase-catalyzed oxidation of
chloride ion resulted in formation of long-lived chloramine and/or chloramide
derivatives of bacterial components. The same amount of these nitrogen-chlorine
(N-Cl) derivatives was obtained with either hypochlorous acid (HOCl) or the
myeloperoxidase system, indicating that myeloperoxidase catalyzed the oxidation
of chloride to HOCl. Identical killing was obtained with HOCI or the myelope-
roxidase system. About 30 to 50% of the oxidizing equivalents of HOCl were
detected as N-Cl derivatives of peptides or peptide fragments that were released
from the bacteria. The apparent molecular weight distribution of the peptides
decreased with increasing amounts of HOCl, suggesting that peptides were
fragmented by oxidative cleavage of chloramide derivatives of peptide bonds. The
remaining 50 to 70% of the oxidizing equivalents of HOCI were rapidly consumed
in peptide bond cleavage or the oxidation of other bacterial components. There
was a close correspondence between the oxidation of bacterial sulfhydryls and
bactericidal action. The N-Cl derivatives were lost and the oxidation of bacterial
sulfhydryls increased over a period of several h at 37°C. These changes were

accompanied by increased killing. The increase in sulfhydryl oxidation and killing
could be prevented by washing the bacteria to remove the N-Cl derivatives.
Therefore, the N-Cl derivatives could oxidize bacterial components long after the
myeloperoxidase-catalyzed oxidation of chloride was complete.

The combination of myeloperoxidase, hydro-
gen peroxide (H202), and chloride ion (Cl-)
forms an antimicrobial system within phagocytic
vesicles of monocytes and polymorphonuclear
leukocytes (4, 5, 20, 21, 30, 33, 38, 44). Under
some conditions, myeloperoxidase and H202 can
be released from leukocytes (6, 7). This release
may permit antimicrobial activity outside the
leukocytes, but may also result in damage to
host tissues. The myeloperoxidase system has
cytotoxic activity against both normal and tu-
mor cells, and may contribute to inflammatory
tissue destruction (11, 22).
Agner (1) first proposed that myeloperoxidase

catalyzes the oxidation of Cl- by H202 to yield
hypochlorous acid, HOCl.

H202 + Cl- + H+ myeloperoxidase HOCl + H20

Recently, the oxidation of Cl- to HOCl was
demonstrated by using a flow system that con-
tinuously removed HOCl, so as to prevent inac-
tivation of myeloperoxidase by HOCI (14). An-
other problem in detecting HOCI formation is

the reaction of HOCI with H202. Although H202
acts as an oxidizing agent in the generation of
HOCI, it acts as a reducing agent in the reaction
with HOCl. The net result of Cl- oxidation and
HOCI reduction is the same as catalyzed by the
enzyme catalase, resulting in the loss of the
oxidizing equivalents of H202 and the formation
of molecular oxygen, 02.

2 H202 myeloperoxidase, C1- 2 H20 + 0

Although the reduction of HOCI by H202
would appear to eliminate any antimicrobial ac-
tivity, a reactive species may be formed as an
intermediate in this reaction. Under alkaline
conditions, chlorine (Cl2) reacts with a deproton-
ated form of H202 to yield singlet oxygen (02'),
which is an activated form of 02 (9)-

Cl2 + H02- + OH- - 02' + 2 Cl + H20

The O2' is very short-lived and rearranges with
the emission of light to yield 02.

021 -- 02+ hv

522



N-Cl DERIVATIVES OF BACTERIAL COMPONENTS 523

Incubation of myeloperoxidase with H202 and
Cl- at neutral or acid pH may yield O21 (29, 30),
although the evidence for detection of 02' has
been questioned (15, 16). Either HOCI (1, 20) or
02' (20, 29, 31) has been proposed to be the
antimicrobial agent produced by the myelope-
roxidase system.
The two proposed antimicrobial mechanisms

differ in a way that might permit experimental
discrimination. If all the HOCI is reduced to 021,
then no long-lived oxidizing agents would be
detected upon incubating the myeloperoxidase
system with bacteria. If HOCI is the antimicro-
bial agent, it might be possible to detect the
accumulation of oxidizing equivalents, assuming
that HOCl is not instantly consumed in the
oxidation of bacterial components.
Accumulation of oxidizing equivalents has

been observed in the myeloperoxidase-catalyzed
formation of chloramines (37,47). The deproton-
ated form of amines reacts with HOCI to yield
derivatives containing the N-Cl bond.

R-NH2 + HOCl -- R-NH-CI + H20
In the presence of amines, myeloperoxidase-cat-
alyzed oxidation of Cl- yielded about 1 mol of
chloramine derivatives per mol of H202, indicat-
ing that the reaction of HOCl with amines pro-
tected myeloperoxidase against inactivation (37,
47). This result also suggests that the chlora-
mines were not reduced by H202.
Other nitrogenous compounds can also react

with HOCl, such as in the conversion of amides
to chloramides (17).

R-CO-NH-R' + HOCl
-- R-CO-NHCl-R' + H20

Chloramines and chloramides retain the oxidiz-
ing equivalents of HOCl and are powerful oxi-
dizing agents. On the other hand, some of these
derivatives undergo internal oxidation, which
consumes the oxidizing equivalents ofHOCl. For
example, chloramine derivatives of a-amino
acids undergo oxidative decarboxylation to yield
Cl-, carbon dioxide, ammonia, and an aldehyde
(39, 49, 50). Similarly, incubation of proteins
with sodium hypochlorite (NaOCl) results in
peptide bond cleavage (8), which suggests inter-
nal oxidation of chloramide derivatives of the
amide nitrogens of peptide bonds.

Incubation with the myeloperoxidase system
resulted in release of radioactivity from bacteria
grown in the presence of [14C]diaminopimelic
acid (34). This observation may indicate decar-
boxylation of diaminopimelic acid residues with
free carboxyl groups, or peptide bond cleavage.
Another study showed that myeloperoxidase

catalyzed the incorporation of Cl- into bacterial
components (48). However, that study did not
distinguish between formation of N-Cl deriva-
tives (chloramines and chloramides) and C-Cl
derivatives (chlorinated aromatic or aliphatic
compounds). Unlike the N-Cl derivatives, the C-
Cl derivatives do not act as oxidizing agents.
The aims of the present study were to deter-

mine whether incubation of bacteria with the
myeloperoxidase system resulted in accumula-
tion of oxidizing equivalents as N-Cl derivatives
of bacterial components and to determine
whether such derivatives have any role in bac-
tericidal action. In addition, the reaction of
HOCl with amines or amides may prevent the
reduction of HOCl by H202 so that detection of
N-Cl derivatives could rule out the participation
of 02' in myeloperoxidase-catalyzed bactericidal
action.

MATERIALS AND METHODS

Chemicals. All chemicals were of reagent grade.
Myeloperoxidase purified from human leukemic gran-
ulocytes was provided by M. Morrison and J. Naskal-
ski. Dithiothreitol and 5,5'-dithiobis(2-nitrobenzoic
acid) were obtained from Sigma Chemical Co., St.
Louis, Mo., lysozyme was from Worthington Biochem-
icals Corp., Freehold, N.J., poly-L-lysine hydrochloride
(average molecular weight, 375,000) was from
Schwarz/Mann, Orangeburg, N.Y., and NaOCl was
from Fisher Scientific Co., Fair Lawn, N.J. Sodium
borohydride was used to reduce 5,5'-dithiobis(2-nitro-
benzoic acid) to 5-thio-2-nitrobenzoic acid (3).

Bacteria and isolated bacterial components.
Escherichia coli ML 308-225 was grown aerobically at
37°C in medium A (10), modified by addition of 5 mM
tris(hydroxymethyl)aminomethane (Tris)-Cl (pH 6.6)
with 1% (wt/vol) disodium succinate as the carbon
source. Bacteria were harvested in the late logarithmic
phase of growth by centrifugation at 5,300 x g for 10
min.

Bacteria were extracted by the method of Leive (25)
to obtain components released from the outer mem-
brane by extraction with ethylenediaminetetraacetic
acid (EDTA). Bacteria were subjected to the osmotic
shock procedure of Neu and Heppel (27) to obtain the
soluble "periplasmic" proteins. To obtain outer and
inner membrane vesicles, bacteria were treated with
lysozyme and EDTA by the method of Osborn et al.
(28) and subjected to osmotic lysis and low-speed
centrifugation by the method of Kaback (18), and then
the supernatant was fractionated by sucrose density-
gradient centrifugation to yield low-density (inner
membrane) and high-density (outer membrane) frac-
tions by a modification of the method of Osborn et al.
(28), in which the gradient solutions were buffered
with 0.1 M phosphate buffer, pH 6.6. Soluble cyto-
plasmic proteins were obtained by the sonic oscillation
method of Ames (2), by using osmotically shocked
bacteria. The soluble fractions were dialyzed against
water, clarified by centrifugation, and lyophilized.
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Membrane fractions were collected by centrifugation
and suspended in water. Protein concentration was
determined by the method of Lowry et al. (26), with
bovine serum albumin as the protein standard.
Exposure of bacteria to the myeloperoxidase

system or HOCI. Bacteria were suspended to 6 x 108
cells per ml in 0.2 M NaCl, with 0.1 M potassium
phosphate buffer (pH 6.6) and 1 mM MgSO4 at 0-50C.
The suspensions were made to 0.1 [LM in myeloperox-
idase. At 1-min intervals, H202 was added, with each
addition sufficient to give a concentration of 30 /LM.
Incubations were continued after the last addition of
H202 for a total of 30 min of incubation. Alternatively,
HOCl was generated by adding portions of 20 mM
NaOCl in 0.1 M sodium hydroxide to the buffered
bacterial suspension. The NaOCl was added as a single
addition, and the incubation was continued for 30 min
at 0 to 50C. All reactions that were carried out without
bacteria were performed in the same 0.2 M NaCl-0.1
M phosphate buffer, but without MgSO4.

Quantitation of HOCI and N-Cl derivatives.
The concentration of HOCl or N-Cl derivatives was
determined by the oxidation of 2 mol of the sulfhydryl
compound, 5-thio-2-nitrobenzoic acid, to the disulfide
compound, 5,5'-dithiobis(2-nitrobenzoic acid), by 1
mol of the oxidizing agent. An excess of the sulfhydryl
compound was added to the reaction mixtures, and
absorbance at 412 nm was measured. Centrifugation
at 5,300 x g for 5 min at 0 to 5VC was used to remove
bacteria. A molar extinction coefficient (E) of 13,600
was assumed for 5-thio-2-nitrobenzoic acid (12).

Sulflydryl determinations. Two-milliliter por-
tions of reaction mixtures were diluted with 6 ml of
the buffer with MgSO4, then centrifuged at 5,300 x g
for 10 min at 0 to 5°C. The bacteria were resuspended
in 2 ml of the same buffer.

Sulfhydryls were measured by the reaction of 1 mol
of sulfhydryl with 5,5'-dithiobis(2-nitrobenzoic acid) to
yield 1 mol of 5-thio-2-nitrobenzoic acid (12). The
resuspended bacteria were diluted with 4 ml of 0.1 M
Tris-Cl buffer (pH 8) with 10 mM EDTA. Portions of
0.1 ml of 10 mM 5,5'-dithiobis(2-nitrobenzoic acid) in
0.1 M phosphate buffer (pH 7), and 0.5 ml of 10% (wt/
vol) sodium dodecyl sulfate were added. The mixtures
were incubated for 1 h at 37°C, cooled to 0 to 5°C, and
then centrifuged at 18,000 x g for 10 min. Absorbance
of the supernatants was measured at 412 nm.

Electrophoresis. Samples were solubilized in 40
mM Tris-Cl buffer (pH 6.8), containing 2.1 M urea,
2.5% (wt/vol) sodium dodecyl sulfate, 3.5% (vol/vol)
2-mercaptoethanol, and 0.0025% (wt/vol) bromo-
phenol blue. Peptides were separated according to
molecular weight by the method of Laemmli (24), by
using a 7.5 to 15% (wt/vol) gradient of acrylamide.
Peptides were visualized by staining with Coomassie
brilliant blue (13).
Assay of viability. Serial 1:10 dilutions were pre-

pared from 1-ml portions of reaction mixtures in sterile
0.2 M NaCl with 0.1 M phosphate buffer (pH 6.6) and
1 mM MgSO4. One-milliliter portions of appropriate
dilutions were spread on a solid medium containing
modified medium A, 2% (wt/vol) agar (Difco Labora-
tories, Detroit, Mich.) and 1% glucose. Plates were
incubated at 25°C, and the number of colonies were
recorded after 2 to 3 days.

RESULTS
Formation of N-Cl derivatives. Figure 1

shows the yield of oxidizing equivalents obtained
either as N-Cl derivatives or as HOCl after in-
cubation of the myeloperoxidase system with
ammonium ion (NH4+), or without other addi-
tions. In the presence of NH4', about 1 mol of a
N-Cl derivative was obtained per mol of H202,
consistent with myeloperoxidase-catalyzed oxi-
dation of Cl- to yield 1 mol of HOCl per mol of
H202, followed by the reaction of HOCl with
NH4'. The product was assumed to be mono-
chloramine (NH2CI), rather than NHC12 or NC13,
based on the high ratio of NH4' to HOCl.
About 1 mol of N-Cl derivatives was obtained

per mol of H202 with all the primary and sec-
ondary amines tested, at pH 5, 6.6, or 7.4. The
yields were lower in the presence of the tertiary
amine trimethylamine, or the amide compounds
acetamide and N-acetylglycine, or at pH 8.

In the absence of amines or amides, there was
a very low yield of HOCl. After this incubation,
additions of NH4', myeloperoxidase, and H202
were required to obtain NH2Cl. Therefore, all
the myeloperoxidase had been inactivated and
all the H202 had been consumed in the oxidation
of Cl- and the reduction of HOCl. When the
oxidation of Cl- was carried out with a 10-fold
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FIG. 1. Myeloperoxidase-catalyzed formation of
HOCI or N-Cl derivatives. Reaction mixtures con-
tained 0.1 pM myeloperoxidase and the indicated
amounts of H202 per ml in the 0.2 M NaCl-0.1 M
phosphate buffer with no other additions (V), with 5
mM (NH4)2SO4 (O), with bacteria and 1 mM MgSO4
(0), or with the supernatant obtained by suspending
bacteria in the buffer with MgSO4 and then centrifug-
ing at 5,300 X g for 10 min at 0 to 5°C (A). Incubations
were continued for a total of 30 min at 0 to 5°C, and
then the amounts of HOCI or N-Cl derivatives were
measured.
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lower myeloperoxidase concentration, no HOCI
was obtained and excess unreacted H202 re-
mained. Therefore, the myeloperoxidase had
been inactivated before an amount of HOCI was
generated equal to half the amount of H202
added.

Figure 1 also shows that in the presence of E.
coli accumulation of oxidizing equivalents was
observed. Therefore, the E. coli suspension con-
tained a sufficient amount of amines and/or
amides to convert most or all of the HOCI
formed to N-Cl derivatives. Lowering the cell
density by a factor of 10 had little effect on the
yield of N-Cl derivatives, indicating that the
yield of these derivatives was not limited by the
amount of amines and/or amides. On the other
hand, the yield of N-Cl derivatives was less than
1 mol per mol of H202. Therefore, part of the
oxidizing equivalents of HOCl had been con-
sumed in the oxidation of bacterial components.

Figure 1 also shows that the supernatant ob-
tained by centrifuging the bacterial suspension
did not support the accumulation of oxidizing
equivalents. Therefore, the amines and/or
amides involved in formation of N-Cl derivatives
were in or on the bacteria and not in the sus-
pending fluid.

Figure 2 shows that unreacted oxidizing equiv-
alents were also detected when HOC1 was gen-
erated by adding a solution of NaOCl to the
buffered E. coli suspension. The yield of N-Cl
derivatives was nearly identical to that obtained
with the myeloperoxidase system. These results
confirm that the low yield of N-Cl derivatives
obtained with the myeloperoxidase system was
not due to reduction of HOCI by H202. Instead,
part of the HOC1 was consumed in the oxidation
of bacterial components. About 50 to 70% of the
HOC1 added was consumed.

Figure 2 also shows the amount of N-Cl deriv-
atives detected either in the supernatant or as-
sociated with the bacteria after centrifugation.
Although results presented above indicated that
formation of N-Cl derivatives was due to reac-
tion of HOCl with bacterial components, most
of the N-Cl derivatives were found in the super-
natant after centrifugation. As described below,
amine and/or amide components were released
from the bacteria as N-Cl derivatives.
The yield of N-Cl derivatives obtained with

HOCl or the myeloperoxidase system was about
the same at 37°C or at 0 to 50C. On the other
hand, the N-Cl derivatives were stable at 0 to
5°C, but were slowly lost during prolonged in-
cubation at 370C. About 40% of the oxidizing
equivalents remained after 2 h at 37°C. In the
experiments reported here, bacteria were ex-
posed to the myeloperoxidase system at 0 to 5°C
to improve the discrimination between fast re-
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FIG. 2. Yield ofN-Cl derivatives from HOCI. Bac-
teria were incubated 30 min at 0 to 5°C with the
indicated amounts of HOCI per ml. The amount of
N-Cl derivatives was measured in the total reaction
mixtures (0). Also, reaction mixtures were centri-
fuged at 5,300 x g for 10 min at 0 to 5°C, and then the
amounts of N-Cl derivatives were measured in the
supernatant (A) and in the suspensions obtained by
resuspending the bacteria to the original volume
(V).

actions (such as C1- oxidation and formation of
N-Cl derivatives) and slow reactions (such as
loss of N-Cl derivatives).
The rate of loss of the N-Cl derivatives at

37°C was about the same either in the complete
reaction mixture or in the supernatant after
centrifugation to remove the bacteria. There-
fore, the loss of N-Cl derivatives was not pri-
marily due to oxidation of other bacterial com-
ponents by the N-Cl derivatives. Internal oxi-
dation of the N-Cl derivatives may have contrib-
uted to the loss.
Differing reactivity of HOCI and N-Cl de-

rivatives. Figure 3 shows that the addition of
H202 to HOC1 resulted in reduction of 1 mol of
HOC1 per mol of H202. On the other hand, the
oxidizing equivalents were not lost when NH4'
(or an amine or amide) was present, indicating
that the N-Cl derivatives were not reduced by
H202. The same results were obtained when
HOC1 was added to solutions containing H202
and NH4'. Therefore, with 10 mM NH4' and 0.1
to 0.3 mM H202, the rate of formation of N-Cl
derivatives was much faster than the rate of
reduction of HOC1.

Oxidation of 5-thio-2-nitrobenzoic acid by
H202 was negligible during the time required for
the measurements shown in Fig. 3. Also, un-
reacted H202 was detected after the incubation
of N-Cl derivatives with H202.
The difference in reactivity of HOCl and N-Cl

derivatives could be used to demonstrate for-
mation of N-Cl derivatives of bacterial compo-
nents. Figure 3 shows that in the presence of E.
coli, H202 did not reduce the unreacted oxidizing
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FIG. 3. Differing reactivity of HOCI and N-Cl de-
rivatives with H202. The indicated amounts of H202
per ml were added to reaction mixtures containing
0.25 mM HOCI (0), 0.25mM HOCI and 10 mM NH4'
(a), bacteria that had been incubated with 0.6 mM
HOCI for 30 min at 0 to 50C (A), or the supernatant
obtained by incubating bacteria with 0.6 mM HOCI
for 30 min at 0 to 5VC and then centrifuging at 5,300
x g for 10 min at 0 to 5VC (V). After the addition of
H202, the incubations were continued for 15 min at 0
to 5VC, and then the amounts ofHOCI or N-Cl deriv-
atives were measured.

equivalents. The same results were obtained
when H202 was added to the supernatant from
bacteria that had been incubated with HOC.
Therefore, the oxidizing equivalents were in the
form of N-Cl derivatives, rather than HOCl.
Released N-Cl derivatives. Incubation of

E. coli with HOCl resulted in release of protein
in a soluble form. Upon addition of 0.1, 0.4, and
1.2 mM HOCl, the amounts of protein obtained
in the supernatant were 50, 65, and 90 ,ig/ml,
respectively, after centrifugation to remove bac-
teria. These amounts of protein were less than
6% of the dry weight of the bacteria. The amount
of released material increased up to twofold
upon prolonging the incubation for 2 h at 370C.
The supernatant fractions were treated with

dithiothreitol to eliminate oxidizing agents, di-
alyzed against water to remove salts, and then
concentrated by lyophilization. Figure 4A
through H shows that the protein fractions pre-
pared in this way could be resolved by electro-
phoresis into a number of peptides with appar-
ent molecular weights of about 100,000 to 10,000.
In other experiments, a similar distribution of
peptides was obtained by incubating the bacteria
with the myeloperoxidase system. Consistent

with the results of others (19), myeloperoxidase
was bound to the bacteria. Myeloperoxidase did
not appear in the supernatant either when added
alone or with H202.
The amounts of peptides observed on gels

increased upon prolonged exposure of the bac-
teria to HOCL. On the other hand, the amounts
appeared to decrease with increasing amounts of
HOCl. As observed on gels, the largest amount
of peptides was obtained by treating E. coli with
about 0.1 mM HOCI, whereas direct protein
determinations on the supernatants indicated
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FIG. 4. Separation of released peptides by electro-
phoresis. The samples contained: supernatant frac-
tions from bacteria incubated with 0, 0.1, 0.4, and 1.2
mM HOCI for 30 min at 0 to 50C (A through D) or for
an additional incubation period of 2 h at 37C (E
through H); the supernatant fraction from bacteria
subjected to osmotic shock (I and L); supernatant
fractions from bacteria incubated with 0.1 m.MHOCI
for 30 min at 0 to 50C (J) or for an additional
incubation period of2 h at 370C (K); the supernatant
fraction from bacteria extracted with EDTA (M);
outer membrane (N); inner membrane (0); cytoplas-
mic proteins (P). Bacteria were removed from reac-
tion mixtures treated with HOCI by centrifugation at
18,000 x g for 20 min at 0 to 50C, and the supernatant
fractions were reduced with 1 mM dithiothreitol, di-
alyzed against water, and lyophilized.
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increasing protein concentrations with increas-
ing amounts of HOCL. These results suggested
that the released peptides were fragmented by
HOCi. Peptides of molecular weight less than
8,000 would have been lost during the dialysis
step before electrophoresis.

Figure 4I through P shows that the apparent
molecular weight distribution of the HOCl-re-
leased peptides was similar to that of the soluble
periplasmic proteins. The permeability of the
outer membrane may have been increased by
exposure to HOCl, resulting in release of soluble
proteins from the space between the outer and
inner membranes. Also, some of the released
material may have been derived from outer-
membrane components in that components
characteristic of the outer membrane were de-
tected by staining the gel for carbohydrate. Fig-
ure 4I through P also shows that the distribution
of the released peptides differed from that of
other isolated cell fractions, including the outer-
membrane components that are released by
EDTA extraction, the outer membrane, the in-
ner membrane, and the cytoplasmic proteins.
This observation suggested that release of pep-
tides was not due to lysis of the cells, which
would release the soluble proteins, or to solubil-
ization of the cell membranes, which would re-
lease all the proteins.
To demonstrate that the N-Cl derivatives ob-

tained in the supernatant were derivatives of the
released peptides or peptide fragments, a pro-
cedure was developed for the chromatographic
separation of the nonreduced N-Cl derivatives
on Sephadex G-50, followed by titration of the
separated derivatives with 5-thio-2-nitrobenzoic
acid. Figure 5 shows that high- and low-molec-
ular-weight N-Cl derivatives were sufficiently
stable to be separated and quantitated in this
way. When polylysine was mixed with HOCl and
then chromatographed, a high-molecular-weight
(excluded) fraction was obtained, corresponding
to derivatives of polylysine containing multiple
N-Cl bonds.

Dissociation of the poly(N-Cl)-polylysine to
yield HOCl did not appear significant within the
time required for chromatography (ca. 15 to 30
min). Although a low-molecular-weight fraction
with oxidizing activity was obtained, this activity
was not due to HOCl. Other experiments indi-
cated that HOCl did not emerge from the col-
umn; no oxidizing agent was detected in the
column effluent when the sample consisted of
HOCI added to buffer without polylysine or
other amines. A low-molecular-weight fraction
corresponding to HOCl could be obtained only
if the column material was pretreated with ex-
cess NaOCl. Apparently, HOCI was consumed
in oxidation of the column material, whereas the
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FIG. 5. Chromatographic fractionation ofN-Cl de-
rivatives. Reaction mixtures containing 0.6mMHOCI
and various amounts ofpolylysine were incubated for
15 min at 0 to 5°C. The reaction mixtures were 10mM
(A), 5 mM (B), 1 mM (C), and 0.2 mM (D) in lysine
residues. Alternatively, the reaction mixture con-
sisted of bacteria incubated with 0.3mMHOCI for 30
min at 0 to 5°C. The mixture was centrifuged at 5,300
x g for 10 min at 0 to 5°C to yield a supernatant
fraction (E). Also, a reaction mixture (10 ml) consist-
ing of bacteria incubated with 0.3 mM HOCI for 30
min at 0 to 5°C was centrifuged, and the supernatant
was reduced with 1 mM dithiothreitol, dialyzed
against water, lyophilized, suspended in 2 ml of the
0.2 M NaCl-0.1 M phosphate buffer, and then incu-
bated with 0.3 mM HOCI for 15 min at 0 to 5°C (F).
Fractions A through F were chromatographed on a
column (60 by 1.6 cm) ofSephadex G-50 (Pharmacia
Fine Chemicals) and equilibrated and eluted with the
0.2 M NaCl-0.1 M phosphate buffer. Fractions of
about 2 ml were collected, the volumes were deter-
mined by weighing, and then the amounts of N-Cl
derivatives were measured.

N-Cl derivatives did not react with the column
material within the time required for chroma-
tography. With the reaction mixture 10 mM in
lysine residues, the recovery of oxidizing equiv-
alents in the effluent was 93% of that applied to
the column.

Also, the low-molecular-weight fraction ob-
tained in the presence of polylysine was not due
to formation of N-Cl derivatives of low-molecu-
lar-weight contaminants. The same results were
obtained with polylysine that had been dialyzed
or pre-chromatographed on Sephadex G-50
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to remove low-molecular-weight substances.
Therefore, the low-molecular-weight fraction
appeared to be due to fragmentation of the
polylysine and formation of N-Cl derivatives of
the fragments.

Figure 5 shows that when the concentration
of lysine residues relative to HOCI was lowered,
the amount of high-molecular-weight N-Cl de-
rivatives decreased, whereas the low-molecular-
weight derivatives increased in amount and de-
creased in average size. With molar ratios of
lysine residues to HOCl of 8.3 and 1.7, the recov-
ery of oxidizing equivalents was 93 and 83%,
respectively. With a ratio of 0.3, no high-molec-
ular-weight derivatives were detected, and the
recovery fell to 11%. Therefore, low ratios of
amine groups to HOCl favored fragmentation,
possibly by oxidative cleavage of amide bonds.
In other experiments, similar results were ob-
tained with protein substrates in place of poly-
lysine.

Figure 5 also shows that only a low-molecular-
weight oxidizing fraction was obtained when the
supernatant from HOCl-treated E. coli was
chromatographed. Therefore, the oxidizing
equivalents were associated with peptide frag-
ments or other low-molecular-weight sub-
stances. The recovery of oxidizing equivalents
was 36% of that added to the bacteria and 91%
of that applied to the column.

In other experiments, the supernatant was
reduced with dithiothreitol, dialyzed to remove
low-molecular-weight substances, incubated
again with HOCl, and then chromatographed.
Only low-molecular-weight N-Cl derivatives
were obtained, indicating that fragmentation of
peptides was the probable source of low-molec-
ular-weight N-Cl derivatives. Figure 5 shows
that when a larger volume of the supernatant
was reduced, dialyzed, concentrated by lyophi-
lization, incubated with HOCl, and then chro-
matographed, both high- and low-molecular-
weight derivatives were obtained. Therefore, the
inability to demonstrate high-molecular-weight
derivatives in the original supernatant was due
to the low protein concentration, which favored
fragmentation.
Oxidation of sulfhydryls. Figure 6 shows

the oxidation of E. coli sulfhydryls by HOCl.
Similar results were obtained with the myelo-
peroxidase system, consistent with myeloperox-
idase-catalyzed oxidation of Cl- to HOCl. About
1 mol of sulfhydryls was oxidized per 3.7 mol of
HOCl consumed, assuming that 60% of the HOCl
was consumed (as in Fig. 2). This result may
indicate that most of the HOCl was consumed
in the oxidation of components other than
sulfhydryls. Alternatively, the sulfhydryls may
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FIG. 6. Oxidation of sulfhydryls. Bacteria were in-
cubated for 30 min at 0 to 50C with the indicated
amounts of HOCi per ml. Portions were taken for
determination of the amount of sulfhydryls per ml of
reaction mixtures (0). The remainders were incu-
bated 2 h at 370C, and then the sulfhydryls were
determined (A).

have been oxidized to sulfonic acids, which
would require 3 mol of HOCl per mol of sulfhy-
dryls.

Figure 6 also shows that the amount of oxi-
dized sulfhydryls increased when the bacteria
were incubated in the presence of the N-Cl de-
rivatives for 2 h at 370C. This increased sulfhy-
dryl oxidation could be prevented by washing
the bacteria before the incubation at 370C or by
holding the bacteria at 0 to 5VC. Therefore, the
N-Cl derivatives were responsible for the in-
creased oxidation.

Bactericidal action. Figure 7 shows the kill-
ing of E. coli by either HOCl or the myeloperox-
idase system. Killing is expressed as the loga-
rithm of the ratio of viable cells in an untreated
suspension to that in a suspension exposed to
HOCl or the myeloperoxidase system. A value
of zero indicates a ratio of 1 or no loss of viability,
whereas a value of 4 indicates that only 1 cell in
10,000 remained viable.

Identical results were obtained when killing
per mol of HOCl was compared to killing per
mol of the H202 added to the myeloperoxidase
system. These results were consistent with my-
eloperoxidase-catalyzed oxidation of Cl- to yield
1 mol of HOCl per mol of H202. The amount of
HOCl required for complete killing was about
the same as required for complete oxidation of
sulfhydryls (cf. Fig. 6).
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FIG. 7. Bactericidal action. Bacteria were incu-

bated with the indicated amounts ofHOCI (, A) per
ml of reaction mixture or with 0.1 ,uM myeloperoxi-
dase and the indicated amounts of H202 (0, A) per
ml. After a 30-min incubation at 0 to 5°C, portions
were taken for determination of viability (0, 0). The
remainders were incubated for 2 h at 37°C, and then
viability was measured (A, A).

Removing the N-Cl derivatives by washing
the bacteria or by reduction with dithiothreitol
had no effect on the loss of viability as measured
immediately after the 30-min incubation period.
On the other hand, Fig. 7 shows that continued
incubation of the bacteria in the presence of the
N-Cl derivatives for 2 h at 37°C resulted in
increased killing. This increase could be pre-
vented by washing the bacteria, by adding di-
thiothreitol, or by holding the bacteria at 0 to
5°C for 2 h. Therefore, the N-Cl derivatives
appeared responsible for the .increased killing
obtained during prolonged incubations.

DISCUSSION
Role of HOCI and 02'. Killing of E. coli by

the myeloperoxidase system was due to the ox-
idation of C1- to HOCl, followed by the reaction
of HOCl with bacterial components. The amine
and/or amide components of the bacteria were

present in sufficient amounts to convert all the
HOCI to N-Cl derivatives. The reaction of HOCl
with amines or amides competes with and thus
prevents the reaction of HOCl with H202, which
may yield 02'. Therefore, it would appear that
no 021 was produced in the presence of the
bacteria and that killing was due only to HOCL.
Consistent with this interpretation, identical
killing was obtained either with the myeloper-

oxidase system or with non-enzymatically gen-
erated HOCI.
The presence of bacteria alters the chemistry

of the myeloperoxidase system. The chemical
constituents of the bacteria can suppress O21
formation, and also probably protect myeloper-
oxidase against inactivation. Amine and/or
amide components of the bacteria can be consid-
ered as a fourth component of the myeloperoxi-
dase system. Exogenous amines can also partic-
ipate in killing (E. L. Thomas, unpublished
data).
The involvement of bacterial components pro-

vides an explanation for results of experiments
in which the myeloperoxidase system is physi-
cally separated from the bacteria by a dialysis
membrane. No killing is obtained under these
conditions (32). The probable explanation is that
the HOC1 produced in the myeloperoxidase com-
partment is reduced by H202 before it can diffuse
into the bacterial compartment. Although 021
may be produced in the myeloperoxidase com-
partment, 02' would be too short-lived to diffuse
into the bacterial compartment. Consistent with
this interpretation, killing can be obtained when
NH4' or amines are added to the myeloperoxi-
dase compartment (33).
Because the conditions within phagocytic ves-

icles of leukocytes would be different from those
used in this study, it is not possible to conclude
that reduction of HOCl by H202 does not occur
within leukocytes. However, amines and amides
are present in significant amounts within phag-
ocytic vesicles. The phagocytized bacterium
makes up a large part of the volume of the
phagocytic vesicle so that the bacterial compo-
nents would be present in high concentrations.
Also, leukocytes contain high concentrations of
the amine compound taurine (36) and arginine-
rich cationic proteins that are found within the
phagocytic vesicle (45, 46). Bacterial and leuko-
cyte components could react with HOCI and
prevent O21 formation.
Sulfhydryl oxidation. A close correspond-

ence was observed between the oxidation of
bacterial sulfhydryls and bactericidal action. Ox-
idation of sulfhydryls has previously been pro-
posed as the mechanism of antibacterial action
of C12 (23). Nevertheless, results presented here
do not indicate that sulfhydryl oxidation is the
only reaction that contributes to killing. The
amount of oxidizing equivalents that was con-
sumed was much greater than the amount of
oxidized sulfhydryls. Other reactions that may
contribute to the consumption of oxidizing
equivalents include oxidation of other easily ox-
idized bacterial components, chlorination of bac-
terial components to yield C-Cl derivatives, and

VOL. 23, 1979



530 THOMAS

internal oxidation of N-Cl derivatives.
In part, the consumption of oxidizing equiva-

lents may have been due to the oxidation of
sulfhydryls to sulfonic acids, which would con-
sume 3 mol of HOCl per mol of sulfhydryls. The
ability of HOCl and N-Cl derivatives to oxidize
sulfhydryls (R-SH) was the basis for their quan-
titation.

R-NH-Cl + 2 R-SH
-* R-NH3+ + R-S-S-R + Cl-

Although 5-thio-2-nitrobenzoic acid was oxi-
dized to the disulfide compound when present
in excess, this and other sulfhydryl compounds
can be oxidized to sulfonic acids by excess HOCl
(35).
Only about 2% of the oxidized bacterial sulfhy-

dryls were in the form of sulfenyl derivatives
(Thomas, unpublished data), indicating that
sulfhydryls were oxidized to other forms such as
sulfonic acids. These results differ from those
obtained with the peroxidase, H202, I- or thio-
cyanate (SCN-) systems (41, 42). With I- or
SCN- as the cofactor, a major portion of the
bacterial sulfhydryls were oxidized to sulfenyl
derivatives. Exogenous reducing agents could
partly reverse the antibacterial action of these
systems (40-43), apparently by reducing the sul-
fenyl derivatives back to sulfhydryls. In contrast,
reducing agents did not reverse the antimicro-
bial action of HOCl.
Role ofN-Cl derivatives. Internal oxidation

of N-Cl derivatives appeared responsible for the
fragmentation of peptides to yield low-molecu-
lar-weight N-Cl derivatives. This reaction may
also have contributed to the release of the pep-
tides from the bacterial cell envelope. The
breaking of peptide or other amide bonds could
contribute to killing by disrupting bacterial
structure and inactivating essential enzymes. On
the other hand, killing can be obtained in the
presence of NH4+ or exogenous amines, even
though they compete with bacterial components
for formation of N-Cl derivatives and diminish
the release of peptides (Thomas, unpublished
data). Also, disruption of the outer membrane or
the loss of the periplasmic proteins does not
result in loss of viability of E. coli (25, 27).
The stable N-Cl derivatives appeared to have

a role in killing during incubations of several
hours at 370C. Oxidation of bacterial sulfhydryls
and killing continued to increase, although all
the oxidizing equivalents were in the form of N-
Cl derivatives. Removal or reduction of the N-
Cl derivatives prevented the increase in oxida-
tion and killing. The bacterial sulfhydryls may
have been oxidized by HOCl obtained from the
hydrolysis of N-Cl derivatives.

R-NH-Cl + H20 R-NH2 + HOCl

However, the extent of formation of HOCl from
N-Cl derivatives appeared insignificant even un-
der conditions that should shift this equilibrium,
such as the separation of the derivatives from
HOCl by chromatography, or the addition of
H202. It is more likely that the slow killing was
due to direct oxidation of bacterial components
by the N-Cl derivatives. The relative abilities of
N-Cl derivatives to oxidize bacterial components
will be considered in another report.
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