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The cytochrome P-450 heme-thiolate monooxygen- 
ases that hydroxylate monoterpene hydrocarbon 
groups are effective models for the cytochrome P-450 
family. We have purified and characterized the three 
proteins from a P-450-dependent linalool g-methyl hy- 
droxylase in Pseudomonas putida (incognita) strain 
PpG777. The proteins resemble the camphor 5-exo- 
hydroxylase components in chemical and physical 
properties; however, they show neither immunological 
cross-reactivity nor catalytic activity in heterogenous 
recombination. These two systems provide an excellent 
model to probe more deeply the heme-thiolate reaction 
center, molecular domains of substrate specificity, re- 
dox-pair interactions, and the regulation of the reac- 
tion cycle. 

Microbial catabolism of mono- and sesquiterpenoid hydro- 
carbons has focused primarily on reaction pathways (l-3), 
e.g. acyclic (4-6), alicyclic (7-9), and analogous aromatic 
structures (6). The initial hydroxylation of a methyl or meth- 
ylene group provides substrates poised for catabolic pathways 
yielding carbon and energy for growth (15). 

Due to the facility with which cytochrome P-450 monoox- 
ygenases catalyze the stereo- and regiospecific incorporation 
of an oxygen atom into “inert” hydrocarbon groups, the 
activation of terpenoid substrates is frequently P-450-me- 
diated (9-11). These heme-thiolate proteins are broadly dis- 
tributed in both pro- and eucaryotes (12-14) and share re- 
markable similarities in electronic and resonance spectral 
properties (12-16). Despite these similarities, P-450s are often 
extremely specific in substrate selection and electron transfer 
protein requirements. The selectivity of the substrate binding 
sites and requirements for a specific redox partner displayed 
by these monooxygenases are areas requiring further clarifi- 
cation. 

The camphor 5-exo hydroxylase (EC 1.14.15.1) isolated 
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from Pseudomonas putida PpG786 (ATCC 29607) has pro- 
vided a relevant model for the P-450 family through extensive 
physical and chemical characterization (15-20). It has also 
led the studies of P-450 structure and reaction mechanism, 
yielded primary structures via a combination of protein and 
DNA technique! (21-25), and a tertiary structure by x-ray 
analysis at 1.6-A resolution (26, 27). Intermediate reaction 
states have been characterized by a variety of chemical and 
spectral techniques (15-20). The operon array and regulation 
have been documented (23-25). 

This paper reports the purification and characterization of 
a second soluble P-450 monooxygenase. The linalool 8-hy- 
droxylase, first detected in collaboration with P. K. Bhatta- 
charyya, has been purified from the strain of P. putida (in- 
cognita) isolated by Madyastha et al. (6). The monooxygenase 
catalyzes, in two reaction cycles, the formation of 8-0x0- 
linalool via the 8-alcohol. The component proteins of the 
linalool 8-hydroxylase are similar in general properties to 
those of the camphor-5-exo-hydroxylase, but little activity is 
obtained in heterogenous reconstitutions. Differences in the 
active site environments of the two P-450s have been indi- 
cated in preliminary publications (24, 54-56). 

MATERIALS AND METHODS’ 

RESULTS AND DISCUSSION 

P. putidu (incognita) strain PpG777 (formerly known under 
work number PH651), when grown on a phosphate ammo- 
nium salt (28) basal medium with (*)-linalool as the sole 
carbon and energy source, produces a P-450-dependent mon- 
ooxygenase that catalyzes the first step in the catabolism of 
linalool. The whole cell content of LIN’ P-450 reaches 2.5 mg 
of P-450/g of cells, wet weight, about 60% of the level of P- 
450,,, produced by P. putida, strain PpG786. Both strains 
release substantial amounts of the soluble protein components 
upon freeze-thaw autolysis, allowing ready purification on a 
large scale. 

Protein Purification-The purification protocols detailed in 
the methods were derived from the procedures established for 
the CAM system (28) and are equally suited for the LIN and 
CAM components. Principal changes in the procedure for the 
reductase include use of the second DEAE ion exchange 
column before the Bio-Gel P-100 filtration, eluting the third 
DEAE column with a step gradient, and the addition of two 
affinity columns (Affi-Gel Blue and Matrix Gel Blue A) as 
the final steps in the purification. The redoxin purification 

’ The “Materials and Methods” are presented in miniprint at the 
end of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in the microfilm 
edition of the Journal that is available from Waverly Press. 

* The abbreviations used are: LIN, linalool; CAM, camphor; SDS, 
sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis. 
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1346 P-45Oli, a Linalool &Methyl Hydroxyluse 

TABLE I 

Pseudomonas (LIN/CAM) reductase purifications 
Purifications were normalized to 1 kg cell paste. 

Step Volume Protein Absorbance ratio” Activitvb Yield 
ml 

Extract 2670/1690 161;90 
DEAE-I 900/430 90/6.2 
(NH&SO*, 36-65% 100/90 7515.5 
DEAE-II 1801 891 
Bio-Gel P-100 2201270 1512.5 
DEAE-III 2351490 2.810.5’ /lo 
Affi-Gel Blue 1801 0.31 18.0/ 
Matrix Gel Blue A 55/360 0.02’/0.21’ 8.017.4 

D Determined in 50 mM Tris. Cl, pH 7.4,5% glycerol (v/v); A&A~~G, oxidized state. 
* Unit = 1 nmol of NADH oxidized/s. 
‘E,,, = 10 mM-’ cm-’ for M, = 43,500. 

421620 
351410 
341380 
32f 
291340 
171210 
15/00 
14/115 

% 
100 

83/66 
81/61 
761 
71155 
41134 
371 
34119 

TABLE II 

Pseudomonas CLINICAM) redonin purifications 
Purifications were normalized to 3 kg cell paste. 

SkP Volume Protein Absorbance ratio” 
ml 

Extract 4040/3850 3107240 
DEAE-I 830/1400 5.6/10.5 0.03/0.08 
(NH&SO,, O-85% 53170 3.715.5 0.05/0.46 

;iAF-Ip-30 (P-100) 2951450 204/330 0.34/0.65 1.1/1.5 0.12/0.59 0.90/0.71 

Redoxin 

0.85b;l.8b 
0.60b/1.4* 
o.49*/1.35b 

0.42b/0.90b 0.34’/0.65’ 

Yield 
% 

100 
71178 
58175 

49150 39/36 
’ A321/A2w, oxidized state, in 50 mM Tris e Cl, pH 7.4, 10 mM 2-mercaptoethanol. 
* Estimated from activity measurements. 
‘Estimated with E,i2 = 11.3 mM-’ cm-i (LIN), 11.1 mM-’ cm-’ (CAM), M, = 11,600. 

TABLE III 

Pseudomonas (LINICAM) cytochrome P-450 purifications 
Purifications were normalized to 3 kg cell paste. 

Volume Protein Absorbance ratio” Cytcchrome 
P450 Yield 

ml 

Extract 2607240 
b 

3730/3850 0.04/0.05 3.4T6.0 
% 

100 
DEAE-I 985/1100 76117 0.07/0.30 2.814.5 82175 
(NH&Sod, 36-60% 180/90 47112 0.12/0.77 2.614.2 76170 
Bio-Gel P-100 130/480 5.315.5 0.66/1.05 1.713.3 50/55 
DEAE-II 3301420 1.3’12.3’ 1.4211.45 1.1/2.1 32/33 

‘In 50 mM K-Pi, pH 7.0, 100 mM KCl, 200 j.tM linalool or camphor; A&A 280, substrate-saturating oxidation 
state. 

b E41a.rs0 = 93 mM-’ cm-’ for rn$ - m”; M, = 45,000 (28). 
’ Ezw = 63 mM-’ cm-‘. 

was modified by replacing Bio-Gel P-100 with Bio-Gel P-30 
for the filtration step. The procedure for purification of the 
P-450 component remains essentially unchanged. All three 
protocols include minor changes in buffer composition. 

The data in Tables I-III show the results of typical purifi- 
cations of LIN reductase, redoxin, and P-450. For comparison 
the data for the purification of the corresponding CAM com- 
ponents are included in the tables. The data have been nor- 
malized to standard weights of cell paste (1 kg for the reduc- 
tase procedure; 3 kg for the redoxin and P-450 components). 
Due to the high spectral background, purifications of the 
reductase and redoxin were monitored by NADH oxidase 
activity (see “Materials and Methods”). The P-450 purifica- 
tion was monitored by specific content (nmol of P-450/mg of 
protein) determined from the Fe”CO-Fe” difference spectrum 
(28). Lin P-450 and redoxin levels are -50% of their CAM 
system counterparts, while LIN reductase is present at -7% 
of the level for CAM reductase. Whether this difference arises 
from levels of expression or enzyme stability is unknown. 
Purification of LIN reductase shows an increased yield (2- 

fold) relative to the CAM system. Most of this difference 
arises with the first DEAE column and the Matrix Gel Blue 
A column (Table I). Yields of CAM and LIN redoxin and P- 
450 are essentially equivalent (Tables II and III). The puriti- 
cation achieved with each step varies for the two systems due 
to differences in the content of the enzymes and the back- 
ground in cell extracts from the two bacterial strains. 

Criteria of Purity-Purity of the proteins in the final pools 
was estimated from SDS-PAGE and correlated with charac- 
teristic spectral parameters of the holoenzymes. LIN reduc- 
tase with A276/A466 = 8.5 was estimated to be >85% homoge- 
nous in total protein; LIN redoxin with A324/A2m = 0.90 was 
>90% pure; and LIN P-450, in the presence of saturating 
substrate, had Azg2/AZs0 = 1.43 and was >90% homogenous. 

Storage and Stability-Following ultrafiltration or dialysis, 
the concentrated LIN redoxin reductase (0.16 mM), LIN 
redoxin (1 mM), and LIN P-450 (1 mM) solutions were pack- 
aged in 3-ml aliquots and stored in liquid nitrogen. The 
enzyme stocks responded differently to storage and freeze- 
thaw cycles. LIN redoxin reductase and LIN P-450 demon- 
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TABLE IV 
Pseudomonas flavin (FAD) reductase properties 

Property LIN Reductase CAM Reductase 

Molecular weight, M, 
Analytical data 43,700” 42,700”,* 
SDS-PAGE 44,000 47,000’ 
Gel filtration 45,000 45,000’ 

Isoelectric point, p1 
Oxidized 4.66 4.38’ 

UV-visible,’ nm/mM 
Oxidized 275. 381. 456. 480. 275. 378, 454. 480. 

7i, 9.-i, 10.6, 8.3 7i, 9.i, 10.6, 8.5 
Turnover number,d s-r 

Homologous 43 25 
Heterologous ND’ 2 

Immunological reaction’ 
Homologous +++ +++ 
Heterologous - - 

a Determined from amino acid composition and FAD group. 
* Tsai et al. (52). 
’ Gunsalus and Wagner (28). 
d Substrate-stimulated NADH oxidation using excess amounts of 

redoxin and P-450 from the native (homologous) or related (heterol- 
ogous) Pseudomonas system. 

e Not detected. 
‘Rabbit antibody raised against reductase from native (homolo- 

gous) or related (heterologous) Pseudomonas system. 

TABLE V 
Pseudomonas iron-sulfur (FeLL*) redoxin DroDerties 

Property LIN redoxin CAM redoxin 

Molecular weight, M, 
Analytical data 12,800” 11,594”sb 
SDS-PAGE 10,700 11,700’ 
Gel filtration 11,000 11,000 

Isoelectric point, p1 
Oxidized <4.5 forms apopro- C4.5 forms apopro- 

tein tein 
UV-visible,’ nm/mM-’ 

cm-’ 
Oxidized 277, 280, 324, 412, 277, 280, 328, 410, 

455, 17.8, 17.5, 455, 22.7, 21.9, 
15.7, 11.3, 9.9 15.6, 

11.1, 10.4 
EPR,” g values 

Reduced 2.021, 1.938 2.022, 1.938 
Turnover number,’ s-’ 

Homologous 2.0 2.0 
Heterologous ND’ ND 

’ Determined from amino acid composition and Fe2Sz*Cys4 group. 
b Amino acid sequence, Tanaka et al. (53). 
’ Gunsalus and Wagner (28). 
d50 mM Tris, pH 7.4, 10 mM 2-mercaptoethanol, 25 “C; X-band 

measurements at 7 K, dithionite-reduced. 
’ Substrate-stimulated NADH oxidation using excess amounts of 

reductase/P-450 from the native (homologous) or related (heterolo- 
gous) Pseudomonas system. 

’ ND, Not detected. 

strated no measurable loss of enzymatic activity from pro- 
longed storage at -196 “C nor from repeated freeze-thaw 
cycles. LIN redoxin, however, loses the prosthetic group dur- 
ing standing at 0 “C in the absence of an active reducing 
agent, as evidenced by the decrease in absorbance in the iron 
sulfide chromophore; reagent grade dithiothreitol (5 mM) was 
found to stabilize the redoxin by retarding apoprotein for- 
mation. 

Physical and Chemical Characteristics-Pertinent physical 
and chemical characteristics for the three components of the 
LIN monooxygenase are reported in Tables IV-VII; properties 
of the CAM system enzymes are included for comparison. In 
addition to similarities of the three LIN proteins and their 

TABLE VI 
Pseudomonas cytochrome P-450 (heme-thiolate) properties 

Property LIN P-450 CAM P-450 

Molecular weight, M, 
Analytical data 
SDS-PAGE 
Gel filtration 

Isoelectric point, p1 
Oxidized, mos 

UV-visible, nm/mM-’ 
-1 

%idized 
ma 

maa 

Reduced 
m’ 

7% 

mE 
rn:T-m IS 

EPR, g values 
Oxidized, m” 

KD (substrate),’ PM 
Oxidized 

Turnover number,d s-’ 
Homologous 
Heterologous 

Immunological reac- 
tion’ 
Homologous 
Heterologous 

44,800” 46,820a1* 
47,000 50,500’ 
45,000 44,000’ 

4.84 4.59’ 

280, 360, 417, 538, 280, 360, 417, 535, 
569, 63.9, 30.6, 569, 68.3, 36.7, 
102, 10.5, 11.2 115, 11.6, 11.9 

280, 392, 510, 540, 280, 391, 510, 540, 
646, 62.5, 92.0, 646, 63.3, 102, 
11.7, 9.9, 4.9 13.0, 11.2, 5.4 

411, 540, 75.6, 480, 540, 76.7, 
13.6 15.1 

411, 542, 73.7, 409, 542, 86.5, 
12.9 16.0 

447, 550, 120, 17.2 446, 550, 120, 14.0 
446-490. 84.0 446-490.92.8 

1.91, 2.27, 2.44, 1.91, 2.26, 2.45, 
8.13, 3.56, 1.68, 7.85, 3.96, 1.77, 
1.98, 2.25, 2.41 1.97, 2.24, 2.41 

3.6 2.Y 

32 34 
1.2 ND’ 

+++ 
--- 

+++ 
--- 

“Determined from amino acid composition and protoheme IX 
group. 

*Amino acid sequence, Haniu et al. (21, 22, 24). 
’ Gunsalus and Wagner (28), CAM P-450 only. 
d Substrate-stimulated NADH oxidation using excess amounts of 

redoxin/reductase from the native (homologous) or related (heterol- 
ogous) Pseudomonas system. 

e Not detected. 
f Rabbit antibody raised against P-450 from native or related 

(heterologous) Pseudomonas system. 

CAM counterparts in chromatographic behavior, there is also 
marked similarity in size, chemical composition, and spectro- 
scopic properties. SDS-PAGE and gel filtration data indicate 
molecular weights of reductase (44,000) redoxin (ll,OOO), and 
P-450 (46,000) very close to the values for the CAM hydrox- 
ylase components. The isoelectric points for the LIN reduc- 
tase and P-450 were, respectively, 4.66 and 4.84, showing both 
to be less acidic than the corresponding CAM proteins. These 
are in agreement with the amino acid compositions of the 
proteins. The LIN reductase has 8 more basic residues than 
CAM reductase (His + Lys + Arg) and probably less acidic 
residues (Asx + Glx, -12; amide content unknown). Similarly, 
the LIN P-450 has 4 more basic residues and less acidic 
residues (Asx + Glx, -5) than P-450,., (Table VII). As with 
CAM redoxin, the LIN iron sulfide protein loses the prosthetic 
group to acid decomposition (pH < 4.5) before reaching its 
isolectric point. 

Despite the physical and chemical similarity of the two 
systems, the P-450s lack cross-reactivity in immunodiffusion 
assays with antisera raised against the purified proteins 
(Tables IV and VI). 

Enzymatic Actiuity-Catalytic properties for each of the 
LIN monooxygenase components and the corresponding 
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1348 P-4501i, a LinalooL8-Methyl Hydroxylase 

TABLE VII 
Amino acid composition of LIN/CAM monooxygenase proteins 

Reductase Redoxin Cytochrome 
P-450 

LIN CAM” LIN CAMb LIN CAM+ 

Asx 28 
Thr 16 
Ser 28 
Clx 40 
Pro 13 
Cys 6 
Glv 46 
Ala 47 
Val 40 
Met 4 
Ile 20 
Leu 39 
Tyr 11 
Phe 10 
His 10 
Lys 7 
Arg 34 
Trp 3 

402 

40(15)’ 
20 
18 
40(24)’ 
18 

6 
33 
48 
34 

6 
24 
42 

6 
10 

6 
13 
24 

3 
391 

10 
4 
9 

15 

4 
12 

9 
7 
3 
6 

15 

4 
2 

7 
1 

117 

13(3)’ 
5 
7 

lO(5)’ 
4 
6 
8 
9 

14 
3 
6 
6 
3 
1 
2 
3 
5 
1 

106 

40 
14 
13 
46 
26 

5 
32 
30 
32 

6 
17 
45 

19 
10 
12 
33 

6 
393 

35(13)’ 
20 

::(23)’ 
30 
8 

25 
31 
24 
10 
26 
42 

9 
18 
13 
12 
26 

5 
414 

’ Tsai et al. (52). 
b Tanaka et al. (53). 
’ Haniu et al. (21, 22). 
d Corrected via cloned camC DNA. 
p Values in parentheses are, respectively, Asn or Gln. 

24 

IS 
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-6 
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FIG. 1. Absorption spectra of oxidized FezS*&ys, proteins. 
Conditions as snecif’ied in Table V and under “Materials and Meth- 
ods.” 

CAM proteins are summarized in Tables IV-VI. Each turn- 
over number (nmol of NADH oxidized/s/nmol of enzyme) 
was determined in reconstitutions with the other system 
components in saturating excess. The P-450 and redoxin 
components from each system are equivalent, while the LIN 
reductase turnover number is 1.7 times that of its CAM 
counterpart (Table IV). 

While the similarity in chemical, physical, and catalytic 
properties between the components of the LIN and CAM 
monooxygenases suggests similar structures, little activity is 
observed in assays using heterologous reconstitutions (Tables 
IV-VI). CAM reductase couples with LIN P-450 and redoxin 
to hydroxylate linalool at <lo% of the native system turnover; 
the activity observed for LIN P-450 supported by the CAM 
redox proteins attains ~5% of the native turnover. These 
observations indicate that the LIN redox proteins cannot 
support reactions by the CAM components, suggesting as a 

first hypothesis that the redox potentials of the LIN reductase 
and redoxin may be greater than those of the corresponding 
CAM proteins. 

Absorption Spectra-The extinction coefficients at various 
wavelength maxima are reported for oxidized LIN reductase 
and LIN redoxin in Tables IV and V. The reductase spectrum 
is typical of a flavoprotein in showing maxima at 275, 381, 
456, and 480 nm; the extinction coefficients were essentially 
identical to those of CAM reductase. The iron sulfide center 
of LIN redoxin, like the CAM redoxin, shows maxima at 324, 
412, and 445 nm with similar extinction coefficients, whereas 
in the UV at 270 nm the aromatic absorption is markedly less 
(Fig. 1, Table VII). The extinction coefficients for LIN P-450 
in oxidized and reduced states with various ligands are re- 
ported in Table VI. The heme content of the P-450 holoen- 
zyme was determined by the pyridine hemochrome measure- 
ment of iron protoporphyrin IX (49). In the oxidized sub- 
strate-free state, LIN P-450 shows a Soret maximum at 417 
nm, characteristic of low spin ferric heme. Upon addition of 
substrate, the spin equilibrium is shifted in favor of the high 
spin form, with a Soret maximum at 392 nm. The ferrous-CO 
complex of LIN P-450 has a maximum at 447 nm with 
extinction coefficient equal to that for CAM P-450. 

LIN Monooxygenase Reaction Products-Substrate oxida- 
tion was monitored by gas chromatography of sample extracts 
taken at intervals from a reconstitution of LIN monooxygen- 
ase with NADH and linalool. Two products were detected, 
with product 1 (Pl) appearing as early as 1 min into the 
reaction and product 2 detected after -6 min. In order to 
identify these products, a large-scale reaction mixture was 
prepared as described under “Materials and Methods.” The 
two products, purified by column chromatography, were then 
characterized by ‘H NMR, IR, and mass spectra. Spectral 
data and assignments are reported under “Materials and 
Methods.” 

The first product was identified as 8-hydroxylinalool on the 
basis of the mass spectral molecular ion, m/z = 170 (linalool 
+ 0); IR data supporting -OH as the only oxygen function; 
‘H NMR consistent with -CH20H at C8 or C9 and nuclear 
Overhauser enhancement refinement to assign the CHzOH as 
cis to C6-H, i.e. 8-hydroxylation. The second product was 
identified as 8-oxolinalool on the basis of the mass spectral 
molecular ion, m/z = 168 (*H oxidation of Pl), IR support for 
both carbonyl oxygen and aldehydic proton, and NMR analy- 
sis supporting the aldehyde assignment cis to C6-H. The 
identifications of Pl and P2 were further supported by com- 
parison with synthetic compounds. Thus, LIN monooxygen- 
ase catalyzes two sequential oxidations of linalool, producing 
first 8-hydroxylinalool and further oxidizing this product to 
8-oxolinalool. The oxidation of the alcohol to the aldehyde in 
the LIN system parallels the conversion of 5-exo-hydroxycam- 
phor to 5-ketocamphor by the CAM monooxygenase (Fig. 2). 
In both systems, each oxidation requires the three protein 
components, NADH, and 02. Both reactions were fully inhib- 
ited by CO; the preparations were free of detectable alcohol 
dehydrogenase activity. The occurrence of P-450-catalyzed 
alcohol oxidation is interesting, since both strains have sub- 
stantial alcohol dehydrogenase activities for these substrates, 
with the corresponding enzymes having been purified to ho- 
mogeneity.3 It is probable that a second hydroxylation by the 
P-450 gives rise to transient gem diol adducts that sponta- 
neously dehydrate to the more stable carbonyl compounds. 
Purification of a P-450-dependent linalool 8-hydroxylase from 
Pseudomonas incognita, strain PpG777, contrasts with the 
reports by Bhattacharyya et al. (6, 50, 51) of a series of 

3A. J. H. Ullah and 1. C. Gunsalus, unpublished resuhs. 
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CAMPHOR-5-exe- 

* NADH 
+ + 

CAMPHOR 
02 H2D 

LINALOOL- 8 

LIN EABc~ 

7-x NADH 
+ + 

02 H2D 

* O 
NADH NAD 

+ 

02 

LINALOOL 

FIG. 2. Reactions catalyzed by the P-450,., an d P-450fi, terpene monooxygenases. *&c = FAD 
reductase, Fe2S2Cys4 redoxin, heme thiolate (P-450) monooxygenase. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

NADH NAD 
+ + 

02 2H20 

products indicating also a IO-hydroxylation of linalool from 
the freshly isolated P. incognita culture. The lo-methyl hy- 
droxylation was not observed in the Psuedomonas Hardy 16, 
isolate. The elucidation of the very interesting genetic control 
of these strains is continuing (55). 

17 

The initial characterization of the LIN and CAM monoox- 
ygenases indicates that despite the chemical and physical 18. 
similarities, the component interactions clearly define two 
unique systems. Spectral characteristics also delineate active 
site differences in the P-450s substrate binding domains and 
in the water structure associated with the sixth ligandposition 1g, 
(54-57). Current studies focus on the primary and tertiary 
structure and functional aspects of these two P-450 systems 
and on the control of the protein expression. 20. 
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