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Subunit Composition of Haptoglobin 2-2 Polymerst 

Gerald M. Fuller,* Marilyn A. Rasco, Michael L. McCombs,$ Donald R. Barnett, and Barbara H. Bowman 

ABSTRACT: Hp 2-2 forms a series of discrete polymers of in- 
creasing molecular weight. In the present study Hp 2-2 poly- 
mers have been isolated from each other by polyacrylamide 
gel electrophoresis. Quantitative amino-terminal analysis and 
amino acid analysis provide evidence that each polymer con- 
sists of a2  and p polypeptide chains in a 1 : 1 ratio. Molecular 
weight estimations by sodium dodecyl sulfate acrylamide gel 

H aptoglobin (Hp)’ is an az globulin in human serum 
whose function is to bind free hemoglobin (Hb). Three 
common genetic types have been described on the basis of 
their electrophoretic migration patterns on vertical starch gel 
at alkaline pH (Smithies, 1955). More recently, polyacryl- 
amide gel electrophoresis has demonstrated similar patterns 
(Raymond, 1962; Woodworth and Clark, 1967; McCombs 
and Bowman, 1970). An interesting feature of haptoglobin 
types 2-2 and 2-1 is their capacity to form a series of discrete 
stable polymers. During electrophoresis Hp 1-1 migrates as a 
single band, whereas Hp 2-2 and 2-1 each forms a series of 
polymeric bands of decreasing mobility and concentration. 

The Hp molecule is comprised of two pairs of nonidentical 
polypeptide chains, designated a and p, which are held to- 
gether by disulfide bonds (Smithies et al., 1962). The a chain, 
which exists in two common phenotypes, is responsible for the 
genetic polymorphism observed in Hp. Hp 1-1 contains a1  
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electrophoresis, and by ultracentrifugational analysis indicates 
that each polymer differs from the next member of the series 
by an average increment 54,500. This approximates a subunit 
consisting of an a2  and a 0 polypeptide chain. Experimental 
results indicate that the a2/0 subunits are linked together 
through disulfide bonds to form each polymer. 

chains, each of which has a molecular weight of 9000, while 
Hp 2-2 contains a 2  chains, each of which has a molecular 
weight of 17,300 (Dixon, 1966). Both a 1  and a2  chains are 
present in Hp 2-1. The /3 chain, 40,000 molecular weight, is 
identical in all three types of haptoglobins (Shim et u/., 1965). 

There have been several different views concerning the 
number of a and p polypeptide chains which occur in the 
polymers of Hp 2-1 and Hp 2-2. By observing the number of 
bands on acrylamide gels of partially saturated Hp-Hb com- 
plexes, Sutton (1970) considered that each successively larger 
polymer was due to the addition of one chain. The presence 
of a chains in proportion to p chains was suggested, but no ex- 
perimental verification for this was given. An earlier hy- 
pothesis of Allison (1959) was that each successively larger 
polymer resulted from addifion of one monomeric molecule. 
The number of chains of this monomer was unspecified. Parker 
and Bearn (1963) and Shim and Bearn (1964) proposed an 
addition of two CY chains and two /3 chains as the increment 
between consecutive polymers. Marnay (1961) proposed that 
the difference between polymer size was due to the addition of 
half-molecules. Although the number of polypeptide chains 
was unspecified, this presumably had reference to  CY/^ incre- 
ments. Marinis and Ott (1965) proposed that each polymer is 
a dimer of the preceding smaller polymer. 

In the present study the Hp  2-2 polymers (one through six) 
have been isolated by polyacrylamide gel electrophoresis 
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(Fuller et a/ . ,  1971). An investigation of the isolated polymers 
provides direct experimental evidence that adjacent H p  
polymers on acrylamide gels differ by one a2/@ increment. 
With increasing concentrations of P-ME, the polymers disso- 
ciated into smaller molecular species indicating the impor- 
tance of disulfide linkage in polymer formation. The intra- 
polymer disulfide linkage is especially interesting in view of the 
fact that no free titratable SH groups have been detected in the 
haptoglobin molecule (Tattrie and Connell, 1967). 

Materials and Methods 

Purification of Haptoglobin. Haptoglobin 2-2 was purified 
from ascites fluid taken from a patient with an ovarian tumor. 
This fluid was chosen rather than serum because it contained 
unusually high concentrations of haptoglobin (Laurell, 1959). 
Results from structural studies have demonstrated that hapto- 
globin from an individual's serum and ascites fluid are iden- 
tical (Barnett et a/ . ,  1972). Haptoglobin was purified from this 
material following the procedure described by Gordon et a/. 
( 1968). 

Rnril~~ticul Polj~ucr,sluniide Gel Electrophoresis. Polyacryl- 
amide gel electrophoresis was performed at 400 V (constant 
voltage) in an 18 x 13 x 0.3 cm vertical slab gel electro- 
phoresis apparatas. The gels were 5 % Cyanogum-41 (Fisher 
Scientific) catalyzed by N,N,N',N'-tetramethylethylenedi- 
amine. A continuous pH buffer system consisted of 0.1 hi 

Tris--0.09 M boric acid (pH 8.4). The gels were stained with 
0.01 % Commassie Brilliant Blue in 15% acetic acid for 1b2 
h r  and destained with 7 acetic acid. 

Prepuratire Acr.vIutnide Gel Electrophoresis. Haptoglobin 
polymers were isolated by preparative polyacrylamide electro- 
phoresis in an  apparatus similar to the one described above 
except the gel thickness was increased to 0.6 cm. The buffer 
system was identical to that described for the analytical gels. 
The electrophoresis time was 4400 V-hr (ea. 220 V for 20 hr). 
The gel was removed after electrophoresis and two 1-cni 
guide strips were cut the length of the gel and stained. The 
stained strips were then repositioned with the acrylamide slab 
so that individual polymers could be cut from the gel. It was 
usually possible to obtain six to eight polymers which did not 
overlap each other. Each acrylamide strip containing a sep- 
arated polymer was sealed in dialysis tubing and suspended 
vertically in an electrophoresis chamber. Cross-electrophoresis 
(25 V, 400 mA) was carried out in a 0.05 M T rkbora t e  
buffer (pH 8.4) at 15" for approximately 24 hr. Following 
electrophoresis the acrylamide strips were removed from the 
dialysis bag which contained the isolated polymer in solution. 

Sodiuni Dodecyl Sulfcrte Pol~~ucr~~lurnide Gels. Polyacryl- 
amide gel electrophoresis containing the detergent sodium 
dodecyl sulfate was utilized to estimate the molecular weight 
of each isolated polymer. The analytical slab gel apparatus 
previously described was used. Acrylamide gels ( 5  %) were 
prepared with 0.05 hf sodium phosphate buffer (pH 7.2), con- 
taining 0.1 % sodium dodecyl sulfate (Weber and Osborn, 
1969; Chrombach and Kodbard, 1971). The gels were sub- 
jected to electrophoresis for 8 hr at 100 V ?  removed, and 
stained. Protein band resolution improved when the gel was 
washed with two to three changes of 7% acetic acid over an 
8-hr period prior to the addition of 0.01 Coomassie stain. 
The reference proteins used to calculate molecular weights 
were: lobster fibrinogen, 420,000; bovine fibrinogen, 330,000; 
human y-globulins, 160,000: bovine serum albumin, 68,000, 

Aniino Acid Ann1j.si.s. Triplicate amino acid analyses were 
performed on each of four haptoglobin polymers after hy- 
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drolysis in 6 N HCI for 22 hr a t  110" in sealed, evacuated hy- 
drolysis tubes. A Beckman Amino Acid Analyzer Model 116, 
equipped with high-sensitivity cuvet and an  expanded scale 
was used. An extinction coefficient, &$, of 12.1 (Herniann- 
Boussier et a/.,  1960) was used to estimate protein concentra- 
tion. 

Amino-Terminul Analjssis. Quantitative amino-terminal 
analysis of intact haptoglobin 2-2 and three of the purified 
polymers was performed using a Beckman Automatic protein 
sequencer. The Pth derivatives were identified quantitatively 
by gas chromatography according to the single-column 
method of Pisano and Bronzert (1969, 1970), using a Nuclear- 
Chicago, Series 5000, gas chromatograph. Quantitation was 
based on detector response to known quantities of authentic 
Pth-valine and Pth-isoleucine (Pierce Chemicals). 

Sedinientution Equilibrium. Molecular weights were deter- 
mined by the high speed equilibrium method of Yphantis 
(1964), using schlieren optics in a Beckman Model E ana- 
lytical ultracentrifuge. A six-channel centerpiece was used to 
determine molecular weights at three different protein con- 
centrations simultaneously. The polymers were dialyzed 
against the solvent, 0.1 hi Tris (pH 7.5) ,  for at least 24 hr prior 
to the experiment. Sedimentation was performed at 20" for 
20--24 hr at speeds sufficient to achieve miniscus depletion. 
Photographs were taken and the plates read on a Nikon 
microcomparator. 

Molecular weights were calculated from the equation In 
H - In r = (1 - cp),!2RTMr2. The function In H - In r cs. r 2  
is linear, where H is the height of the schlieren pattern at a 
point r centimeters from the axis of rotation. The quantities 
In H - In r and rg are calculated for each point along the 
schlieren curve, and by regression analysis the slope obtained 
was used to determine the molecular weight. The partial spe- 
cific volume of Hp 2-2 was calculated from the amino acid and 
carbohydrate composition and a value of 0.718 was obtained. 

Results 

Isolution of Indiciduul Huptoglobin Polj,niers. In this study 
the haptoglobin polymers were identified according to the dis- 
tance they migrated into a 5 % polyacrylamide gel. The most 
rapidly migrating polymer was called polymer 1, the next 
polynier 2, etc. The polymer number does not reflect the sub- 
unit composition. Usually, 12--14 separated polymers of 
haptoglobin 2-2 could be seen on a polyacrylamide gel under 
the conditions described. 

Analytical gel electrophoresis of Hp 2-2 polymers separated 
by preparative gel electrophoresis is shown in Figure 1. Each 
darkly stained polymer was accompanied by a slower mi- 
grating, weakly stained component which was present in every 
preparation of isolated polymer. Because of the characteristic 
migration of this minor band and that of the major polymer 
band, it appears that the minor component is a dimer of the 
major polymer. The concentration of this minor component 
did not increase with the age of the preparation, nor after 
freezing, thawing, or lyophilization. 

Molecular Weigh  Estimations. The molecular weights of six 
haptoglobin 2-2 polymers were determined by polyacrylamide 
gel electrophoresis in the presence of sodium dodecyl sulfate 
and in the analytical ultracentrifuge. Figure 2 illustrates a 
typical separation of the isolated haptoglobin polymers. 
Haptoglobin 1-1, a single molecular species with a molecular 
weight of  98,770 3- 2270 (eheftal and Moretti, 1966; Moretti 
ct l i l , ,  1966), migrates as a single band on sodium dodecyl 
sulfate acrylamide gel electrophoresis. When its molecular 
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FIGURE 1 : Polyacrylamide gel electropherogram of purified hapto. 
globin 2-2 and isolated haptoglobin 2-2 polymers. 

weight is calculated using the detergent gel technique a value 
of 110,000 daltons is obtained. Figure 3 shows a plot of mi- 
gration distance us. the logarithm of the molecular weight 
of the reference proteins. The migration distance of the hapto- 
globin 2-2 polymers is plotted on the same graph. Determina- 
tion of the molecular weight of the haptoglobin polymers by 
the detergent gel technique indicated that each haptoglobin 
polymer band differed from the previous band by an average 
increment of 52,400. The molecular weights of polymers 2-5 
were determined using the analytical ultracentrifuge. At least 
two different determinations were made for each polymer. The 
molecular weights calculated corresponded closely to  both the 
theoretical and observed molecular weight estimated by the 
sodium dodecyl sulfate acrylamide procedure, shown in Table 
11. In Table I the theoretical and observed molecular weight 
values and polypeptide chain composition of each polymer is 
given based on the model of a218 subunit addition. 

Chemical Composition of Isolated Haptoglobin Polymers. 
The complete amino acid sequence of the a2 haptoglobin 
polypeptide chain has been determined (Black and Dixon, 
1968) and the amino acid sequence of a large portion of the 
haptoglobin p chain has also been established (Barnett et a/.,  
1970, 1972). Amino acid analyses were performed on Hp 2-2 
and four of its isolated polymers. The amount of protein 
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FIGURE 3: Plot of migration distance tis. log molecular weight of 
protein standards and isolated haptoglobin 2-2 polymers. 

analyzed was estimated by use of the extinction coefficient for 
Hp.Results of triplicate analyses are presented in Table 111 ex- 
pressed as residues of amino acid per mole of a218 subunit 
(mol wt 57,000). Comparison of these results with the actual 
number of amino acids known to occur in the a 2  plus 0 poly- 
peptide chains indicates that the a2/p species is the basic sub- 

TABLE I :  Molecular Weights of Haptoglobin Polymers. 

Obsd Mol Wt 

SDS 
Polymer Proposed Theor Electro- Ultra- 

Nomenclature Model Mol Wt phoresis" centrifuge 

Polymer 1 a& 171,000 203,000 
Polymer2 adpa 228,000 251,000 224,000 
Polymer 3 asas 285,000 294,000 291,000 
Polymer 4 a& 342,000 348,000 340,000 
Polymer 5 a$, 399,000 406,000 399,000 
Polymer6 a& 456,000 464,000 

dodecyl sulfate polyacrylamide gel electrophoresis. 
An average of nine different determinations using sodium - BSA 

TABLE 11: Molecular Weight of Hp Polymer Determined by 
Sedimentation Equilibrium. 

BSA (dimer) 
Human x G 

p-2- .-.-. 
P-3- 
P-4- -Bou Fibrinogen 
P - 5 4  -1 nhctar F1hrin-a- , ,", "'vy"' 
p-g' 

FIGURE 2: Sodrum dodecyl sulfate polyacrylamide gel electrophero- 
gram of haptoglobin 2-2 polymers, isolated haptoglobin and mole- 
cular weight marker proteins. 

No. of 
Deter- 
mina- Exptl 

Theor Mol Wt tions Mean Deviation SE 

Polymer 2(229,000) 3 224,800 18,800 *10,900 
Polymer 3(286;000) 2 291,300 7,500 +5,300 
Polymer 4 (344,000) 3 340,400 15,600 19 ,000  
Polymer 5 (401.000) 2 399,000 22,200 *15,700 

B I O C H E M I S T R Y ,  V O L .  1 2 ,  N O .  2, 1 9 7 3  255 



F U L L E R  et a l .  

TABLE 111: Amino Acid Composition of Hp 2-2, a 2  Chain, (3 Chain, and Four Purified Polymers Compared to the Sum of the 
Amino Acid Compositions of the a 2  and 8 Polypeptide Chains. 

Amino Acid" a2  8 H p  2-2 Polymer 2 Polymer 3 Polymer 4 Polymer 5 a 2  + p 
- 

Lysine 15 22 37.7 40.1 42.5 32.3 38.9 37 
Histidine 4 10 14.3 16.3 19.6 15.0 17.9 14 
Arginine 4 5 9.2  10.0 8 .5  9 .9  8 .5  9 
Aspartic acid 23 28 50.3 49.2 52.1 50.9 49.6 51 
Threonine 5 19 24.9 22.7 23.9 23.4 24.0 24 
Serine 3 15 20.7 17.6 19.0 18.8 19.1 18 
Glutamic acid 16 29 47.9 45.6 47.1 45.8 36.6 45 
Proline 11 13 23.4 25.1 24.9 23.3 23.7 24 
Glycine 12 20 31.2 31.6 32.4 31.8 31.7 32 
Alanine 8 21 30.5 29.3 27.5 29.1 30.0 29 
Half-cystine 6 6 11.3 11.0 8.7 10.4 10.0 12 
Valine 12 27 37.3 35.7 37.2 35.6 36.8 39 
Methionine* 0 5 4.1 3.8 3.8 4 .5  3.8 5 
Isoleucine 5 13 17.4 17.9 18.0 18.5 18.2 18 
Leucine 6 23 29.8 29.4 29.6 29.9 29.9 29 
Tyrosine 10 12 19.9 19.6 16 .6  17.1 13.7 22 
Phenylalanine 0 8 8 . 2  8 .5  8 . 5  7 .9  8 . 4  8 

a Results are expressed as residues of amino acid per mol of a2  plus 8 chain. ' Five methionine residues are present in the 8 
chain (Barnett e f  al., 1972) and none in the a2  chain (Black and Dixon, 1968). One residue of methionine is presumed lost during 
acid hydrolysis. 

unit of all polymers examined. When the results of amino 
acid analysis were expressed assuming any other subunit (for 
example, 2a2/8 or a2/28) there was no correlation between 
experimental results and theoretical chain composition. From 
these analyses it is clear that any model of the Hp 2-2 poly- 
mers must be based on the presence of a2  and p polypeptide 
chains in equal proportion. This information taken together 
with the molecular weights (Table I) of the individual polymer 
bands provides direct evidence that each polymeric entity 
differs from the next member of the series by a subunit com- 
posed of an a 2  and 8 polypeptide chain. 

Amino-Terminal Ana/.vsis. The amino-terminal residues for 
both the a 2  and 8 polypeptide chains have been determined as 
valine and isoleucine, respectively (Black and Dixon, 1968; 
Smith er ai., 1962). Table IV shows the ratio of isoleucine to 
valine for Hp 2-2 and three of the isolated polymers. That 
these ratios are very close to one in each case reinforces the 
notion that equal numbers of a 2  and 8 chains occur in each 
individual polymer. 

- - 
-. ". 
- .. .~. -  

Mob. cmc.ntr.ti0n 8-M.rmplcalhmol 

FIGURE 4: Polyacrylamide gel electropherogram of haptoglobin 2-2 
and polymer 5 after 6-hr incubation in various concentrations of 
8-mercaptoethanol. Polymers 2, 3, 4, and 5 are shown by arrows 
(left). Diagram of banding pattern which appears on the gel is 
shown on right. 

Effect of Variable Concentrations of Reducing Awn1 on 
Pol.vmer ConJivmalion. Aliquots of isolated Hp polymers 
were incubated at 37" for 6 hours in the presence of various 
concentrations (10-"10-' M) of 8-ME. The effect of low 
8-ME concentrations on polymer 5 can be seen in Figure 4. 
Polymer dissociation increases proportionally with increasing 
concentrations of &ME. H p  polymer 4 and polymer 5 pre- 
dominate in M &ME. However, at @-ME concentrations 
of M, polymer 2-5 are present in approximately equal 
amounts. When this same experiment was performed in the 
presence of 0.1 % sodium dodecyl sulfate, a new band ap- 
peared in the electrophoretic pattern which corresponded to a 
protein with a molecular weight of approximately 57,OOO, 
indicating the release of a218 subunits from the polymer. 

Discussion 

The subunit composition of five isolated polymers of hapto- 
globin 2-2 has been studied. Previous models have been pro- 
posed to explain the polymer series unique to the H p  2-2 
phenotype. In this study the ratio of a2  to 8 polypeptide 
chains in the isolated Hp 2-2 polymers was examined by two 

TABLE IV: N-Terminal Amino Acid Determinations of Hapto- 
globin 2-2 Polymers. 

HP  2-2 52 48 1.08 
Polymer 2 54 46 1.17 
Polymer 3 54 46 1.17 
Polymer 4 55 45 1.22 
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different methods: quantitative N-terminal analysis and total 
amino acid analysis. N-Terminal analysis of polymers 2, 3, 
and 4 (Table IV) revealed that valine and isoleucine occur as 
N-terminal amino acids in approximately equal amounts in 
each sample. Hence the a 2  and B polypeptide chains are pres- 
ent in a 1 :1 ratio in each of the polymers studied. Further 
information regarding this model was obtained by examining 
the amino acid composition of polymers 2-5. As shown by 
the data presented in Table 111, the amino acid composition of 
each of the polymers studied agrees very closely with the 
theoretical composition of an n2/0 subunit. Thus on the basis 
of amino acid analysis and quantitative N-terminal analysis, 
any models of polymer composition must include the a 2  and 
B polypeptide chains in equal proportion. 

The molecular weights of several isolated polymers were 
determined. The theoretical consideration of sodium dodecyl 
sulfate gel electrophoresis has recently been reviewed by 
Chromback and Rodbard (1971) and Neville (1971). The 
technique of using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis for estimating molecular weights of multichain 
proteins has been seriously questioned by Fish et ul. (1970). 
I t  is interesting that when the molecular weight of Hp 1-1 was 
determined by the sodium dodecyl sulfate gel technique the 
molecular weight was within 10% of the known value. When 
the molecular weights for polymers 2-5 were determined in 
the analytical ultracentrifuge, the values corresponded quite 
well with those estimated by the sodium dodecyl sulfate pro- 
cedure. It appears that the molecular weight of some multi- 
meric proteins can be estimated fairly well by sodium dodecyl 
sulfate gel electrophoresis. A persistent problem in using this 
procedure for estimation of molecular weights is the selection 
of suitable molecular weight marker proteins. The polymers 
2, 3, and 4 presented no difficulty because they reproducibly 
migrated to positions on the linear portion of the standard 
curve (Figure 3). However it was more difficult to determine 
accurately the molecular weights of the larger polymers by 
this method. Utilization of lobster and bovine fibrinogen as 
reference proteins facilitated the molecular weight estimation 
of polymer 5.  The molecular weights determined by electro- 
phoresis in sodium dodecyl sulfate and by the analytical ultra- 
centrifuge indicated that the molecular weight difference be- 
tween each successive polymer was approximately 54,500. 
This information suggested that each successive polymer was 
formed by the addition of a subunit consisting of an a 2  
(17,300) and a p (40,000) polypeptide chain. 

es of polymer composition for Hp 2-2 be- 
sides the addition of a210 subunits were ruled out by the data 
presented in this study. The suggestion by Marinis and Ott 
(1965) that each polymer was formed by doubling (a2/&, 
where n = 2 ,4 ,  8 , .  . . ,was not substantiated by the molecular 
weight estimations presented here. That each successive 
polymer differs by addition of a 0 polypeptide chain can also 
be negated by the quantitative N-terminal and amino acid 
analysis data. We have explored several other subunit addi- 
tion models (2n2/8, ~~2128)  and find that only one is consistent 
with results presented here, namely, polymer compositions of 
equal amounts of a 2  and 0 chains and an increase in size by 
the addition of an a210 subunit. Whether the polymers are 
formed at the time of synthesis or whether they polymerize 
later remains to be determined. 

It has been shown that after the polymers are isolated and 
then examined by electrophoresis a small quantity of a heavier 
molecular weight Hp polymer appears. The minor band mi- 
grates to a position that corresponds to a polymer that is a 
dimer of the main component. For example, preparations of 

I 

L) 

FiGu~e 5 :  Polyacrylamide gel electropherogram demonstratmg the 
presence of dimers of polymers 2 and 3 Dimers are indicated by 
arrows. 

polymer 2 (a,,&, mol wt 232,000) exhibit a minor band which 
corresponds to polymer 6 (a&, mol wt 464,000). Figure 5 
shows the electrophoretic pattern of the major and minor 
bands of the isolated haptoglobin polymers. This observation 
could suggest that after a certain polymer size is reached the 
other higher molecular weight species are formed de now by 
simple dimerization. It could also mean, however, that once 
the polymers have been isolated and concentrated the dimers 
formed are simply due to artifacts of purification. Since the 
amount ofdimer formed is considerably less than  that seen in 
unfractionated Hp, our reasoning is that the latter instance is 
more probable. 

It is known that the a and 0 polypeptide chains comprising 
the haptoglobin molecule are linked through disulfide bridges 
(Connell et al., 1962). These experiments demonstrate that the 
haptoglobin polymers are also linked through disulfide bonds. 
The dissociation of an isolated polymer into the next lighter 
member of the series by exposure to low concentrations ot 
&ME indicates that disulfide bridges are important in main- 
taining the integrity of each polymer. The fact that mild re- 
duction leads to the lighter polymeric forms indicates that the 
disulfides holding the a2/0 subunits together to form the 
polymers are more labile than the disulfides linking the a2 to 
the 0 chains. This suggests that the disulfide linkage between 
the n2 and 0 chain is located on the interior portion of the 
molecule whereas the disulfide linkage between polymer sub- 
units is near the surface and therefore more accessible to re- 
duction. 
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Mossbauer Studies of Cytochrome P-450,,,t 

M. Sharrock,* E. Munck, P. G. Debrunner, V. Marshall, J. D. Lipscomb, and I. C.  Gunsalus 

ABSTRACT : The heme protein cytochrome P-450,,,,, from 
Pseudomonas putida was investigated by Mossbauer spectros- 
copy in both oxidized and reduced states. The oxidized 
enzyme in the presence of the substrate, camphor, contains a 
mixture of high-spin (S = 6 / 2 )  and low-spin (S = ferric 
heme sites. The high-spin fraction increases as temperature is 
raised. Removal of camphor results in a conversion from 
high spin to low spin. Hyperfine parameters that approxi- 
mately describe the experimental spectra were calculated. 
Anaerobic reduction of P-450,,, in camphor solution pro- 
duces a high-spin ferrous (S = 2) state. Exposure of this 

C ytochromes of the P-450 type are identified by a Soret 
band near 450 nm when reduced anaerobically to the ferrous 
form and complexed with carbon monoxide. These proteins 
are found in many organisms, where they have various meta- 
bolic functions. In mammals, these include fatty acid oxida- 
tion, steroid hydroxylation, and drug detoxification. Gunsalus 
and coworkers (Hedegaard and Gunsalus, 1965 ; Katagiri 
et NI., 1968) have described the role of a bacterial cytochrome 
P-450 (designated P-450,,,,,) in the methylene hydroxylation 
of D( +)-camphor in Pseudomonas putidu. This enzyme, the 
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preparation to oxygen results in a new complex whose Moss- 
bauer spectra are similar to those observed for oxygenated 
hemoglobin. Both proteins show large quadrupole splitting 
and only moderate isomer shift relative to iron metal; no 
paramagnetic effects are observed even in large applied 
magnetic fields. Such spectra appear to be characteristic of 
the heme group with an O2 molecule as one axial ligand. 
P-450,,,, also forms a stable adduct with carbon monoxide. 
The Mossbauer spectra of this complex are very similar to 
those of hemoglobin carbon monoxide. 

subject of our study, has a molecular weight of 45,000 and is 
composed of a single polypeptide chain, one ferriprotopor- 
phyrin IX group, and a small carbohydrate unit (Tsai et ol., 
1971). A proposed reaction mechanism, involving two other 
proteins, is shown in Figure 1 (Gunsalus et al., 1971; Esta- 
brook et al., 1971). All three enyzmes are present in the soluble 
fraction of the bacterial cells, providing an easily accessible, 
well-defined hydroxylase system. Knowledge gained in this 
work will be a step toward understanding the operation of 
analogous membrane-bound systems found in the mitochon- 
dria and microsomes of higher life forms. 

The proposed reaction mechanism involves transfer of re- 
ducing equivalents to P-45OC,,, from reduced nicotinamide 
adenine dinucleotide (NADH) cia a flavoprotein and an iron 
sulfur protein (Gunsalus et a/., 1971). The catalytic process 


