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The stoichiometry of the w-oxidation of fatty acids catalyzed by the inducible 
enzyme system of Pseudomonas oleovorans was determined. Assay methods are de- 
scribed for the polarographic measurement of oxygen uptake and the spectrophoto- 
metric measurement of DPNH oxidation. The development of these assay methods 
for the w-hydroxylase has permitted the determination of the stoichiometry of the 
w-hydroxylation of fatty acids. The reaction is a mixed function oxidation and the 
following equation is sufficient to describe the stoichiometry of the reaction catalyzed 
by the enzyme system: 

DPNH + H+ + laurate + 0~ ---f DPN+ + Hz0 + w-hydroxylaurate 

The classification as mixed function oxi- 
dases of enzymes which introduce a hy- 
droxyl group into substrates has rested 
mainly on the demonstration of a require- 
ment for molecular oxygen and for a source 
of reducing equivalents (1). A basic assump- 
tion in the preliminary work with hydroxyl- 
ating enzymes is that the stoichiometry of 
the reaction will be shown to conform to the 
relationship described by Mason (1). In a 
few cases, such as steroids, the incorporation 
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of one of the atoms of the Ols oxygen mole- 
cule into the hydroxyl group of the product 
of the hydroxylation reaction has been dem- 
onstrated (2-4). The stoichiometry of the 
reaction has been established for only a few 
of the mixed function oxidases. The stoichi- 
ometric relationship of TPNH, 02 , and 
phenylalanine utilized and tyrosine formed 
during the mixed function oxidation reaction 
catalyzed by phenylalanine hydroxylase, was 
first shown by Kaufman (5). The relation- 
ship between oxygen utilized, TPNH oxidized, 
and cortexolone formed was measured for 
the reaction catalyzed by the C21hydroxyl- 
ase of adrenal cortex (6). The stoichiometric 
relationship between two or more of the 
substrates has been established in the mixed 
function oxidation of camphor bJ- Pseu- 
domonas putida (7), and for the S-de- 
methylation of aminopyrine by liver micro- 
somes (S). However, in each of these cases 
the measurement of one or more of the other 
components of the reaction was omitt’ed. 

The w-oxidation of fatty acids and hy- 
drocarbons by the inducible enzyme system 
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of Pseudomonas oleovorans has been shown 
to require both DPNH and molecular oxygen 
(9-11). The hydroxylase system has been 
separated into three enzyme components (12, 
13). One of the enzymes involved is rubredo- 
xin, a nonheme iron protein without labile sul- 
fur (14) and another is a DPNH-specific rub- 
redoxin reductase which can be completely 
replaced by spinach ferredoxin-TPN reduc- 
tase (12). The third protein fraction required 
is the w-hydroxylase: the nature of its pros- 
thetic group has not been identified. A simi- 
lar alkane hydroxylase system requiring 
three enzyme components has been shown 
to be present in Pseudomonas desmolytica 
(15). The DPNH-dependent rubredoxin re- 
ductase of this organism was shown to re- 
quire FAD for maximal activity (15). The 
data presented in this paper establishes the 
stoichiometry of the components of the 
w-oxidation reaction of fatty acids catalyzed 
by the enzyme system for P. oleovo~ans, and 
sho1y-s that the reaction can be classified as a 
mixed function oxidation. The following 
equation will be shown to be sufficient to 
describe the stoichiometry of the reaction: 

DPKH + H+ + 02 + R-CH, 
+ DPNf + Hi0 + R-CH,OH 

MATERIALS AND METHODS 

Growth of the bacterium. P. oleovorans was grown 
on a rotatory shaker on a mineral salts medium 
which contained, in grams per liter, the following 
substances: MgS04, 0.2; CaC12, 0.02; FeC13, 0.02; 
(NH&SOa, 1.0; KHzPOa, 0.5; NazHPOb, 3.5; 
yeast extract, 0.02; and, in addition, 30 g of hex- 
ane essentially as described previously (16). The 
growth of the organism was followed turbidimetri- 
tally at 550 rnp and the cells were harvested in the 
late log phase of growth. The cells were washed 
twice with 1/20th of the original volume of the 
growth medium, using 0.1 M potassium phosphate 
bluffer, pH 7.4. The same buffer was used through- 
ollt this study unless otherwise stated. The cells 
were “starved” by vigorous aeration in the buffer 
on a rotatory shaker for 1 hr. The starved cells 
were harvested and washed twice with buffer and 
stored at 3” until used. The protein concentration 
was determined by the biuret method. 

Preparation of enzyme fractions. The protein 
concentration of the whole cell suspension was ad- 
justed to 30 mg/ml with the buffer and the cells 
were broken by sonication with a Branson sonifier 
at full output for 3 min. The cell debris and un- 

broken cells were removed by centrifugation at 
8OOOg for 10 min and then at 30,OOOg for 15 min. 
The DPNH oxidase fraction was removed by cen- 
trifugation at 100,OOOg for 30 min leaving the w- 
hydroxylase system in the supernatant solution. 
The w-hydroxylase system could be further frac- 
tionated by centrifugation at 200,OOOg for 120 min. 
Based on the results of previous studies, the w- 
hydroxylase was assumed to be in the pellet while 
the rubredoxin and reductase were predominantly 
in the supernatant solution. 

Oxygen uptake was measured polarographically 
with a Clark oxygen electrode essentially as de- 
scribed by Estabrook (17). The change in H+ con- 
centration was measured simultaneously with 
oxygen uptake using a recording pH meter essen- 
tially as previously described (18). DPNH 
oxidation was followed at 340 rnp with an Aminco- 
Chance dual wavelength, wavelength-scanning 
spectrophotometer. DPNH was added to both the 
reference and sample cuvette so that the initial 
optical density difference at 340 rnp between the 
reference and sample was zero. 

The lauric acid used was obtained from Applied 
Science Laboratories and was 99.8yo pure by gas 
liquid chromatography. The n-hexane used for 
growth of the organism was Fisher spectral qual- 
ity. Highly purified spinach TPNH: ferredoxin 
reductase, prepared by a modification of the 
method of Shin, Tagawa, and Arnon (19) was a gift 
from Mr. Gordon P. Foust. 

RESULTS 

Both fractions prepared by differential 
centrifugation were required for oxygen up- 
take in the presence of DPNH and either 
n-hexane, n-octane (20), or sodium laurate. 
Figure 1 is a typical example of an experi- 
ment with laurate as substrate and demon- 
strates the dependency of oxygen uptake 
on the presence of both protein fractions. 
These fractions, which were prepared by 
differential centrifugation, are probably 
comparable to fractions A and B previously 
prepared from this organism (9). The small 
rate of oxygen uptake in the presence of the 
200,OOOg pellet, DPSH, and laurate, prob- 
ably represents a slight contamination of the 
pellet with the soluble reductase and rubre- 
doxin. 

The effect of the depletion of the oxygen 
dissolved in the reaction mixture on the rate 
of the reaction can be used to estimate the 
K, value of the hydroxylase for oxygen. 
The concentration of oxygen remaining when 
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FIG. 1. Requirement of two fractions for 
oxygen uptake: The reaction was performed in the 
0% electrode vessel with the buffer, 1 pmole of 
sodium laurate and 1.2 pmoles DPNH with a final 
volume of 3.2 ml. At the appropriate times, the 
supernatant fraction (4.0 mg of protein) and the 
pellet (-1.9 mg of protein) were added. The ob- 
served rate of 02 uptake was O.GGpmole per minute 
in the presence of both the supernatant, and pellet 
frartions. 

FIG. 2. Oxygen uptake as a measure of limiting 
DPNH or laurate concentration: The conditions 
were essentially as described in Fig. 1, except that 
for curve A, 650 mpmoles of DPNH were added and 
for curve B 600 mbmoles of sodium laurate were 
added. 111 each of the experiments the other com- 
ponents were present in excess. 

the rate slows to one half of the maximal 
rate is equal to the K,, . The concentration 
of oxygen giving one half of the maximal 
velocity is approximately 10 PM. At a con- 
centration this low, the rate of diffusion of 
O2 across the membrane can become limiting 
and so the K, of the hydroxylase for oxygen 
can be estimated to be less than 10 pM. 

Figure 2 shows the stimulation of oxygen 
uptake upon addition of DPNH to the com- 
plete hydroxylation system with the 
200,OOOg supernatant solution and laurate in 
excess. Figure 2 also shows the stimulation of 

oxygen uptake upon addition of 1aur:tte to 
the complete system with DPYH and the 
200,OOOq supernatant solution in excess. In 
curve A, the molar ratio of DPNH added to 
OS taken up was 1.0 and in curve H, the 
molar ratio of sodium laurate added to O2 
taken up was 1 .O. The rate of oxygen uptake 
with the complete system present \\-a~ not 
affected bv the addition of catalase to the 
reaction mixture, indicating that t’hc oxygen 
uptake 1~:~s a measure of hvdroxylation and 
not due to the generation of: H,O,. The small 
rate of oxygen uptake in the absence of 
added laurate probably represents the slow 
hydroxylation of endogenous substrate. 
Many experiments, not described in this 
paper, have shown that the rate of ox!-gen 
uptake in the absence of added substr:ite is 
a function of the care taken in washing and 
starving the cells prior to use. The better 
washed and starved the cells, the lower the 
endogenous rate of oxygen uptake. Even in 
the absence of added substrate for l~~drox- 
ylation, the DPNH-dependent oxygen up- 
take corresponds in molar amount to the 
oxygen utilized. An analysis like that de- 
scribed for the determination of t,hc K,, 
for oxygen can be used to determine the Km 
of the system for laurate and DPSH. With 
a limiting concentration of DPNH added 
and the other components in excess, the 
effect of the depletion of DPNH on the rate 
of oxygen uptake is observed. The K,, of the 
system for DPNH can be approximated 
from experiments such as this to be less t,h:tn 
15 PM. The experiment of curve R shon-s that 
the K, for laurate is approximately 30 PM. 
The K, for laurate has been determined by 
measuring the effect of added laurate on the 
rate of hydroxylaurate formation. The value 
obtained previously was 33 PM (11) which is 
excellent agreement with the value obtained 
above. 

The linearity of the oxygen electrode assay 
for the hydroxylase is shown in Fig. 3. It 
can be seen that the rate is linear wit,h 
increasing amounts of hydroxylase tedded 
over a fivefold range. The specific activity of 
the hydroxylase fraction calculated from :L 
plot such as this is 112 rnp moles per minut8e 
per milligram of protein. 

The rate of oxygen utilization was suffi- 



PETERSON ET AL. 

AMOUNT OF PELLET ADDED 

(mg protein) 

FIG. 3. Linearity of the polarographic assay for 
the hydroxylase. The experiment was performed 
in the 02 electrode vessel essentially as described 
in Fig. 1, with varying concentrations of the hy- 
droxylase (pellet) fraction. The rate plotted is the 
difference in the observed rate of 02 uptake in the 
presence and absence of the hydroxylase. The 
other components were in excess. 

FIG. 4. Spectrophotometric assay of the w- 
hydroxglase: The reaction mixture contained 
buffer, supernatant enzyme fraction (4.6 mg of 
protein), and the hydroxylase fraction (1.5 mg of 
protein). The final volume was 3.0 ml. The reaction 
was initiated by the addition of 150 mpmoles of 
DPNH. Curve A represents the rate of DPNH 
oxidation in the absence of added sodium lam-ate. 
Curve B represents the rate of DPNH oxidation in 
the presence of 1 mM sodium laurate. 

ciently rapid so that the rate of DPNH 
oxidation could be easily measured spec- 
trophotometrically. Figure 4 shows an ex- 
periment in which the rate of DPNH oxida- 
tion was measured spectrophotometrically 
at 340 rnp in the presence (B) and absence 
(A) of laurate. The rate of DPNH oxidation 

under these conditions was shown by other 
experiments to be dependent upon the 
amount of hydroxylase fraction added (Fig. 
5). The rate of the reaction was, therefore, a 
true measure of the maximal velocity of the 
hydroxylation reaction. The rate of oxygen 
utilization per milligram hydroxylase pro- 
tein, as measured with an oxygen electrode, 
was found to be equal to the rate of DPXH 
oxidation per milligram hydroxylase protein 
measured spectrophotometrically. These re- 
sults clearly establish that the ratio of the 
rates of DPNH and oxygen utilization under 
these conditions is one, and that the reaction 
conforms to the definition of a mixed func- 
tion oxidation reaction. Figure 5 shows a 
plot of the effect of increasing the amount of 
hydroxylase fraction on the rate of DPNH 
oxidation, as measured spectrophotometri- 
tally. The assay method is linear with in- 
creasing amounts of hydroxylase over a five- 
fold range of enzyme concentration. 

The oxidation of 1 mole of DPNH should 
be accompanied by the utilization of a hy- 
drogen ion equivalent, and the solution, 
therefore, should become more alkaline. This 
parameter was followed using an oxygen 
electrode vessel which had been modified so 

I 
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FIG. 5. Linearity of the spectrophotometric 
assay for the hydroxylase fraction: The reaction 
mixture contained 0.1 M phosphate buffer pH 7.4 
and 1 mM sodium laurate in both the sample and 
reference cuvettes. The final volume of the reac- 
tion mixture was 3.0 ml. The sample cuvette con- 
tained the supernatant enzymes (4.6 mg of pro- 
tein) and the indicated amount of the hydroxylase 
(pellet) fraction. The reaction was initiated by the 
addition of 150 mflmoles of DPNH. DPNH oxida- 
tion was followed at 340 mp using an Aminco- 
Chance split-beam spectrophotometer. 
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FIG. 6. Stoichiometry of 02 and H+ uptake 
stimulated by DPNH. The experiment was per- 
formed essentially as described in curve A of Fig. 
2 except that the O2 electrode vessel was fitted with 
a small combination electrode for measuring pH 
changes in the medium. The reaction mixture con- 
tained 20 mM Tris buffer, pH 7.4, hydroxylase 
fraction (2.6 mg of protein), and the supernatant 
fraction (4.0 mg of protein) in a final volume of 5.5 
ml. The reaction was initiated by the addition of 
0.7pmole of DPNH. At the end of each experiment, 
the H+ uptake was standardized by the addition of 
0.5pmole of a standard solution of oxalic acid. 
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FIG. 7. Linearity of the amount of 02 and H+ 
uptake u,ith respect to DPNH added: The results 
from experiments such as those described in Fig. G 
are plotted with a representing H+ versus DPNH 
added and 0 representing 02 uptake versus DPNH 
added. 

that a combination electrode for measuring 
t,he pH of the solution could be inserted 
simultaneously with the oxygen electrode. 
As can be seen in Fig. 6, there was hydrogen 
ion uptake (downward deflection) which par- 
alleled and equalled the amount of oxygen 
uptake and the amount of DPNH added. 
The drift of the baseline toward a lower pH 

can be attributed to the hydrogen ion re- 
lease, due to the action of nucleases. The 
fractions used for these studies were crude 
and contained large amounts of nucleic acid, 
as evidenced by the ratio of optical density 
at 2S0 rnp to that at 260 rnp. The baseline 
drift n-as not so large as to be prohibitive 
for this type of study, and the rate of change 
of the hydrogen ion concentration returned 
to the original value after oxygen uptake 
stopped. The amount of hydrogen ion up- 
take dependent on hydroxylation could be 
calculated by determining the difference in 
pH between the initial and final states and 
assuming the baseline drift continued at a 
constant rate during hydroxylation. Figure 
7, which is a plot of oxygen and hydrogen 
ion uptake versus the amount of DPNH 
added, describes the results of several such 
experiments. The ratio of 02: DPNH: H+ is 
one, indicated by the fact that the two lines 
are superimposable. Figure 8 is a plot of 
oxygen uptake versus laurate added. The 
results show that the ratio of oxygen uti- 
lized to the amount of laurate added is 
very nearly one, again indicating that the 
enzyme is a mixed-function oxidase. This 
also indicates that the product is not fur- 
ther metabolized under these conditions. 

In the results already presented it was 
necessary to assume that laurat#e had been 
convert8ed t’o t’he hydroxylated product with- 
out further metabolism of the hydroxylau- 
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FIG. 8. Linearity of the amount of 02 uptake 
with respect to laurate added. The amount of OS 
uptake dependent on sodium laurate added in 
experiments similar to those described in Curve B 
of Fig. 2 is plotted versus the amount of sodium 
laurate added. 
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TABLE I 

STOICHIOMETRY OF LAURATE U-HYDROXYLATION” 

The three components were estimated in paral- 
lel experiments at 30” using 27 rg of homoge- 
neous rubredoxin, highly purified spinach TPN- 
ferredoxin reductase (10 rg of protein), and par- 
tially purified w-hydroxylase (0.2 mg of protein), 
100 rmoles of Tris buffer, pH 7.0, 0.16 /rmole of 
TPNH, and 0.2 rmole of laurate (saturating 
concentration) per milliliter, except that 0.4 
pmole of laurate-1-W was used in the experiment 
measuring the hydroxylated product formed. 
TPNH disappearance was determined spectro- 
photometrically in a cuvette containing 1.0 ml 
of the reaction mixture, and oxygen uptake was 
measured by an oxygen electrode in a 3.0-ml reac- 
tion volume. The experiment with 14C-laurate 
was carried out in a l.O-ml reaction volume and 
the resulting radioactive w-hydroxylaurate was 
isolated by silicic acid chromatography (10). 
The ratio is expressed as the amount of TPNH 
or 02 utilized to w-hydroxylaurate formed. 

Component measured 

Increase or decrease 
in reaction compon- 
ents (mrmoles per 

min per mg protein Ratio 
in hydroxylase 

fraction) 

TPNH -50” 1.1 

02 -52a 1.1 
w-Hydroxylaurate +45b - 

0 Laurate was omitted in control experiments. 
b The w-hydroxylase was omitted in a control 

experiment. 

rate. Therefore a series of experiments was 
carried out in which the amount of w-hy- 
droxylaurate formed was determined using 
14C-labeled substrate, along with measure- 
ments of oxygen uptake and reduced pyri- 
dine nucleotide oxidation. The data pre- 
sented in Table I were obtained using 
homogeneous rubredoxin and partially puri- 
fied w-hydroxylase, (13) as well as TPNH 
and highly purified spinach TPN-ferredoxin 
reductase in place of the usual crude bac- 
terial DPNH-dependent reductase. The re- 
sults clearly indicated that the amount of 
hydroxylaurate formed is equimolar with 
respect to the amounts of O2 and TPNH 
consumed. In other experiments not de- 
scribed here it was shown that the presence 
of all three enzyme fractions as well as the 
appropriate substrates was necessary for 
enzymatic activity as judged by the radio- 

active, spectrophotometric, and polaro- 
graphic assays. 

DISCUSSION 

The results presented in this paper OII the 
stoichiometry of the w-oxidation of fatty 
acids along with the results presented pre- 
viously on the w-oxidation of hydrocarbons 
(20) prove conclusively that the w-hydrox- 
ylase P. oleovoyans is a mixed function oxi- 
dase. The assay methods described in this 
paper for the determination of the stoichi- 
ometry of the reaction should prove to be 
of value in studying the w-hydroxylase. The 
measurement of oxygen uptake during hy- 
droxylation has been the most rapid and 
reproducible of these methods. These assay 
methods suffer from the problem of not 
specifically measuring the product of the 
hydroxylation reaction, but this problem 
can be partially overcome if a constant 
check is made on the molar ratio of DPNH 
oxidized to oxygen consumed. If this ratio 
varies from unity, the assay system can be 
assumed to be measuring something other 
than w-oxidation. 

The w-hydroxylase of P. oleovorans re- 
mains essentially particulate, and even 
though much is known about the soluble 
enzymes which transfer electrons from 
DPKH to the hydroxylase, the mature of 
the functional group of the latter is u11- 

known (13). The mixed function oxidase 
system of adrenal cortex, which is involved 
in steroid lip-hydroxylation, has been shown 
to contain cytochrome P-450 and to require 
a flavoprotein and a nonheme iron protein 
(adrenodoxin) for activity (21). The meth- 
ylene hydroxylation system of P. putida has 
been shown to require three enzymes; Kata- 
giri, Ganguli, and Gunsalus (22) have re- 
cently identified a soluble cytochrome P-450 
which is present in the hydroxylase fraction. 
The other two enzymes which are required 
are a flavoprotein and a nonheme iron pro- 
tein (putidaredoxin) (23). The mixed-func- 
tion oxidase system of P. oleovorans has also 
been shown to require three protein frac- 
tions, one of which is a nonheme iron pro- 
tein (rubredoxin) which does not contain 
labile sulfur. The second fraction which 
contains the DPNH-rubredoxin reductase 
can be completely replaced by highly puri- 
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fied spinach ferredoxin: TPN reductase and 
the third fraction contains the w-hydroxylase 
(12, 13). 

In contrast to the P. ~utida system the 
partially purified w-hydroxylase contains no 
detectable cytochrome P-450 (24) and its 
absence is further indicated by the failure 
of carbon monoxide to inhibit w-hydroxyla- 
tion (12). I’. oleovora?zs grown 011 hexane 
and containing a competent w-hydroxyla- 
tion system has recently been shown to 
rontain only one CO-binding pigment, cy- 
tochrome o. Cytochrome P-450 is t,herefore 
either totally absent or in so low :L concen- 
trat’ion as to not be detectable either in the 
whole organism or in the hydroxylase frac- 
t#ion prepared from it (25). Recently the 
w-oxidation of ,/l-octane by fractions pre- 
pared from CoqnebacteGnz sp. was shown 
to be inhibited by CO. One of the fractions 
contained cytochrome P-450 (26). This find- 
ing lvould seem t,o indicate that there are at 
least t,n-o types of w-hydroxylases functional 
in bacterial systems. On the other hand, 
cvt,ochrome P-450 has been shown to func- 
tion as an w-hpdroxylase in a soluble enzyme 
system from rabbit liver microsomes (27). 
The microsomal system also requires a 
TPKH-cytochrome P-450 reductase and a 
heat-stable factor for hydroxylation activ- 
ity; :I nonheme iron protein appears not to 
be required in contrast to the bacterial 
q-stems already described. 

One parameter which remains to be meas- 
ured for any mixed function oxidase is the 
amounts of free energy released during hy- 
droxylation. Recently, this void has been 
partial1 by filledy measuring the energy re- 
lcnsetl during camphor-stimulated oxygen 
upt8:rIw by a tightly coupled mixed function 
oxiduse system prepared from P. putida 
which had been gro\vn OII camphor (2s). 
The mixed function oxidation of camphor 
in Tris Cl- at pH 7.4 was shown to release 
97 Iical per molt of oxygen consumed. The 
theoretical amount of free energy release 
!\-a~ calculated as t,he sum of the free energy 
of rrduct’ion of one half mole of oxygen to 
water by DPKH (60 Kcal/mole) (29) and 
the free energy difference bctwecn a hydro- 
phobic rnoleculc and its hydroxylated prod- 

uct (47 &al/mole). The calculations were 
based on the difference in free energy of 
?L-octane and n-octanol and cyclohexane 
and cyclohexanol (30). The theoretical and 
experimental values argee within experimen- 
tal error for this type of determination. 
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