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SUMMARY

HARKEY, M. R, W. L. SETTLE, T. L. JAMES AND A. J. TREVOR. Spectral Studies on
the Interaction of Dichloromethane with Hemoglobin. Mol. Pharmacol. 16: 1065-
1074 (1979).

In spectrophotometric studies of hemoglobin solutions dichloromethane caused a decrease
in the affinity and the cooperativity of oxygen binding. The maximum effects observed
were at a dichloromethane partial pressure of 50 torr with no significant effects below 25
torr. At 50 torr dichloromethane oxygen affinity was decreased 50% and Hill n values,
used as a measure of cooperativity, decreased from 2.95 to 2.07. Dichloromethane affected
the binding of carbon monoxide to hemoglobin in solution as described by changes in
Haldane “M” values, a measure of the relative affinities of carbon monoxide and oxygen.
Carbon monoxide binding was decreased by dichloromethane partial pressures as low as
0.03 torr. Maximum effects, involving a change in M from 257 to 143, occurred at 5 torr
dichloromethane, a concentration that did not affect oxygen binding to hemoglobin.
Changes in the proton NMR spectrum for hemoglobin solutions in the presence of
dichloromethane were compared to the results of the oxygen and carbon monoxide
binding studies and to information on the binding sites for dichloromethane determined
by X-ray crystallography. The contact shifted resonance attributed to the S-heme was
shifted appronmabely 1-2 ppm downfield in the presence of 100 torr dichloromethane.
The upfield ring-current shifted resonance at +6.54 ppm, which has contributions from
both the a- and 8-E11 valine, was split into two peaks. Changes were also observed in the
aromatic and methyl regions of the spectrum, suggestive of conformational changes in
the protein with dichloromethane.

INTRODUCTION underlying this effect center on the meta-

Dichloromethane (methylene chloride,
CH.Cl;) has been widely used as an indus-
trial solvent and as a constituent of paint
and varnish removers, cleaning fluids and
aerosols. The most common toxicity asso-
ciated with dichloromethane exposure has
been elevated carboxyhemoglobin levels
(1-3) and descriptions of the mechanisms
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bolic conversion of dichloromethane to car-
bon monoxide by the cytochrome P-450
mixed function oxidase system (2, 4-6).
However in an in vitro study of carbon
monoxide binding to purified hemoglobin,
Settle (7) observed changes in carbon mon-
oxide binding in the presence of dichloro-
methane, effects not due to its metabolic
conversion. Thus a systematic study of the
effects of this compound on oxygen and
carbon monoxide binding was necessary in
order to understand better the possible
mechanisms underlying the toxicities asso-
ciated with exposure to this compound.

1065

0026-895X/79/061065-10$02.00/0
Copyright © 1979 by Academic Press, Inc.
All rights of reproduction in any form reserved.



1066

An understanding of the effects of dichlo-
romethane on ligand binding to hemoglobin
was also of interest with the in vitro obser-
vations that this molecule is effective in
preventing and reversing hemoglobin sick-
ling (8, 9). Most compounds introduced for
the treatment of this disease are somewhat
non-specific in their action (10) and may
produce marked toxicities (11). The pro-
posed mechanism for the anti-sickling ef-
fect of dichloromethane is more specific,
involving the interaction of the molecule at
specific sites in the hemoglobin tetramer to
inhibit and reverse aggregation (8, 9).

The present study concerns the deter-
mination of oxygen and carbon monoxide
binding to hemoglobin in solution as influ-
enced by dichloromethane. The ligand-
binding data are considered with respect to
both changes in proton NMR spectrum in
the presence of dichloromethane and bind-
ing sites reported from X-ray crystallo-
graphic analysis of hemoglobin (9).

MATERIALS AND METHODS

The following chemicals were used in this
study: dichloromethane, analytical grade,
Aldrich Chemicals; deuterium oxide, 99.8
and 100%, BioRad; Tris (hydroxymethyl)
aminomethane base and the hydrochloride
salt (Trisma), Sigma Chemical Company.
All gases were obtained from Matheson Gas
Products. The oxygen was both Research
Purity and Ultra High Purity; the carbon
monoxide, nitrogen and helium were all
Ultra High Purity.

Hemoglobin was purified from outdated
blood supplied by the Moffitt Hospital
Blood Bank, using a method similar to that
of Finch et al. (12). The erythrocytes were
washed three times with 1.2% NaCl and
twice with 1.5% NaCl prior to lysing.

Oxygen binding studies. Hemoglobin
samples were deoxygenated by evacuation
using a Cenco Hyvac 7 vacuum pump. Ab-
sorption spectra were obtained using a Per-
kin-Elmer 356 dual beam spectrophotome-
ter equipped with a controlled temperature
chamber and a Hitachi 156 recorder. The
spectra were read from 450 to 600 nm. In
examining the effects of dichloromethane
on oxygen binding to hemoglobin, a modi-
fication of the technique described by
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Rossi-Fanelli and Antonini (13) was used.
Hemoglobin solutions were diluted in 22
mM tris sulfate (pH 7.0) to give samples
approximately 6 X 10~° M in heme. Samples
were equilibrated with oxygen at 0-2° un-
der light to remove the residual carbon
monoxide (monitored by examination of
the first derivative of the absorbance spec-
trum) and then evacuated at 0-2° with
gentle swirling. The deoxy sample was then
brought to 30° and exposed to dichloro-
methane vapor at the desired partial pres-
sure. After obtaining the oxygen dissocia-
tion curve, the absorbance for 100% oxy-
hemoglobin was determined graphically
(14). The data were then applied to a Hill
plot based on the equation

log = log K + n log (0,)

Y
1-Y
where Y is the fraction of hemoglobin in
the oxy-form. The Ps, values (partial pres-
sure of oxygen required for 50% saturation)
and the Hill n values at 50% saturation
(cooperativity of oxygen binding) were cal-
culated using a simple computer program.

Carbon monoxide binding studies. In de-
scribing the effects of dichloromethane on
carbon monoxide binding at 30° the proce-
dures of Benesch et al. (15) were modified
to permit constant equilibration with di-
chloromethane. In these studies the relative
affinities of carbon monoxide and oxygen
were taken as an index of changes in carbon
monoxide binding. The absorption spectra
for samples of oxy- and carboxyhemoglobin
were observed from 370 to 450 nm using a
Perkin-Elmer 200 UV-Vis, double beam
spectrophotometer connected to a Perkin-
Elmer model 56 recorder. The hemoglobin
sample (2 X 107° M in 22 mM tris sulfate at
pH 7.0) was oxygenated as described pre-
viously then equilibrated with an oxygen
or oxygen/dichloromethane mixture, as
shown in Fig. 1. To regulate the concentra-
tion of dichloromethane-oxygen mixture
bubbling through the sample, a series of
flowmeters were used. In all cases the di-
chloromethane was controlled by a Mathe-
son 610A flowmeter, whereas the oxygen
was regulated by either a Matheson 610A
flowmeter (0.3-100 ml air/m) or a Gilmont
No. 11 flowmeter (10-300 ml air/m) de-
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F16. 1. Gas equilibration system

Relative concentrations of dichloromethane and oxygen were controlled by two flowmeters (a and b) in
parallel. The dichloromethane liquid and hemoglobin solutions were maintained at constant temperature. The
control outlet permitted constant rate of gas flow through the hemoglobin solution.

pending on the desired dilution factor. This
system required a 2-3 hr equilibration pe-
riod before the dichloromethane partial
pressure in the final outlet remained con-
stant, as measured by gas chromatography.
To ensure that the hemoglobin sample was
exposed to a constant partial pressure of
dichloromethane throughout the experi-
ment, the gas flow was continuously moni-
tored. Dichloromethane partial pressures
were determined using a Beckman GC-2A
chromatograph equipped with a 6-foot mo-
lecular seive 13X column and a thermal
conductivity detector. The current was set
at 200 milliamperes, temperature at 160°,
with a helium flow of 80 ml per minute.
Under these conditions dichloromethane
had a retention time of approximately 70
sec.
Concentrations of oxy- and carboxyhe-
moglobin were measured and the data used
to calculate Haldane’s M, a measure of the
relative affinity of the two ligands, which
can be expressed as

_ (HbCO) (0
(HbO;) (CO)

(HbCO
(HbO,)

the partition coefficient may be deter-

M

From a plot of log
(CO)

(02)

versus log

mined:
(HbCO)

(CO) -0
8 (HbOy) )

(—O;)— where

NMR studies. The Amicon Model 12
stirred cell equipped with a PM 30 mem-
brane was used to prepare the hemoglobin
sample in deuterium oxide. The Bruker
HXS-360 spectrometer in the Stanford Uni-
versity Magnetic Resonance Laboratory
was used to generate spectra by both cor-
relation spectroscopy (16) and Fourier
transform NMR with solvent peak suppres-
sion (17). The hemoglobin sample was
deoxygenated in a 5 mm Wilmad glass-stop-
pered tube, and the probe temperature
maintained at 23°. Contact-shifted reso-
nances were examined using correlation
spectroscopy to eliminate the HOD peak
which leads to dynamic range problems
with the computer (18). The spectra were
analyzed after 3911 scans using a sweep
width of 6000 Hz and sweep time of 0.8 sec.
Spectra were also obtained using FT-NMR
at 360 MHz. A sweep width of 16,000 Hz
was used with an acquisition time of 0.253
sec. The spectra were analyzed after 8192
scans. The upfield contact shifted reso-
nances were observed at +5.5 to +8.5 ppm
from the HOD peak. The effects of dichlo-
romethane on aromatic and aliphatic pro-

log M = —log 1



1068

ton resonances of hemoglobin A were also
observed at —4.8 to —0.8 ppm and —0.3 to
+4 ppm, respectively.

RESULTS

Oxygen binding studies. The partial
pressures of dichloromethane used in this
study ranged from 5 to 100 torr, which
included the pressures effective in prevent-
ing (25 torr) and reversing (50 torr) hemo-
globin S aggregation (8). In describing the
effects of dichloromethane on oxygen bind-
ing, the fractional saturation was calculated
for each addition of oxygen as shown by the
standard sigmoid-shaped oxygen dissocia-
tion curves in Fig. 2. After exposure to
dichloromethane there was a dose-related
shift of the curves to the right indicating a
decrease in oxygen affinity.

The Ps and n were calculated using a
Hill plot of the data (Table 1). The results
showed an increase in Pso, corresponding to
a decrease in oxygen affinity, with increas-
ing pressures of dichloromethane. This ef-
fect was significant with pressures greater
than 25 torr, with the maximal effect at 40
torr. The values at 50 and 100 torr were
lower than for 40 torr which may be ex-
plained by the changes in cooperativity ob-
served at these concentrations. There was
a significant difference in cooperativity be-
tween the control value and that observed
with 40, 50, and 100 torr dichloromethane,
with no significant difference between 50
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and 100 torr levels.

To determine the reversibility of this ef-
fect on oxygen binding, the oxygen dissocia-
tion curve was obtained as described pre-
viously in the presence of 40 torr dichloro-
methane. After removal of the dichloro-
methane by evacuation the oxygen disso-
ciation curve was again observed for the
same sample and found to be not signifi-
cantly different from that obtained for the
control samples. Gel electrophoresis of the

TABLE 1

Dichloromethane effects on the affinity and
cooperativity of oxygen binding to hemoglobin in
solution

Oxygen dissociation curves for hemoglobin solu-
tions (6 X 10™® M heme) in 22 mM Tris sulfate buffer
at pH 7.0 and 30°, were derived from spectrophoto-
metric measurements as described in MATERIALS AND
METHODS. Values for Py (partial pressure of oxygen at
50% saturation) and n (cooperativity) were calculated
from a Hill plot of the data. Each value is the mean
+ standard error of the mean.

Dichloro- Number Log Py P Hilln
methane of experi-
pressure ments
(torr) -
0 6 0.94 + 0.04 871 295+ 0.04
25 4 1.00 £ 0.06 10.00 2.80 + 0.056
30 4 1.08 £ 0.05° 12.02 2.82 % 0.05
40 3 1.16 £ 0.04° 1445 240 % 0.04°
50 4 1.11 £ 0.03* 12.88 2.07 + 0.03"
100 3 1.09 £ 0.03* 1230 2.05 + 0.03*

¢ p < 0.01 versus control (no dichloromethane).

o ———0 (0)
— 5 (30)
o/z/;’/_—ogg)
7, ?é/
Y B 2 .
o° o/ A;;
0/44c
o/,
Fels ! L |
10 20 30
pO, (mm Hg)

F1G. 2. Oxygen dissociation curves for hemoglobin in the presence of dichloromethane

Spectrophotometric measurements of oxygen binding to hemoglobin (6 X 107 M in 22 mM Tris sulfate at pH
7.0 and 30°) were carried out as described in MATERIALS AND METHODS. Each point represents the mean of 4-
6 experiments with vertical bars as standard error of the mean. Numbers in parentheses are dichloromethane

partial pressures in torr.
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hemoglobin samples before and after ex-
posure to dichloromethane showed no evi-
dence for dimerization.

Carbon monoxide binding studies. In
these studies a wide range of dichlorometh-
ane pressures were used to include the par-
tial pressures relevant to the anti-sickling
effect and oxygen binding effects, as well as
lower partial pressures which may have
toxicological relevance. Figure 3 shows
some of the data in a graphical form derived
from Haldane’s equation. A dose-depend-
ent shift of the curves to the right indicates
a decrease in M value representing a change
in the relative affinities of carbon monoxide
and oxygen. As shown in Table 2 measur-
able effects on M value occurred at dichlo-
romethane partial pressures as low as 0.03
torr with maximal effects at 5 torr. In the
presence of dichloromethane all values of
M were significantly different (p < 0.05)
from the control value. Using the Stu-
dentized Range Test at p < 0.05, M values
at 2.5 and 5 torr were shown to be signifi-
cantly lower than the value at 0.3 torr di-
chloromethane and lower than the values
at partial pressures of 10 torr and above.
Although a change in affinity for either

HbCO
HbO,

"-30

-26 -22

(co
log %

F16. 3. Relative oxygen and carbon monoxide
binding to hemoglobin in solution

Absorption spectra for oxy- and carboxyhemoglobin
solutions (2 X 107® M in Tris sulfate at pH 7.0 and 30°)
were determined following equilibration with dichlo-
romethane as described in MATERIALS AND METHODS.
Data are plotted in a form of Haldane’s equation.
A—A, control; O0—7, 0.3 torr dichloromethane;
O—0, b5 torr dichloromethane.
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TABLE 2

Dichloromethane effects on the relative binding of
carbon monoxide and oxygen to hemoglobin in
solution

Absorption spectra for oxy- and carboxyhemoglobin
solutions (2 X 107° M heme) in 22 mM Tris sulfate at
pH 7.0 and 30° were determined under conditions of
equilibration with dichloromethane as described in
MATERIALS AND METHODS. The relative concentra-
tions of the two forms of hemoglobin at various partial
pressures of oxygen and carbon monoxide were cal-
culated. The data were used to determine the partition
coefficient M, a measure of the relative affinity of
carbon monoxide and oxygen, based on Haldane's
equation. Values are means + standard error at the
mean.

Dichloro- Number of ex- M value
methane con- periments
centration
(torr)
0 9 257+ 3
0.03 8 1935
03 6 197+ 8
2.5 6 169 + 2
5 6 143 £ 10
10 6 211+8
15 6 183+ 6
25 7 205+ 8
35 6 188 + 12
50 4 173+ 2

In the presence of dichloromethane all values of M
were significantly different from control (p < 0.05).
Using the Studentized Range Test M values at 2.5 and
5 torr were significantly lower (p < 0.05) than the
value at 0.3 torr dichloromethane and lower than the
values at partial pressures of 10 torr and above.

ligand could be reflected by a change in M,
it seems reasonable to conclude that the
effects at 5 torr and less were brought about
by a decrease in carbon monoxide affinity
since no change in oxygen binding was ob-
served at these lower pressures of dichlo-
romethane. The effects on M value did not
follow a linear relationship with dichloro-
methane partial pressure. This is to be an-
ticipated in view of the multiplicity of po-
tential binding sites for dichloromethane
(see DISCUSSION) and the direct effects of
the compound on oxygen binding at higher
concentrations. When the effects of dichlo-
romethane on oxygen affinity were consid-
ered in the region of 25 to 50 torr and the
necessary corrections made in Haldane’s
equation, it was found that the carbon mon-
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oxide binding at these partial pressures did
not differ significantly from that for 5 torr.

NMR studies. The region of the spec-
trum containing the hyperfine shifted pro-
ton resonances is shown in Fig. 4. The peaks
observed at approximately —12.5 and —18.4
ppm from HOD have been assigned to the
heme methyls of the a- and B-subunits,
respectively (19-21). In the presence of di-
chloromethane the contact shifted reso-
nance at —18.4 ppm was shifted downfield
to produce a large resonance at —19.2 ppm
with a broad shoulder extending to —22
ppm indicating some interaction with, or
rearrangement of the region around, the
B-heme. The resonance at —12.5 ppm was
not greatly affected, although the peak ap-
peared somewhat broadened. The reso-
nance at —14.5 ppm appeared to shift down-
field to approximately —16 ppm in the pres-
ence of dichloromethane. Contributions to
this resonance have not been formally as-
signed but have been suggested to involve

(a)
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changes in the S-heme on ligand binding
(20).

Other regions of the spectrum were ex-
amined using FT-NMR. The upfield ring-
current shifted proton resonances were of
interest in that they are sensitive to changes
in the tertiary structure around the heme
pockets (22-24). The region of the spectrum
containing these resonances is shown in
Fig. 5. In the presence of dichloromethane
the peak at +6.54 ppm, which has contri-
butions from both the a- and 8-E11 valines,
was split into two peaks at +6.48 and 6.65
ppm.

The effects of dichloromethane on the
entire spectrum, exclusive of the contact
shifted resonances, are shown in Fig. 6. The
appearance of a peak at —0.83 ppm with
dichloromethane suggests a shift of approx-
imately 1 ppm downfield for one of the
peaks in the region of —0.3 to +0.1 ppm.
Although the position of this peak prior to
dichloromethane treatment could not be

| | | | | I |

| | 1 | | | |

(PPM)

F1Gc. 4. The 360 MHz hyperfine shifted proton resonances for deoxyhemoglobin A in 0.1 M phosphate in

D,0 at pD 7.0 and 36°

The units are given in ppm from HOD. a) deoxyhemoglobin control; b) deoxyhemoglobin in presence of 100

torr dichloromethane.
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(a)

(ppm)

F16. 5. The 360 MHz ring-current shifted proton
resonance for deoxyhemoglobin A in 0.1 M phosphate
in D;O at pD 7.0 and 36°

The units are given in ppm from HOD. a) deoxy-
hemoglobin control; b) deoxyhemoglobin in presence
of 100 torr dichloromethane.

(a)

(ppm)

F16. 6. The 360 MHz proton NMR spectrum for
deoxyhemoglobin A in 0.1 M phosphate in D,0 at pD
7.0 and 36°

The units are given in ppm from HOD. a) deoxy-
hemoglobin control; b) deoxyhemoglobin in presence
of 100 torr dichloromethane.

established, the resonances in this region
are primarily attributed to protons of a-
carbon methyls (25). Changes in the shape
of the envelope from +3.05 to +3.65 sug-
gests shifts in various peaks which may be
due to conformational changes in the pro-
tein; however analysis of these peaks was
complicated by the number of overlapping
peaks and the poor resolution in this region.

DISCUSSION

These oxygen and carbon monoxide
binding studies using purified hemoglobin
solutions show that dichloromethane
causes a decrease in affinity of the heme for
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the two ligands and decreases the coopera-
tivity of oxygen binding. In recent studies
using whole blood solutions carbon mon-
oxide binding to hemoglobin was not
changed in the presence of low partial pres-
sures of dichloromethane (26, 27). It is pos-
sible that in whole cell preparations the
high solubility of dichloromethane in lipids
and its affinity for erythrocyte membranes
(28) may have resulted in a marked de-
crease in its effective concentration at bind-
ing sites in the hemoglobin molecule. How-
ever, low partial pressures of dichlorometh-
ane caused a partial reversal of the carbon
monoxide-induced shift of the oxygen dis-
sociation curve (27). Such an effect is pre-
dicted by the present results in that low
concentrations of dichloromethane should
decrease the effect of carbon monoxide
rather than decreasing affinity of oxygen
for the heme directly. These direct effects
of dichloromethane on ligand binding to
the hemoglobin occur in addition to the
established toxic actions that result from
metabolic conversion of the compound to
carbon monoxide (1-3). The physiological
implications of a dichloromethane-induced
decrease in oxygen affinity are not clear.
However such an effect could result in in-
creased oxygen delivery to tissues which
may offset the toxic effects of carboxyhe-
moglobin formation to some degree.

The possible mechanisms involved in-
clude but are not limited to 1) a direct
interaction of dichloromethane with the
heme to alter heme-ligand interactions, 2)
interaction of dichloromethane at the sub-
unit interface, thereby changing ligand af-
finity and cooperativity by interfering with
heme-heme interactions, and 3) binding of
dichloromethane at any one of several sites
within the tetramer which would cause a
change in conformation and alter the bind-
ing characteristics by favoring the unli-
ganded state. Potential binding sites for
dichloromethane are shown in Fig. 7 which
is a summary of data obtained by Schoen-
born (9) from X-ray crystallographic anal-
ysis of hemoglobin in the presence of rela-
tively high partial pressures of dichloro-
methane (350 torr). In considering the re-
lationships between binding sites and ef-
fects on ligand affinity it must be kept in
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B, B

Dichior Binaing Sites to_Hemoglobri

SITE CHAIN HELIX

I a  ap A,G,E,H

2 BB G.H.E

3 e B,a,8 H,F(B)

contact Cla)
4 Ba(B) CD,E
Heme pyrrole

F1G6. 7. Binding sites for dichloromethane in deoxyhemoglobin

The data in the table are taken from Schoenborn (9) based on X-ray crystallographic analysis of deoxyhem-
oglobin in the presence of dichloromethane (350 torr). For clarity only the helices of the a; and 8. chains are
lettered. The designated helices of a particular chain are given to mark the boundaries of a potential binding
site. For example, site 2 on the B: chain is located in a region of the subunit bounded by helices G, H and E.

mind that the present studies concern he-
moglobin in solution at lower dichlorometh-
ane partial pressures and that no direct
data are available on the relative affinities
of the individual dichloromethane binding
sites. From the X-ray data, binding sites 1
and 2 appear to be very similar and occur
in both the a and B subunits. Evidence for
such dichloromethane interactions at the
heme in the NMR analysis is provided by
the upfield ring-current shifted resonance
spectrum where the single coalesced peak
for the a- and B-E11 valines at +6.54 ppm
was split into two peaks in the presence of
dichloromethane. This effect could be
caused by a direct interaction between the
dichloromethane molecule and residues in
these regions of the hemoglobin subunits.
Dichloromethane binding sites 1 and 2 in-
volve both the a-E15 leucine and the 8-E15
phenylalanine (9) and these two residues
are in close proximity to the E11 valines of
the a and B subunit, respectively. An inter-
action of dichloromethane with such sites
could represent the mechanisms underlying
the observed changes in ligand binding.
However changes in this region of the NMR
spectrum for hemoglobin can also be caused
by less specific agents including inorganic
salts (24).

A third binding site for dichloromethane,
apparent from crystallographic studies, is
located at the subunit interfaces and ap-
pears to involve the 8-H22 tyrosine and the

B-H23 histidine. Although the present
NMR data include evidence for changes in
spectrum involving contributions from ar-
omatic residues, no specific assignments
could be made of direct relevance to the
possible binding of dichloromethane to site
3. However if such binding occurs it could
result in interference with the heme-heme
interactions necessary for cooperativity of
oxygen binding. The fourth binding site for
dichloromethane appears to be located in
the region of the 8-heme and is observed in
the B;-chain only (9). The interacting resi-
dues at this site are the f-heme pyrrole, the
B-E6 histidine, and the 8-CD1 phenylala-
nine, all of which could contribute to the
changes observed in the NMR spectrum.
The observation that this site is present
only in the B-subunit is especially meaning-
ful when considered with the effects on the
contact shifted resonances. The resonance
at —12.5 ppm which has been assigned to
the a-heme methyl protons was not appre-
ciably affected, whereas the peak at —18.4
ppm associated with the B-heme was
shifted downfield, suggesting some change
in the structure around the f-heme induced
by dichloromethane which might be ex-
pected to alter the affinity of ligand binding.
If this binding site at the heme in the 8
subunit has high affinity for dichlorometh-
ane a possible explanation for why carbon
monoxide binding is affected at much lower
concentrations of dichloromethane than
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those altering oxygen binding may be pro-
vided. Perutz (29) has suggested and Gray
and Gibson (30) have demonstrated that
oxygen binds preferentially to the a-sub-
unit, whereas carbon monoxide binds pref-
erentially to the B-subunit (19). It seems
- reasonable to expect that if dichlorometh-
" ane binds only in the region of the f-heme,
changes in affinity for carbon monoxide
would be more readily apparent since bind-
ing to the first subunit proceeds more
slowly than to the second and third sub-
anits.

ACKNOWLEDGMENT

The authors wish to thank Dr. B. Schoenborn for
his advice and encouragement early in the project, Dr.
G. Matson for his help with NMR instrumentation
and Dr. J. Trudell for his constructive criticism of the

manuscript.

REFERENCES

1. Stewart, R. D, T. N. Fisher, M. J. Hosko, J. E.
Peterson, E. D. Baretta and H. C. Dodd. Car-
boxyhemoglobin elevation after exposure to di-
chloromethane. Science 176: 295-296, 1972.

2. Roth, R. P,, R. T. Drew, R. J. Lo and J. R. Fouts.
Dichloromethane inhalation, carboxyhemoglo-
bin concentration, and drug metabolizing en-
zymes in rabbits. Toxicol. Appl. Pharmacol. 33:
427-437, 1975.

3. Rodkey, F. L., and H. A. Collison. Effect of dihal-
ogenated methanes on the in vivo production of
carbon monoxide and methane by rats. Toxicol.
Appl. Pharmacol. 40: 39-47, 1977.

4. Kubic, V. L., M. W. Anders, R. R. Engel, C. H.
Barlow and W. S. Coughey. Metabolism of di-
halomethanes to carbon monoxide. 1. In vivo.
Drug Metab. Dispos. 2: 53-57, 1974.

5. Kubic, V. L, and M. W. Anders. Metabolism of
dihalomethanes to carbon monoxide. II. In vitro.
Drug Metab. Dispos. 3: 104-112, 1975.

6. Hogan, G. K., R. G. Smith and H. H. Cornish.
Studies on the microsomal conversion of dichlo-
romethane to carbon monoxide. Toxicol. Appl.
Pharmacol. 87: 112, 1976.

7. Settle, Wayne. Role of changes in carbon monox-
ide-hemoglobin binding in methylene chloride
toxicity. Fed. Proc. 34: 229, 1975.

8. Milosz, A. and W. Settle. A new approach to the
treatment of sickle cell anemia. Res. Commun.
Chem. Path. Pharmacol. 12: 137-145, 1975.

9. Schoenborn, B. P. Dichloromethane as an anti-
sickling agent in sickle cell hemoglobin. Proc.
Natl. Acad. Sci. 73: 4195-4199, 1976.

10. Dean, J. and A. N. Schechter. Sickle cell anemia:

11.

12.

13.

14.

15.

16.

17.

18.

19.

21.

1073

Molecular and cellular bases of therapeutic ap-
proaches. New Eng. J. Med. 299: 863-870, 1978.

Kraus, A. P. Clinical trials of therapy for sickle cell
vaso-occlusive crises. J. Amer. Med. Assoc. 228:
1120-1124, 1974.

Finch, J. T., M. F. Perutz, J. F. Bertles and J.
Dobler. Structure of sickled erythrocytes and of
sickle cell hemoglobin fibers. Proc. Natl. Acad.
Seci. 70: 718-722, 1973.

Rossi-Fanelli, A. and E. Antonini. Studies on the
oxygen and carbon monoxide equilibria of hu-
man myoglobin. Arch. Biochem. Biophys. 17:
478-492, 1958.

Imai, K. and T. Yonetani. pH dependence of adair
constants of human hemoglobin. J. Biol. Chem.
250: 2227-2231, 1975.

Benesch, R. E., N. Maeda and R. Benesch. 2,3-
Diphosphoglycerate and the relative affinity of
adult and fetal hemoglobin. Biochim. Biophys.
Acta 257: 178-182, 1972.

Dadok, J. and R. R. Sprecker. Correlation nuclear
magnetic resonance spectroscopy. J. Magn.
Reson. 13: 243-248, 1974.

Jesson, J. P., P. Meakin and G. Kneissel. Hom-
onuclear decoupling and peak elimination in
Fourier transform nuclear magnetic resonance.
J. Amer. Chem. Soc. 95: 618-620, 1973.

James, T. L. Nuclear Magnetic Resonance in
Biochemistry, Academic Press, Inc., New York,
1975.

Lindstrom, T. and C. Ho. Functional nonequiva-
lence of a and B hemes in human adult hemo-
globin. Proc. Natl. Acad, Sci. 89: 1707-1710,
1972.

. Johnson, M. E. and C. Ho. Effects of ligands and

organic phosphates on functional properties of
human adult hemoglobin. Biochem. 13: 3653-
3661, 1974.

Fung, L. M. W. and C. Ho. Proton nuclear mag-
netic resonance study of quatenary structure of
human hemoglobin in H;O. Biochem. 14: 2526~
2535, 1975.

. Lindstrom, T., I. B. E. Noren, S. Charache, H.

Lehmann, and C. Ho. Nuclear magnetic reso-
nance studies of hemoglobin. VII. Tertiary
structure around ligand binding site in carbon-
monoxyhemoglobin. Biochem. 11: 1677-1681,
1972.

. Ho, C., T. R. Lindstrom, J. J. Baldassare and J. J.

Breen. Magnetic resonance studies of human
hemoglobins and their implications to the struc-
ture-function relationships in human normal
and abnormal hemoglobins. Ann. N. Y. Acad.
Sci. 222: 21-39, 1973.

. Lindstrom, T. R. and C. Ho. Effects of anions and

ligands on the tertiary structure and ligand bind-
ing site in human adult hemoglobin. Biochem.
12: 134-139, 1973.



1074 HARKEY ET AL.

25. Wuthrich, K. Structural studies of hemes and he-
moproteins by nuclear magnetic resonance spec-
troscopy. Structure and Bonding 8: 53-121,
1970.

26. Collison, H., F. L. Rodkey and J. D. O’Neal. Effect
of dichloromethane on hemoglobin function.
Biochem. Pharmacol. 26: 557-558, 1977.

27. Dill, D. C, P. G. Watanabe, and J. M. Norris.
Effect of methylene chloride on oxyhemoglobin
dissociation curve of rat and human blood. Tox-
icol. Appl. Pharmacol. 46: 125-129, 1978.

28. Matthews, R. M. and T. L. James. Effect of di-

chloromethane on sickle cells. An in vitro water
proton magnetic resonance relaxation study.
Biochem. Biophys. Res. Commun. 80: 879-885,
1978.

29. Perutz, M. F. Stereochemistry of cooperative ef-
fects in hemoglobin. Nature 228: 726-739, 1970.

30. Gray, R. D. and Q. Gibson. The binding of carbon
monoxide to a and 8 chains in tetrameric mam-
malian hemoglobin. J. Biol. Chem. 246: 5176-
5178, 1971.





