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SUMMARY: The reaction of purifled rabbit liver microsomal P-450
isozyme 2 with 4,4'-dithiobis(2-nitrobenzoate) (DTNB) exhiblts flrst order
kinetics and results in the modiflcation of a single thlol, but causes no
net loss of the natlve ferrous-carbonyl spectrum. Incluslon of both
phosphol ipid and a tight=binding nitrogenous |igand, 1-benzylImidazole, in
the reaction medium produces a burst-phase of DTNB modification, but the
stoichiometry remains one thlol modified per polypeptide chaln, The site of
Isozyme 2 ragldly labeled by DTNB and by monobromoblimane, a fluorescent
reagent for thiol groups, was shown fo be Cysysp. Results obtalned strongly
suggest that Cys does not provide the pré&%mal thiolate |lIgand to the
heme lron atom. glnce Cysysp represents one of the two highly conserved
cysteine-contalning reglons }ﬁ the P-450 cytochromes, it appears |lkely that
the other reglon, contalning Cys43 In thls rabblt cytochrome (corresponding
to Cysszggs In bacterfal P-450 cam, %ys‘,' In rat P-450 b or e, Cyssgy in rat
P=450 ©; CySqge In rat P=4s0d or nogse 1sozyme 3, and Cvs,eq In mouse
Isozyme 1) Is ;¥e source of the thlolate Ilgand to the heme. ©1£§Au

Press, Inc.

demic

The establlshment of the primary structure of P-450 Isozyme 2* (1,2)
makes possible the investigation of structure-functlion correlates for this
mammal lan oxygenase (3,4). It Is now generally accepted that P-450
cytochromes contain a proximal or fifth axial ¥hiolate Iigand to the heme (5-
7}, and that this complex Is responsible for the unique spectral and redox
properties observed. Isozyme 2 contalns only four cystelne residues, at
posltions 79, 152, 180, and 436, one of which must provide this |lgand.
Sequence allignments of cysteine peptides of rabblt isozyme 2 (1,2) with
those of rabblit Isozyme 4 (8), P-450cam (9,10), rat isozymes b and e (11~
13), ¢ (14-16), and d {17,18), mouse Py-450 and Pz-450 (19,20), and bovine C-
21 hydroxylase (21) show that only the regions contalning Cys;s, and
Cysqzg (in the numbering of Isozyme 2) are conserved., Although varlous
jaboratories have favored the former (1,14,17,21,22) or latter (2,11) Cys-
containing region as providing the heme |lgand, physicochemlcal evidence Is

* The abbreviations used are: P-450 Isozyme 2, the major phenobarbital~
inducible cyfTochrome In rabbit |Iver microsomes; DTNB, 5,5'-dithlobls(2-
nl+robenzoate); CTNB, 2-nitro-4-thlocyanobenzoate; DTPNO, 2,2'-dithio-
bis(pyridine-N-oxide); 2-PDS, 2,2'-dipyridyldisulfide; 4-PDS, 4,4'-di-
pyridyldisul fide; PTH, phenylthiohydantoln; and SDS, sodium dodecy! sulfate.
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ciearly required to reach a firm conciusion, The thiol modification studies
presented here permit one of these Cys residues to be ruled out, thereby
providing a tentative assignment of the other as providing the proximal heme

{ {gand,
MATERIALS AND METHODS

P-450 isozyme 2 was purifled from |lver microsomes of phencbarbltfal-
treated New Zealand White rabbits (4). DTNB, DTPNO, 2-PDS, 4-PDS, and 1-
benzylimidazole were obtalned from Aldrich, Arg®-vasopressin, CHAPS, and
monobromob Imane (Thiolyte~MB) were supplled by Calblochem~Behring; endo-
‘proteinase~-Lys C was from Boehringer-Mannhelm, bromelain fromlélgma, and a-
chymotrypsin from Worthington. For synthesis of dibimane~Arg®-vasopressin,
the peptide dlsulfide was reduced with a 3~fold molar excess of dithlo~
threitol for 4 h at 23°C, a 20-foid molar excess of monobromobimane was
added, and the mixture was Incubated for 24 h at 37°C, The product was
separated from reactants by reversed-phase HPLC. Other materials were
described previously (1,4).

The concentration of P-4?O Ifozxme 2 was measured in the Fe™-CO state
with use of €451nm= 110 mM ‘em™' (4). Stoichiometry measurements emp!loyed
the following molar extlnctlon coefflcients: thlolate anlons of DTNB and
CTNB, A€ 412nm= 13,600 (23); thliopyridone products of DTPNO, 2-PDS, and 4~
PDS, € 333nm= 8,750 (determined in present work), € 343nm= 7,000 (24), and
€ 324nm= 19,800 (24), respectively. Spectral measurements were made with a
Varian-Cary 219 Instrument with a 1.0-cm pathlength. In all experiments
sample and reference cells had equal concentrations of thiol reagent,

For modification studles with DTNB and CTNB, a 10~uM solution of P-=-450
In 0.1 M KPi buffera pH 7.4, was Incubated with a 100~fold molar excess of
thiol reagent at 30°C. When present, DTPNO, 2~PDS, or 4-PDS were added at
50-, 50~-, or 25-fold molar excess, respectively, In experiments with
dilauroylglyceryl-3-phosphorylcholIne or 1-benzylimidazole, these had final
concentrations of 30 ug/mi and 100 uM, respectively; 1-benzylimidazole was
added from a 50 mM stock solution prepared In buffered 50% aqueous methanol.
When present, CHAPS was at a final concentration of 1% (w/v). Modification
studies with monobromobimane were carried out as with DTNB but reaction was
at 37°C and the P-450 concentration was 37 uM, Denaturlng cond!tlons were
achieved with 2§ SDS (w/v), 4 M urea, or 3.8 M guanidine. Proteolytlc
digestion mixtures were at 37°C and contained protease and P-450 at a 1:50
(w?w) ratlo. Limlted endoprotelnase-Lys C digestions (1,25) required 3 h,
while extensive digestion with this protease, chymotrypsin, or bromelain
required 24 h,

HPLC was performed with a Vydac C~18 column (5 pm, 4.5 x 250 mm) and
Beckman 340 system having a model 160 or 165 absorbance detector and
Schoeffel modei GM 770 fluorescence detector., Gradients from water to 3:1
(v/v) CH3CN:2-propanol, 0.1% trifluorocacetic acid throughout, were at a rate
of 1% per ml, After loading samples at 0% organic solvent, gradients began
at 50% for intact P-450 and for limited endoprotelnase Lys=C dlgestion
mixtures, or at 20%f for small peptides. Peptides were repurified with a
Waters uBondapak pheny! column (10 um, 3.9 x 300 mm) and the same moblle
phase and gradient as for small peptides. Peptide bond absorbance In
eluates was measured at 214 nm; fluorescence was measured as emission > 418
nm with excitation at 395 nm, the absorption maximum of R-S-bimane. Peptide
sequencing and amino acld analysis by HPLC of phenylthiocarbamyl derivatives
were b¥ the method of Tarr (26); PTH amino aclds were analyzed and
quantified by the method of Black and Coon (27).

RESULTS AND DISCUSSION
Modificatlon of P-450 by DINB and Related Thiol Reagents: When [sozyme

2 was Incubated in the absence of denaturants with a large excess of DTNB, a
stolchlometry of 1.06 + 0.09 thiol modifled per polypeptide chaln was
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Fige 1 Kinetlcs of modiflcation of Isozyme 2 by DTNB: effect of
phosphol ipid and 1=benzylimldazole. ® , Logar!ithmic plot of data shown in
Inset, with phospholipld present; the stoichlometry was 1.09 thiol modifled
per polypeptide, B, Logarithmic plot of data obtalned In the presence of
phospholIpid and 1-benzyllimidazole; the stolchiometry was 1,15 thlol
modified per polypeptide,

observed as shown by the example in Fig, 1 (Inset). No additionail
modlfication was observed, even after 10 h of reaction, However, in
experiments In which agents such as SDS, urea, or guanidine were present,
4,0 + 0,31 thiols per polypeptide were derivatized, In agreement with the
number of Cys residues In the primary structure (1,2), In the absence of
denaturants, reaction of Isozyme 2 with four additional reagents, DTPNO,
CTNB, 2~PDS, and 4~PDS, resulted in stoichlometries of 0.5, 0.7, 0.9, and
1.8 thiols modiflied per polypeptide, respectively, thus showing the |imlted
accesslbility of thiols In the protein. None of the reagents examined
caused sligniflcant loss of the native ferrous-carbony! spectrum, thereby
Indicating that the rapidly modified Cys residue(s) does not functlon as the
proximal heme |lgand.

The modification of [sozyme 2 by DTNB proceeds as a pseudo first-order
process, as shown In Fig. 1. Althought not definitive, these data suggest
that the stoichiometry of one thiol per polypeptide may correspond to the
modification of a single highly reactive or accessible Cys residue, rather
than the fractlional labelling of multiple residues, Limited proteclysis of
the modltled proteln (data not shown) indicated that the site of
modiflcation was Iimited to the NHy-termlnal half of the molecule which
contalins Cys-,g, Cysqy52, and Cysygps Cysyzg was not modified by DTNB.
Although the rate constant, order of reaction, and extent of modification
were unchanged by the addition of phospholipid, when both phospholipid and a
nitrogenous heme |lgand, 1-benzylimidazole (Ky= 1 uM in the presence of
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phosphol ipid (28)), were Included In the reactlon mixture a pronounced burst
phase of sulfhydryl modification was seen (Fig. 1). The initial rate was 10-
fold greater than In the absence of a dlstal |ligand, but the stolichlometry
remafined one thlol modified per polypeptide chain, To investigate whether
this ligand-induced burst was a property of the individual P-450 molecules
or due to cooperative Interactions within the aggregate (29), the
modiflcation by DTNB with and without 1~benzylimidazole present was carried

out in the presence of 1% CHAPS, which brings the cytochrome to an
essentlally monomeric state (K. Inouye and M, J, Coon, unpublished resul+s).

Although the rate constant was slightly lower in the presence of the
zwitterionic detergent, the same general behavior as In Fig. 1 was observed
(data not shown), These results suggest that protein-protein interactions
are not responsible for the Iigand-induced burst of modification, and that
this effect Is due to an Intrinslic property of the protein molecule,
possibly a conformational change.

To identify which Cys residue provides the rapidly modifled thiol, DTNB-
modified Isozyme 2 was freed of excess reagents, digested extensively wlith
endoproteinase-Lys C, and fractionated by HPLC with monitoring at 214 nm for
peptide bonds and 340 nm for bound thionitrobenzoate, and the single
modified peptide was lIsolated and sequenced., The site of modlflcation was
shown to be Cysl52. However, because of the possibillity of thiol-disulflide
Interchange, this result needed to be confirmed with use of a non-
transferable thiol label as described below.

Modification with Monobromobimane and Localization of the Rapidly

Modlfied Thiol: Monobromobimane has proven to be of great utiiity In
protein modiflication studles since It Is apparently specific for cystelne
thiols and the thiocether adduct Is non-transferrable, stable, fluorescent
over a broad pH range, and non~photolabiie (30,31). When Isozyme 2 was
Incubated at 37°C under non-denaturing conditions with a 10-fold molar
excess of monobromobimane, HPLC of allquots removed at various times showed
the gradual Incorporation of label such that by 12 h all four Cys residues
were modifled, as seen In Fig. 2. This was in contrast to the behavior seen
with DTNB where only a single thlol Is accessible. HPLC analyses of |imited
endoproteinase-Lys C digests of the P-450 at various polnts In the reaction
showed rapid bimane Incorporation intoc the NHo~terminal portlon of the
protein containing Cys79, Cysy5z, and Cysqgg, and slow reaction with the
COOH-terminal haif contalning Cysyzg- An examination of the P-450 spectrum
during the reaction, as seen in the figure, showed a gradual loss of the
native Fe™-Co absorption band, but with kinetlcs much siower than for gross
Incorporation of the bimane label. 0f 1interest, the rate approximately
mirrored that of Cysszg modification. A control experiment with Isozyme 2
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Fig. 2. Modificatlon of Isozyme 2 by monobromobimane. Number of
thlols modifled per polypeptide chain under non-denaturing conditions .
Al lquots removed at varlous tImes were submltted to reversed-phase HPLé with
dual absorbance and fluorescence detection, Fluorescent label/peptide bond
ratios were calculated at each time polnt and were scaled to a maximum yleld
of four total thlols; In experliments not shown, DTNB tltratlions under
denaturing conditions showed the valldity of this scaling. Alliquots of the
original Tncubatlon mixture were dlalZzed to remove excess reagent and then
digested brlefly with endoproteinase-Lys C to separate the NH,~terminal and
COOH-terminal halves of the cytochrome by sclisslon of the“Lys,u,~Asp

tfaond. HPLC analy(sts and the scaling of fluorescence to absorbazZe raf%g
or NH,~terminal (Cyssq, CySisp, CysSigq) and COOH-termInal (Cys,zg¢) halves
of thé proteln were as sbods, butt%0 3 thiols, @, and 1 R1ols O,
respectively, Results of ferrous=-carbonyl spectral determinations were
scaled to correspond to one total thiol, B , on the assumption that the P-
450 spectrum Is related to a single lron-sulfur bond. Allquots of the
digestion mixture were dlalyzed and then tlitrated under non-denaturing
conditions to assess the equlvalents of DTNB-accessible thlol remalning, 4.

at 37°C In the absence of monobromobimane showed no more than 10§ loss of P-
450 In 12 h, +hus Indicating that the loss was due to modification by this
agent and not simply thermal denaturation. Titration of dialyzed bimane~
modlfled samples by DTNB showed that the thiol accessible to the latter
reagent was lost rapldly during monobromobimane treatment with jittie loss
of the P-450 spectrum. Thus, these data suggest that both DTNB and
monobromob Imane rapidly modffy the same Cys residue In the P-450,

To identify the slte of rapid bimane labelling, Isozyme 2 was mod!fled
for 30 min; at this point, about 0.60 of the accessible thlol had been
modifled compared to about 0.65 of all thiols, with only negligible loss
(~5%) of the native P-450 spectrum. This preparation was freed of excess
reagent and portions were digested with elther chymotrypsin or bromeialn to
produce small fragments, thus Insuring comparable and high yields of polar
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Fig., 3 HPLC of a chymofrzpﬂc digest of lsozyme 2 modifled with

monobromobimane for 30 min at 37° The digestion mixture (equivalent to 7
nmol of starting lsozyme 2) was analyzed by reversed-phase HPLC wlth
absorbance and fluorescence detection,

and nonpolar Cys peptides during purification. Reversed-phase HPLC of the
chymotryptic digestion Is shown In Fig. 3. Two major fluorescent peptides,
in peaks 10 and 11, were observed along with a few minor components, whereas
In the analysis of the bromelain digest (data not shown) three major
fluorescent peptides, in peaks 5,7, and 9, were found. A control experiment
in which DTNB~modified i{sozyme 2 was labeled for 2 h at 37°C with
monobromob Imane, digested with elther chymotrypsin or bromelain, and then
analyzed by HPLC, showed that only the major fluorescent peaks described
above were absent. These data provided further proof that DTNB and
monobromob imane modify a common site. Affer rechromatography, the peptides
were submitted to sequence analysis wlith the results shown In Table 1. All
peptides could be placed uniquely within the primary structure of Isozyme 2.
Bromelalin peptides 5,7, and 9 all proved to have a COOH-terminal S~bimane-
Cysysy, although they differ In the site of cleavage at the NHy-terminus.
Similarly, chymotryptic peptides 10 and 11 had a COOH~terminal S-blmane-
Cysysp-Leu and dlffered at the NHp-terminus by the sequence Gly-Lys-
Argy4p. Thus, these findings corroborate those obtained with DTNB and show
that Cysy5, Is the rapldiy modifled thiol In P-450 isozyme 2.

Since our results show no significant loss of the native P-450 spectrum
during modification of Cysys, In Isozyme 2, thls residue Is highly unlikely
to provide the proximal thfolate l(lgand to the heme. This and other
|aboratories (g¢f. 8,13) have noted in comparisons of sequence Information on
cysteine peptides from varlous P-450's that only two regions of high
conservation occur, one near the NHp,~terminus (containing Cysys, In Isozyme
2) and the other near the COOH-terminus (Cys,szg In Isozyme 2). Because heme
ligands are expected to be highly conserved as in other heme proteins (32),
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TABLE |
Manual Sequence Analysis of Bimane-Labelled Cysteine Peptlides

Peptlde cle Residue Yield Fluorescence detect ) tid
P Orele | Restidyey Loonily Elyocpsconce detocted Sequence of peptide
Bromelaln 5,1 Ala 133 - + ARCy5
Arg 43 - + 152
Cys? 13 + -
Bromelain 7.1 lu 28 - + EARC
ia 36 z M 152
- +
ga 6 + -
Bromelain 9,1 lu 22 - EEARC
lu 15 - 152
la 23 -
Chymotrypsin 10.1 ly 2873’ GKRSVEERIQEEARC152L
5
xg 7
er 138
al 1
lu
tu 1
rg
le
|
|
|
I
-

4+ttt

e b e et et
SNOVIA LN = VIR WN—OWOR~NOWR&ERLIN = W~ BN~ WN—

Chymotrypsin 11,1P SVEERIQEEARC, 55L

- et md
IO HKAMOWN  N—= = -JUND IO NN

VIOOOOWO  \NBREINO—=NN~

=—_5=Zogd o
A L T R R R e L

Soce~—T Lcuooecc

tlrreeeeey

2 g.Bimane-Cys was somewhat unstable In the acidlc conversion medlum and was
fdentifled as two peaks In the PTH amino acld analysis %ﬁ_HPLC. The flirst peak was
eluted after PTH-Glu=Me ester and the second before PTH-Met, This was conf rmed
fhrou?h sequence analysls of bimane-modlfied Arg-vasopressin, S-BImane-Cys was

$uan? fied as the sum of the areas of the two peaks on the assumgflon that both have
he same extlinction coefficlent as PTH=-Nie (the internal standard) at 254nm,

P The amino acid composition of this peptide was determined to be A,C,E ,I,L,RZ,S,V,
in excellent agreement with that expected from the sequence, 4

only one candidate apparently remains, that Is, the Cys resldue In position
436 of rabbit Isozyme 2 or rat isozymes b and e, positlon 355 of P-450cam,
position 461 of rat P-450 c, position 456 of rat P-450 d or mouse P3-450,
and position 458 of mouse P{~450, Recently, Morohash! et al. (33) published
the deduced amino acld sequence of bovine P-450... which contains only one
of the conserved Cys-contalning regions, equivalent to Cysszg In Isozyme 2,
a finding in agreement with the concluslons reached In the present work.,
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