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The thermal unfolding of cytochrome P-450 LtN and P-450 CAM measured in presence and absence {~1 Ihcir spccilic ',uhstralc,, 
was analyzed by circular dichroism (CD) and the a-helix content we,, cstimalcd. Both proteins shov,, independent of the 
presence or absence of the substrates, nearly the same amount of loss _.1 Ihe CD in the pcplidc region. The comparison of the 
half transition temperatures determined from different chromophorcs and different methods indieatc~, a non-two-r, latc lransitmn 
of the thermal unfolding. For such analysis wc developed a new spectrometer, v, hich i~ capable of mca~,uring the ('I) 
simultaneously at all wa~,'elengths in a limited wavelength region. 

Introduction 

The cytochromc P-450 proteins play an important 
role in the biochemistry of higher and microore, anisms 
[1-3]. The common chemical reaction is the irsertion 
of an oxygen atom into a hydrogen-carton bont ~ of the 
substrates. 

in spite of this knowledge the origin of the su,.strate 
specificity is not well understood until now. A great 
progress was stimulated by the recent er~'stal structure 
analysis of the bacterial camphor hydroxyFatin,, cy- 
tochrome P-450 CAM and its complexes with can-phor 
and camphor analogues [4-6]. Several physico-eacm- 
ical studies on the bacterial proteins P-450 CAM (ab- 
breviated by CAM and CAM(S) in absence and pres- 
ence of camphor, respectively) and the linalool hydrox- 
ylating P-450 LIN (abbreviated by LIN and LIN(S) in 
absence and presence of linalool, respectively) let us 
suppose that not only the static geometrical arrange- 
ment of the amino acid residues and of the substratc in 
the heme pocket, but also the dynamics of the protein 
structure may be important for the catalysis. Jung et al. 
[7,8] and Hut Bon Hoa et al. [91 concluded that both 
proteins differ in the flexibility or rigidity of their 
structure. The higher rigidity of the P-450 LIN struc- 
ture compared to P-450 CAM seems to be a l ~  the 
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origin of the highel stability against temperature [l(i] 
elevation. In 17-45(I CAM thermally induced conforma- 
tional changes take place v,ith less c<~lpcrativity and 
substrate binding has a stronger infhtcr~c~.', ,rr ~~  .,,.~hil 
ity compared to the first one. Comp~lr,itr,, ,,... ~..,~a~- 
ning calorimetric and temperature differei;cc absorp- 
tion studies [10] indicate that the thermal unfolding of 
/'-450 CAM and P-450 LIN i~ not a two-state transi- 
tion but a transition within two or three folding units. 
These findings describe a behavior of the P-450 pro- 
reins of which the struclural origin is not ctcar until 
n o w .  

To get a deeper insight into the structural behavior 
we carried out circular dichroism mcasuremcnls on 
P-451) CAM and P-4511 LIN in presence and absence of 
substrates and did a l ~  analyze the tcmperaturc depen- 
dence of the a-helix contcnc 

For the measurements wc used a new detection 
lechnique [11] for the circular dichroi~m (CD) spcc- 
t ro~opy which ailov,~, a faster recording tff the spectra 
in a relatively broad spectral region with a higher 
signal-to-noise ratio than that of our JASCO J-bill) 
spectropolarimeter (University of Bochum. Depart- 
ment of Structural Chemistry). In contrast to the com- 
mercial CD-instruments. this new spectrometer avoids 
systematical errors of Ihe curve shape in the case of an 
alteration of lhc CD-amplitudc during the measure- 
ments. This is especially important for measurements 
of the peptidc chromophorc spectrum, which is u ~ d  
for estimation of the a-helix content. 
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Materials and Methods 

Cytochromc P-45(t ( A M  (('YPI/II according to the 
ne~ nomenclature i J2]) and cytochromc P-450 IJN. 
isolated frtml the I~actcria I~ctahnnonas Imti~h~ and 
Psc,th,nt,ttts im'ogttita, respectively, and purified ac- 
cording to the mcth~d~ described in Rcl~. 2 and 13. 
wcrc a kind ~ift from Prof. L('. Gunsalus. University of 
Illinois. Urbana. USA. The purification procedure in- 
cluded DEAE anion exchanger and Bio-Gcl PI(I(| 
chromatography steps. The proteins were purified to 
an ahsorbancc ratio A~,~:,,,,,/,,I:~,,,,~ of 1.5. The sub- 
slratcs ~cre removed from the proteins by dialysis 
against 5(1 mM Tris-HCI buffer (pH 7). fl~llowcd by a 
Scphadcx G25 (medium) chromatography run in the 
same buffer. Finally. the protein was dialysed against 
5{1 mM pota~,sium phosphate buffer (pH 7). i)-('amphor 
(Sigma. e~stallinc: approx, t~gr; ) and raccmatic linalool 
(Aldrich. approx, qT"; ) v, cre u'~cd without further pu- 
rilication. 

The 1"4511 concentrations wcrc dclcrmincd spec- 
trophotometrically at 22'C (pit 7) in potassium phos- 
phate buffer by using the molar absorption c~x:fficicnl 
of 1.151(1 ' M ~cm ~ at 417 am in the substrate-frec 
protein and of 1.112" 1() "~ M ~ c m  ~ al 392 nm in the 
substralc-bound protein [2]. For the measurements of 
the subs(rate-bound proteins 4c~ of a saturated aque- 
ous solution of camphor (final concentration 411(I p.M) 
and hna~ool (final concentration 200/.t M). respectively. 
were added to the buffer. The CD- and absorption- 
baselines, measured wilh the buffers wcrc subtracted 
from the spectra of the samph",. 

For the mcasuremcnts in the wavelength region 
from 211fl nm to 26(1 nm ~e build up a new spectromc- 
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[:ig. I..~p¢clronlelel- lot  lilt." ~,inlullal~eOLl~ fi'lc~r~urelllen! ol (.'D ,llld 
absoq~fi~m. ~,imul|aiicou,,l~ al all ,~axelcngth,, in a limiled spectral 
range. So. deuter ium lamp: P. lolal reflecting prism, v, hich act~, as 
polari.,'er: M, c l¢¢ l r~pl ica l  modtll;.llor, v.hich produce' ,  ahernalivcl ' ,  
left and fight clliplicall~ I~lari,~cd li~hl: C. sample cell: S, slit: G. 

conc;p.e gra| ing: D+ multieh,mncl tlclc~:t.f; [L c l c c t m n k ' ,  

tcr [11] (Fig. I), which is capable of measuring the CD 
:rod the absorption simultaneously at ell wavelengths in 
a limited wavelength region of about 80 nm. Like in 
commercial CD-instrumcnts the light of the light source 
(So), a deuterium lamp, is elliptically polarized by a 
polarizer (P) and a mt~ulator (M), but the detection is 
done like in diode array absorption spectrometers with 
a multichanncl detector (D), which is illuminated by a 
concave grating (G) without an exit slit. In contrast to 
the constant correction factor of 0.79 [14,15] which 
describes the deviation of the elliptical polarization 
state from the circular polarization state in commercial 
CD-instruments. in this spectrometer [l i], which has a 
slight wavelength depcndcnl polarization state, we used 
a wavelength dependent correction factor between 0.81 
(2(16 nm) and I).85 t261l nm). 

Meaxuring conditions. Concentration of the proteins: 
3 #M in 5(I mM phosphate buffer (pH 7), 1 mm path 
length, 2.4 min measuring time for one spectrum, 1.2 
nm spectral width of one measuring point, approx. 2 
nm spectral resolution. 

For comparison with a commercial CD-instrument 
wc made measurements in the region of the peptide 
chmmophorc at 22°C with a JASCO J-600 (Bochum) 
under the same conditions, but with 0.4 nm spectral 
step width and a higher measuring time of 10 rain for 
one spectrum. 

The measurements in the wavelength region from 
250 to 500 nm were carried out with the JASCO J-600 
(Bochum). Because of the high noise a cur~e smooth- 
ing was necessary. 

Conditums. Conccntration of the proteins: 70 ~M in 
50 mM po.tassium phosphate buffer (pH 7), 1 mm path 
length. 10 rain measuring time for one spectrum, 0.4 
nm spc,:,ral step width, 2 nm spectral resolution. 

To get a further insight, what the ~tructural differ- 
cnces between P-450 CAM and P-450 LIN are. and 
what the effect of the temperature might be, we esti- 
mated the a-helix content by using the method of 
Chang ct 21. [16]. For this analysis wc assumed, that the 
basis curves are valid for all temperatures studied. This 
assumption had to be proved by further investigations. 
N~wadays factor analysis is preferred [17.18]. 

Results 

Fig. 2 shows the CD spectrum for P-450 CAM and 
P-450 LIN in prcsenec and ab~nce of the substrates 
for the pcptide cilromophore absorption at 22°C taken 
with our new spectrometer. Compared with the spectra 
recorded using the JASCO J-6(10 (Bochum) (Fig. 3) the 
new technique give,; a slightly better signal-to-noise 
ratio. There are no significant differences between 
these measurements with th ~. two instruments. 

in the following only the results obtained in the 
peptidc chromophorc region with the new technique 
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Fig. 2. Mean residual C D  A~ (I m o l i  cm I ) a t  22°C in the region 
of the peptide chromophor. 

will be discussed. The shape of the CD curves is 
qualitatively similar for the four / -450  complexes (Fig. 
2). Quantitatively, however, we observe significant dif- 
ferences between the linalool-bound (larger CD) and 
the linalool-free (smaller CD} P-450 LIN. In contrast, 
no remarkable difference could be detected between 
camphor-bound and camphor-free P-450 CAM. Tem- 
perature elevation up to 70°C leads to an approx. 51)% 

173 

6 ~ . . . . . . .  T i ~ 

LIN i LIN(S) 

CAM CAM {S) 

200 22n 2~,C 260200 220 240 260' 
~[nm] 

Fig. 4. Difference,, of thc mean re',idual [ ' I )  .le (I mol I cm i) at 
the selected temperatures, of 441'(" 45~(" and 5(1 ('. re',pcctively. (in 
each case Io,~er cu~e :  -liP(', middle cur,.e: 45"('. and upper cur ,e:  

50:C) to 22:C in the peptide ab,~rption region. 
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Fig, 3, Mean residual CD ..IE (I tool -i  cm i) at 22~C in the region 
of  the peptide ehromophor measured ~ith a JASCO l-b~) (Bot-hum) 

decrease of  the CD in all four P-450 complexes (Fig. 4. 
Table I). As already shown in Ref. 10 the temperature 
induced unfolding is not reversible. The half transition 
temperatures (K 1 = 0.5) are 43°C for the substratc-free 
proteins. Binding of the substratc induces an increa~ 
of the half transition temperature to 47°C for P-450 
LIN and to 50°C for 1°-450 CAM (Fig. 5, Table !1). The 
temperature induced change of the o-helix content is 
shown in Fig. 6. At 22°C the i'-451) complexes re~eal an 
a-hclix content of about 40-50g ~, During heating the 
samples up to 70°C the a-helix content of all four 
complexes deerea~s to approx. 10-2OcL 

TABLE I 

M#an rc~ldual ~tr~ulur d~d~ro~.~ .~ I1 m~,l " ~m ') at 22 ( and  

70:(" a t  220 n m  

I_lN. P-45•1 LIN ~ithoul ,,abst~ale: LIN(~). P-451) LIN u, ith ,,ub- 
strafe: CAM: P-4~{| CAM wilhoul sub~,trale: ( A M ( S k  />-450 ( 'AM 
~iIh .~ubslrate. 

Sample A~( I  tool l c m  E 

22~C 70:(" 

LIN 6. I 3.11 
I IN{S)  72, 3. "r 
( .AM 67  3 3 
CAM(S I 6.3 3.1 
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The CD spectra in lhc region between 250 nm and 
500 nm are presented in Fig. 7. The qualitatively differ- 
ent CD spectra between the substratc-free apd thc 
substralc-bound proteins reflect the different optical 
absorptior spcetra lor the iron high-spin (substratc- 
bound) and the iron low-spin (substrate-frcc) statc [19]. 
The Soret band of LIN shows a significantly higher CD 
than that of CAM. Heating the samples to 70°C leads 
to a complete loss of the CD of the Sorct band for 
CAM and CAM(S). Because of protein precipation at 
higher concentrations we could not follow the com- 
plete unfolding of thc LIN and LIN(S) using the Sorer 
band. but wc assume that also for these two complexcs 
the CD is completely lost at high temperatures. The 
half transition temperatures estimated from the 51)¢~ 
loss of thc CD effect of the Sorer band match well with 
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Fig. h. Temperature dependence tff lhe a-helix-content, calculated 
by the melhod of ( 'hang el al, [161, &. a-helix+ccmtcnt; T. tem- 

perature. 
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Fig. 7. Ellipticity d, (mdcg) at 22°C in the wavelength region from 250 
to 500 nm. 

the values obtained from the peptide chromophore 
absorption (Fig. 8, Table ll). 

Discussion 

The advantage of our new spectrometer was to 
measure all CD values with the same time character- 
istics. As shown in Fig. 4, the CD amplitude does 
sensitively change within a narrow temperature range 
of only a few K. A drift of thc tcmperature in this 
region during measuring with a scanning technique 
would lead to a significant distortion of the curve 
shape. A distortion would also be the result if the slow 
kinctics of conformational changes would interfere with 
the scanning time. In these cases the secondary struc- 
ture elements (helix, sheet, turn) could not be deter- 

TABLE I I  

ftalf tr,msition temperatures TIt 2 (~(') dcternuned by CD-mea~ure. 
tilt'tit5 (this paper) ('ompar~'d ~ith the tcmpera, ure diffcrence absorl~tion 
ltll estigtlliOltS anti scanning cabot(metric studit's by Jhng et aL [10] 

f h c  wavelength in the Soret band was 3'42 nm for the substate-lxmnd 
and 417 nm fi~r the substrale-free protein. LIN. P-450 LIN without 
substrale: LINISI, P-4511 LIN x~ith substrale: CAM. P-450 CAM 
without substrata: CAM(S). 1-450 CAM with substrate. 

CD CD Absorp- Calori- 
at 2211nm at 302 n m /  lion metric 
C('1 417 nm at 392 n m /  (°C) 

(°C) 417 nra 
t °C)  

T I  2: LIN 43 42 47.3 55.5 
T I  2: 1.IN(S) 47 46 48.4 61.7 
l ' t  2: (-'AM 43 41 39,6 53.3 
T~ 2: CAM(S) 50 4q 54.7 03.7 
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Fig. 8. Temperature induced alteration of the CD monitored in the 
Sorer region (-118 nm for the substrate-frce proteins, 3~7 nm for the 
substrate-bound proteins), expressed in K. K = (CD(5°C)-CD{T))/ 

ICD(5°C)): T. ~emperature (°C). 

mined from the spectra. With our new detection tech- 
nique, however, always a linear superposition (accumu- 
lation) of spectra is produced even if the CD varies, so 
that the accumulated spectra correspond to a tempera- 
ture- or time-avaraged content for each structure ele- 
ment that mostly (for monoton functions) lies between 
the content obtained from the bordervalue measure- 
ments. In our studies, however, we did not benefit 
much from this advantage, because the temperature 
was stable during measuring within 4-I K and time 
dependent structural changes were not observed within 
10 min. 

The CD data obtained with the new spectrometer, 
presented in this paper, are in general agreement with 
that of earlier investigations of o ther / -450 proteins by 
Peterson [20] (P-450 CAM), by Chiang and Coon [21] 
( /-450 CAM) and by Shimizu et al. [22] ( /-450 LM2 
(CYP2P,4 [12]) and P-450 LM4 (CYPIA2 [12])): they 
observed a negative Cotton effect in the Soret region 
and estimated an u-helix content of 40-50% from the 
CD effect in the peptide ehromophore absorption 
which is also seen in our studies on the bacterial P-450 
CAM. The same characteristics we also observed for 
P-450 LIN, which is investigated by CD for the first 
time. 

Three results may be pointed out which are impor- 
tant: 

(1) The estimated a-helix content of the native 
structure is within the experimental error similar in 
both bacterial proteins P-450 CAM and P-450 LIN. 
This finding is in contrast to our original expectation 
because the P-450 LIN structure is suppo~d to be 
more rigid compared to the /-45(I CAM structure [10]. 
A higher or-helix content would explain such higher 
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rigidity as it is known from my(~globin showing an 
a-helix content of 78% [23]. Obviously, other non-heli- 
cal interactions must bc responsible fl~r the higher 
rigidity in P-450 LIN. 

(2) The thermal unfolding o! the protein structure of 
both P-45(] proteins independent of the presence or 
absence of the substrates is accompanied by nearly the 
same amount of loss of the CD in the pcptide region 
(appro×. 50% at 220 nm) and in the ¢~-hclix content 
(approx, 30%). That may indicate that a similar sec- 
ondary structure with distinct labile helices exists in 
P-450 CAM and P-450 LIN. 

(3) The half transition temperatures for the thermal 
unfolding estimated from the CD spectral changes in 
the peptide chromophore and in the heine absorption 
are equal within the experimental error. This result lets 
us suppose that the labile hclix parts are itt intcracti(m 
with the heine. The electronic coupling between the 
aromatic amino acids localized in the labile helices and 
the heme r-system which is responsible for the hcme 
CD effect [24] may bc strongly diminished by breaking 
the helical structure during the thermal unfolding. It 
should be noted here that the half transition tempera- 
tures observed in the CD studies do not agree with the 
values obtained from temperature difference absorp- 
tion investigations nor from scanning calorimetric stud- 
ies (Table Ilk We interpret this result as a furthcr 
indication for a non-two-state transition during the 
thermal unfolding, as suggested in Rcf. Ill. 
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