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The light emission spectra of myeloperoxidase-H202-Cl- and phagocytizing
polymorphonuclear leukocytes were estimated by a computer simulation tech-
nique by using light transmittance data from nine band-pass filters. No shift in
the chemiluminescence spectrum of either system was observed during the
course of the reactions, suggesting that the light-generating mechanisms re-
main constant after their initiation. Transmittances were virtually identical for
both myeloperoxidase-H202-Cl- and polymorphonuclear leukocyte reactions,
suggesting that the light-generating mechanisms are identical and leading to
the estimation of nearly identical spectra. Both spectra were broad, with maxi-
mum light emission near 570 nm.

Experiments by Allen and co-workers have
demonstrated that light is emitted by both
phagocytizing polymorphonuclear (PMN) leu-
kocytes (2) and isolated myeloperoxidase
(MPO) in the presence of H202 and Cl- (1). The
mechanisms of light production have remained
unclear, although increased levels of several
oxygen intermediates have been demonstrated
in phagocytizing PMNs, including superoxide
anion (*2-) (3) and H202. Allen et al. (2) first
proposed that singlet oxygen (102) was also
present, but only recently have Rosen and Kle-
banoff provided experimental evidence (Fed.
Proc. 35:1391, 1976). The hydroxyl radical
(-OH) also has been postulated (10) to be an-
other intermediate present in phagocytizing
PMNs.
Of the intermediates listed above, only 102 is

in an electronically excited state as is required
for chemiluminescence (CL). The others are
theoretically capable of producing substances,
such as '02, which are electronically excited
and therefore may be indirectly related to the
light production.

In displaying CL, '02 may decay to ground
state 02, releasing its energy as light, or it may
react with other molecules, forming products
that subsequently emit light. The CL spectrum
of phagocytizing PMNs as shown by Cheson et
al. (5) seems to rule out the direct decay of 102
as the major source of CL. Although it is sus-
pected that these light-emitting reactions are
related to bactericidal mechanisms, proof is
lacking. The present study demonstrates that

the emission spectrum of a cell-free MPO-
H202-C1- system is similar to that of phago-
cytizing PMNs.

MATERIALS AND METHODS
PMN preparation. Heparinized normal human

blood was separated by Ficoll-Hypaque sedimenta-
tion (4) followed by dextran sedimentation for 45
min. The PMN-rich supernatant was washed and
suspended in 0.9% saline. To lyse contaminating
erythrocytes, 1 part of the cell suspension was mixed
with 3 parts of distilled water for 20 s. The cells were
returned to isotonicity by the addition of 1 part of
3.6% saline (6). This method yielded cell prepara-
tions of at least 98% PMNs. The PMNs were washed
and suspended in phosphate-buffered saline (0.03 M
phosphate, pH 7.3, containing 1 mg of glucose per
ml) at a concentration of 5 x 106 to 7 x 106 cells per
ml.
MPO preparation. Partially purified MPO was

isolated from 7 x 107 normal human PMNs by using
the weak acid extraction method (8). The activity
was determined with o-dianisidine (7).
CL measurement. Light emission was measured

in a scintillation spectrometer (Beckman model LS-
250; photomultiplier tubes [PMTs]; RCA-4501/V3),
with the refrigeration and coincidence circuits off,
the amplification set to maximum, and a fully open
discriminator window. Light emission was recorded
as counts per minute. All light-generating reactions
were performed in small (7.5-ml, 1.7-cm-diameter)
glass scintillation vials, which had been placed
within larger (22-ml, 2.7-cm-diameter) glass vials. A
gelatin band-pass absorption filter (Edmund Scien-
tific Co.), through which all emitted light had to
pass before reaching either PMT, had been inserted
into the space between the two vials. The light
transmission characteristics of the nine filters used
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were determined with a double-beam spectropho-
tometer (Beckman Acta-CV) (Fig. 1). In all experi-
ments, another double vial that had no filter was
included (unfiltered vial).

In all PMN experiments, 5 ml of the cell prepara-
tion was added to the inner vials and background
counts were obtained. To initiate CL, opsonized
zymosan (4 mg of zymosan incubated with 0.5 ml of
normal human serum for 10 min at room tempera-
ture) was added. Then, 1-min CL measurements
were executed sequentially on each of the 10 vials
for over 1 h.

In the MPO experiments, background counts
were determined on 2 ml of isolated MPO (1,750 U/
ml in 0.05 M sodium acetate buffer, pH 3.5). CL was
initiated by adding 0.5 ml of H202 (3% in 0.15 M
NaCl). Light measurements were repeatedly and
continuously made for 0.5-min intervals on each of
the 10 vials for at least 6 min.
Data analysis. (i) Calculation of light transmit-

tance. The time integral of the emitted light, cor-
rected for background, was calculated for the reac-
tants in each vial. For the unfiltered vial, this inte-
gral will be termed Lo; for each filtered vial, the
integral will be designated Li, where the subscript i
is the filter number. For either system of reactants,
the percent transmittance (Ti) through filter num-
ber i may be calculated as:

Ti= (Li/LO) x 100

10 = f S(X)P(X)dX (2)

where S (X) is the emission spectrum of the reac-
tants, P(X) is the quantum efficiency characteristic
of the PMT, and X is wavelength. The quantum
efficiency of the PMT used in this study (RCA-4501/
V3) was inadequate for reliable results when the
wavelength of light was greater than approximately
620 nm.

Similarly, li is defined as the light emitted by the
reactants in a vial containing filter number i and
received by the PMT:

li = f S(X)Fi(X)P(X)dX (3)

where Fi(X) is the transmittance spectrum of filter
number i. Assuming the emission spectrum of the
reactants remains unaltered with time, then if Lo
andLi are calculated over the same time interval,

li/lo = Li/Lo (4)
In the computer simulation, an estimated emis-

sion spectrum S (X) was formed as will be described.
The estimated luminosity was then computed as:

o = r §(X)P(X)dX
I = f 9(X)Fi(X)P(X)dk.(1)

(ii) Computer simulation. The light emitted (lo)
by the reactants in an unfiltered vial and received
by the PMT is:

(5)

(6)

P(X), Fi(X), and § were represented discretely at 5-
nm intervals. The estimated percent transmittance
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FIG. 1. Light transmission characteristics of the absorption filters. Numbers on graph correspond to the
filter numbers.
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is then:

Pi = (li0lo) x 100. (7)

S (the estimated spectrum) was arbitrarily chosen
to be a Gaussian curve ofmean ,u and standard devi-
ation v.

In some simulations, a sum of two Gaussians:

S(A) = ag1(A) + bg2(A)

was employed, whereg1 andg2 are Gaussians, 0 < a
< 1, andb = 1 - a.
An optimum u and a, for S were selected by the

following procedure for each filter. (i) A value of a-
was chosen arbitrarily. (ii) The value of ,u was then
altered to reduce the absolute difference IT - PI to a
value less than an arbitrary predetermined limit
(0.2).

Steps (i) and (ii) were then repeated for different
values of a- ranging from 10 to 120 nm.

For filter number i, the best value of ,u according
to step (ii) was called p4. The optimum ,u for all the
filters for any a- was selected as the median A. The
optimum a- was the one that yielded minimal disper-
sion of the p, about the median. The computer sim-
ulation was executed on IBM 360 and XDS Sigma 5
computers.

RESULTS
The kinetics of light emission from phagocy-

tizing PMNs in an unfiltered vial (Fig. 2) is
similar to other published results (2). Since the
kinetics of emission from the nine filtered vials
(not shown) were similar to that of the unfil-
tered vial, and the relative amount of light
transmitted though any filter (i.e., the nine T,
values) remained nearly constant with time,
the PMN emission spectrum did not change
after the initiation of phagocytosis.
Figure 3 shows the rate ofCL from the MPO-

H202-Cl- reaction in an unfiltered vial. Control
experiments with either MPO alone or H202
plus Cl- did not produce significant amounts of
light. Allen (1) found a similar emission curve
with this system. Again, the kinetics of light
emission for the nine filtered vials (not shown)
were similar to that of the unfiltered vial, and
each Ti remained nearly constant with time,
indicating that the spectrum of the MPO-H202-
Cl- system also was constant.
To compare the emission spectra of the MPO

and PMN systems, the relative amount of light
transmitted through the nine filters (Ti) was
examined. By using the integrated curve of
light emission for the first 6 min of the MPO
experiments and 67 min of the PMN experi-
ments, the Ti values were calculated (Fig. 4).
The data obtained for the MPO system are
strikingly similar to those from the PMNs.
Although the estimated spectrum (9) (Fig. 5)

was constrained to be a Gaussian curve in the
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simulation, it is clear that the actual spectrum
(S) need not be Gaussian in form. However, the
results of the simulation indicate that , and C-
can be chosen to yield a Gaussian curve that
effectively resembles the actual spectrum in the
sense that low values of ITi - Til are obtained
for almost all the filters. The fact that the P,
values (Table 1) for some filters such as 809,
817, and 871 do not give results consistent with
those of the other filters indicates that the ac-
tual spectrum is not exactly identical to a Gaus-
sian curve. The optimum value of ,u was 568 nm
for the PMNs and 577 nm for the MPO system,
whereas a- was 60 nm for both.
With a somewhat different method, Cheson

et al. (5) estimated the CL spectrum ofphagocy-
tizing PMNs. We used a discrete (5-nm inter-
val) representation of the reported spectrum in
the computer simulation described above. This
representation was substituted into equations 5
and 6 as the estimated spectrum, 9. The esti-
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FIG. 2. Light emission from PMNs after the addi-
tion of opsonized zymosan particles.
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FIG. 3. Light emission from the MPO-H202-Cl-
mixture. The dashed line connects the background
value ofMPO with the first CL value after the addi-
tion ofH202 and Cl-.
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FIG. 4. Comparison of the light transmission by
the PMN and MPO system with nine absorption fil-
ters. Percent unfiltered light (T1) was calculated by
the following formula: T1 = (LlLO) x 100. The height
of each bar represents the average of three observa-
tions for the PMN system and two for the MPO
system. The brackets show the range for each mea-

surement.

mated percent transmittance (T2) for each filter
used in this experiment, based on the reported
spectrum, was then calculated according to
equation 7. The values of ti obtained (Table 1)
were similar to the results for MPO and PMN
CL calculated from our data.

DISCUSSION
The kinetics of CL from phagocytizing PMNs

and MPO-H202-Cl- were noted in the present
study to be similar to other published reports
(1, 2). When emission spectra were simulated
from the filter data, as described in Materials
and Methods, the MPO and PMN curves were
virtually identical and, therefore, only the
MPO curve is shown (Fig. 5). Similarity of the
MPO and PMN curves would be expected from
the data shown in Fig. 4. Since the MPO-H202-
Cl- system is a known '02-producing system
(Rosen and Klebanoff, Fed. Proc. 35:1391,
1976), the observed similarity of the emission
spectra of the two systems strongly suggests
that '02 is responsible for the CL of PMNs.
Rosen and Klebanoff (10), however, have
shown that MPO-deficient PMNs retained the
capacity to emit light after phagocytosis, al-
though the amount of light produced in the
early postphagocytic period was reduced. It is

quite possible that 102 is produced in MPO-
deficient PMNs by other reactions, such as the
disproportionation of - 02-. Ifthe light emission
spectrum of MPO-deficient PMNs could be de-
termined, it might be possible to resolve this
question.
Although 102 is probably responsible for the

CL of PMNs, the present study and that of
Cheson et al. (5) show that it is not due solely to
its relaxation to ground state triplet oxygen

and the emission of light. This reaction would
release the energy of 102 in the form of light,
which is not likely to have a bactericidal effect.

400 420 440 460 480 500 520 540 560 550 600 620 640
Wowlength (nm)

FIG. 5. Simulated (estimated) light emission
curve for the MPO-H,O-Cl- system. The uncorrected
curve represents the effect of not including the PMT
quantum efficiency (P) in deriving the estimated
spectrum. The best fit for the data when no PMT
correction was made was a curve composed of the
sum of two Gaussians. The best fit when the correc-
tion was included was a single Gaussian of a- = 60
nm, which for the MPO-H20-Cl- system had u =
577 nm.

TABLE 1. Ti and 1'i from the light emission of
phagocytizing PMNs

Previously
Filter no. Present studya publisheddatab -

Ti (mea- Tj (esti- Ts, (esti-
sured) mated) mated)

858 35.0 40.2 47.5
856 30.0 33.5 43.5
871 21.8 31.1 26.0
809 19.7 32.8 20.6
846 16.3 16.9 26.3
837 7.9 7.3 9.6
817 7.3 12.6 7.8
832 6.9 7.4 9.7
821 1.3 1.4 0.9

a Best-fit Gaussian curve for the data from the
PMNs in the present study had a It = 568 nm and a-
= 60 nm.

b t, values were calculated from the published
spectrum of Cheson et al. (5). This spectrum was
used in place of the estimated spectrum (S) in equa-
tions 5 and 6. The tj values were then calculated
with equation 7.
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Instead, it probably produces light through in-
termediate reactions that biochemically alter
critical bacterial structures or enzymes by oxi-
dation. Since the MPO-H202-Cl- system lacks a
substrate such as bacteria or zymosan for 102 to
act upon, the MPO or contaminating proteins
may serve as the substrate. This would explain
why the emission spectra are different from
that of direct 102 light (R. Brown and E. Ogry-
zlo, Proc. Chem. Soc., p. 117, 1964). In an un-
published observation with the same filter sys-
tem described in this study, 102 generated by
H202 and NaOCl produced light with a longer
wavelength than that observed in the PMN and
MPO systems.

It is possible, however, that direct 102 light
contributes to the total CL of the PMN if some
of the 102 does not participate in other reac-
tions. This question cannot be resolved at the
present time because the emission spectrum is
not precisely defined by either the present or
the previously published study (5). Also, nei-
ther study used a PMT that was sufficiently
sensitive in the range of the two major peaks of
the 102 emission spectrum, which are at 633
and 704 nm (Browne and Ogryzlo, Proc. Chem.
Soc., p. 117, 1964). Nevertheless, it is interest-
ing that, within the effective range of the PMT,
both studies show peak light emission near 580
nm, which is one of the emission peaks of 102
light.
Our data are in general agreement with the

study of Cheson and co-workers (5). The peak of
light emission in both studies is approximately
the same, and both curves are broad. Although
the curve that we have constructed is Gaussian
in configuration, it represents only an approxi-
mation of the actual spectrum. Further defini-
tion of the light source in phagocytizing PMNs
and its relationship to the bactericidal process
will probably depend on examining isolated
cell-free systems with equipment better suited

to scanning the entire visible and infrared spec-
trum.
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