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Role of Threonine 101 on the Stability of the Heme Active Site of Cytochrome
P450cam: Multiwavelength Circular Dichroism Studies
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ABSTRACT. The role of the threonine 101 residue that resides close to the heme propionic acid side chain
of cytochrome P450cam on the conformational properties of the active site of the enzyme has been
investigated by circular dichroism (CD) spectroscopy. Site-specific mutation of the threonine by valine
has been carried out that does not affect the size of the residue but significantly alters the hydropathy
index. The T101V mutant of cytochrome P450cam showed distinct differences in the CD spectra near the
heme region, indicating a subtle effect of the mutation on the properties of the heme active site. Thermal
stabilities of the mutant and wild-type enzyme have been studied by temperature dependence of the
ellipticity (intensity of the CD band) in the far-UV region for the secondary structure and at different
wavelengths in the visible region that arise from the heme moiety for the tertiary structure around the
prosthetic group. The thermal unfolding data from variations of the CD intensity at different wavelengths
were analyzed using a generalized multistep unfolding model, and two distinct equilibrium intermediate
conformational states of the enzyme were identified. The mutation of the T101 residue by valine was
found to decrease the thermal stability of both the intermediates in the presence of the substrate. On the
other hand, this mutation had no apparent effect on the thermal stability of the enzyme in the absence of
the substrate. These results suggested that the threonine residue stabilizes the protein cavity around the
heme center in the case of the substrate-bound species, possibly by hydrogen bonding with one of the
propionate side chains of the heme moiety. Such hydrogen bonding of the heme propionate with threonine
is absent in the substrate-free form of the enzyme.

The biological function and stability of a metalloenzyme active-site components in substrate recognition, reactivity,
depend upon subtle conformational properties of the residuesand stability of the enzyme.

in the active site and their interactions with the metal ion or  There are several residues of the enzyme that are invariant
the prosthetic group. among many members of the family, while there are some

Cytochrome P450 represents a large superfamily of heme-amino acids near the active site that are found only in
containing mono-oxygenasel) ( These metalloenzymes are  P450cam and might have structural or functional roles
involved in a vast range of biotransformations, including drug specific to this particular enzyme. The substrate-binding
metabolism, xenobiotic degradadation, steroid biosynthesis,pocket in the active site of P450cat| consists mostly of
etc. (1—3). Most of these enzymes show high regio- and/or hydrophobic residues (viz., F87, F98, V247, V295, V396,
stereoselectivity in the catalysis and, hence, have attracted atc.), which stabilize the substrate through van der Waals
lot of interest in recent yearg,(4—6). The cytochrome P450  interactions. These residues are thus important in modulating
from Pseudomonus putidgP450cam) is a very well- substrate specificity. There are a few polar residues (viz.,
characterized member of this superfamily of enzymes. It Y96, T101, T185, T252, D251, etc.) around the active site
catalyzes the regio- and stereospecific hydroxylation of its as well, some of which have been shown to play important
natural substrate §)-camphor to Sexehydroxy-camphor  roles in the function of the enzyme. The side chain of Y96
(7). A great deal of effort is being made to achieve regio- forms a hydrogen bond with the carbonyl group of camphor
and stereoselective oxygenation of important unnatural and, thus, is known to regulate substrate bindifig D251
substratesA—14) by suitably engineered P450cam mutants. has been shown to be involved in the proton delivery channel
It has thus become important to understand the role of theand, thus, plays a key rolé§—18) in the catalytic cycle of

the enzyme.
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oxygen activation and serves to prevemhtoupling or slips (shown in small letters). Polymerase chain reaction (PCR)
in the catalytic reaction1, 17, 20—22). T185 is a part of amplification of the mutant gene was carried out on a PTC-
the substrate-binding pocket and directly interacts with the 2000 Peltier thermocycler (MJ Research, Waltham, MA).
substrate, and mutation of this residue has been shown toPlasmids were isolated from the colonies obtained upon
modulate substrate binding, (23, 24) to the enzyme. T101  transforming the PCR product into XL1-blue Supercompetent
is also a part of the substrate-binding pocket and placed verycells (Stratagene). Both the wild-type (WT) (i.e., C334A)
close the hemerj at the loop between the' Bnd C helices. and T101V (i.e., C334A, T101V double mutant) cytochrome
The T101 residue has earlier been mutated to methionine,P450cam were expressed uskEgcherichia colBL21-DE3
leucine, and isoleucine for catalyzing smaller hydrocarbons cells. The proteins were expressed and purified using a slight
and analoguesr( 11, 13, 14, 23, 25). These mutations of  modification of the reported metho@8®). Purified protein,
T101 by bulky amino acids decrease the size of the distal with Aggy/Azs0 = 1.5, was concentrated and stored in small
pocket of the heme and, thus, enable binding of smaller aliquots in 40% (v/v) glycerol at-30 °C. The protein
substrates. These mutations were also shown to decrease theolutions were passed through a pre-equilibrated Sephadex
camphor-binding constant to the mutant enzymes and G-25 column (pre-packed Amersham Pharmacia PD-10) to
increase the catalytic activity of the mutant for smaller remove glycerol before each experiment.
substrates. There has however been no detailed biophysical UV—Vis SpectroscopyAll spectra were recorded at 20
study reported on the effects of such mutations on the °C unless mentioned otherwise. The substrate-free form was
structure and stability of the enzyme. The T101 residue obtained by passing the protein twice through the G-25
resides close to the propionate side chains in the distal sidecolumn, pre-equilibrated, and subsequently eluted with 50
of the heme and could potentially have some role in the mM Tris base (pH 7.4). Substrate-bound protein was obtained
stability of the protein pocket around the heme moiety. To in the presence of 1 mM camphor along with 100 mM KCI.
understand the role of the threonine 101 residue on theExtinction coefficients of the T101V mutant were determined
stability and substrate binding to the enzyme, we have by thepyridine hemochrome methdollowing the standard
investigated the effects of the replacement of the threonine protocol 7). The extinction coefficients for the camphor-
by valine at this site, in which the OH group of threonine ~ bound WT and mutant enzyme at 391 nm were 102 and 108
is replaced by-CHs of valine in the mutant. Threonine and mM~* cm™, respectively. These values were found to be
valine have almost the same size; hence, this mutation of119 and 123 mM! cm™%, respectively, for the camphor-
threonine by valine is not likely to change the size of the free forms of the WT and mutant enzyme at 417 nm. The
protein pocket in the active site and, thereby, would enable camphor-binding constant was determined by titrating the
us to investigate any possible structural role of T101, substrate-free enzyme with camphor in the presence of 100
especially that of the-OH group of this residue in the mM KCI, and data were analyzed by the reported method
enzyme. The effects of this mutation on the structure, (28).
substrate binding, and stability of the protein were investi- CD SpectroscopyCD spectra for the secondary-structure
gated using UV-vis absorption spectroscopy, circular dichro- region (195-260 nm) were recorded using:3/1 enzyme in
ism (CD) spectroscopy, and differential scanning calorimetry a quartz cuvette of 1 mm path length. The temperature
(DSC). Analysis of these results, in conjunction with the dependence of the secondary structure was studied by
reported X-ray crystal structures of P450cam, allowed us to monitoring the CD signal at 221 nm in the presence of 100
understand the role of the T101 residue in the active site of mM KCI, with or without 1 mM (IR)-camphor. The CD
the enzyme. spectra in the tertiary-structure region (26660 and 456
650 nm) were recorded using-120uM enzyme in a quartz

MATERIALS AND METHODS cuvette of 1 cm path length. The temperature dependence

Restriction enzymes and buffers for molecular biology of the CD signal of the substrate-free protein was monitored
works were obtained from New England Biolabs. DEAE- at 410, 408, and 580 nm for the WT and T101V. The
Sepharose, Q-sepharose, and Sephadex G-25 coloumns wetemperature dependence of the CD signal for the camphor-
from Pharmacia Biotech. General reagents a)}-¢amphor bound form was monitored at 389 and 538 nm for both the
were from Sigma. UV-vis absorption spectra were measured WT and T101V mutant. All of the experiments were done
on a Shimadzu(UV-2100) spectrophotometer coupled with with a freshly prepared sample in 50 mM Tris base (pH 7.4).
a Peltier-controlled thermostated cell holder. CD spectra were The temperature ranges monitored were-88 °C. The
measured on a JASCO J-810 spectropolarimeter equippedemperature scans were performed with a data pitch of 0.2

with a Peltier cell temperature controllet(.2 °C). °C along with the simultaneous recording of the spectra at
Mutation, Expression, and Purificatiothe pCHG plas- an interval of 5°C.
mid, encoding cytochrome P450cam C334£4&)( was a kind Data AnalysisThe thermal unfolding data, monitored at

gift from Prof. L.-L. Wong (University of Oxford, Oxford,  different wavelengths, with distinct pre- and post-transition
U.K.). Site-directed mutagenesis was carried out using the regions were analyzed using a simple two-state equilibrium
Quikchange site-directed mutagenesis kit (Stratagene). Themodel @9) between native (N) and unfolded (U) conforma-
forward and reverse primers used for the threonine 101 totions (N == U) to determine apparerf, (T 3™ values for
valine mutant of cytochrome P450cam (T101V) mutation the unfolding transition.

were B-CTTCATTCCCgtaTCGATGGATCCG-3and 3- The data were also analyzed using a multiple conforma-
GAAGTAAGGGCcatAGCTACCTAGGC-5 respectively, ob-  tional equilibrium model
tained from GENEI (Bangalore, India). These primers C.=C.C. =C 1

1- 2 n- “~n+l 1)

introduced a uniqueClal restriction site into the 323 bp
position of thecamCgene along with a T101V mutation where G represents the native conformation (N}, Cs, and
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C, are intermediate conformations, and;Cis the final 0.15-
unfolded conformation of the enzyme (U).

The fraction of the unfolded (apparent) form was obtained <
from the observable®) (e.g., intensity of the CD signal at g
a given wavelength) and from the initiaDf) and final Q) =
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lengths was analyzed using the generalized equa8on ( P450cam. The visible bands are expanded 5 times.

it A )& ' e,AGT,-,RT of camphor. Su_ch subtle differences in the relative absor-
; JD bances of the wgb_le bands compared to the Soret.band of
faPP = ©) the heme might indicate small changes in the heme in-plane
nf ot interactions in the active-site pocket of the enzyme upon
1+ [rle A '/RT] mutation.
=1\= To evaluate the effect of mutation on the overall binding

. . . . of camphor to the enzyme, we determined the apparent
yvheremql is the weighted difference in speciral character- binding constantsk ;" of camphor to the WT and mutant
Istics eg., mola.r eII|p_t|C|ty, extinction coefhment, etc.) pf enzyme by the UV+vis titration method as described earlier
theith conformation with respect to the native conformation (28) at 20°C. The spectral dissociation constaig)(for (1R)-
T )
at Wayelength/l. AG; is the s?andard free. energy of camphor to the WT cytochrome P450cam was found to be
unfolding at temperatur@ for the jth conformation. 1.92+ 0.24M (KPP = 0.52+ 0.064M %), which agreed
T ) T T . . . b - . . y
The AG/ (given asAH; — TAS)) is related to the  \in an earlier paper2g). The camphor-binding constant
standard enthalpy changA}(ITmJ) at the.transmon midpoint (K5PH for the T101V mutant was found to be almost the
temperature T ;) for the jth conformation as follows: same K& = 0.48+ 0.06uM%, Ky = 2.1+ 0.3 4M) as

T_ (T_T . that in the case of the WT enzyme.
A AHij +ACH(T — Try) The above results thus suggest that the mutation of the
threonine 101 residue with valine possibly has only a small
effect on the electronic property of the heme. Moreover, the
results also suggest that this mutation does not directly affect
the binding of the camphor and the substrgteotein
AGjT = (AH; — AC,T,) +T(AC, — AH; /T,,) — interactions that consist of hydrogen bonding of camphor

m m with Y96 and hydrophobic interactions with other active-
TAC,; In(T/Tyy) (4) site residues. Earlier studieg5j on the T101M mutant of

. . . cytochrome P450cam reported a 24-fold decrease in the
Putting the value oAG; from eq 4 into eq 3 and nonlinear  camphor-binding constant in the mutant (T101M) compared
least-square fit of the CD .data at different wavelengths t0 1o that in the WT enzyme, indicating that methionine being
eq 3 were used to determine the values of thermodynamicy pykier residue possibly causes steric crowding near the
parameters associated with the thermal unfolding of the gjsia| pocket of heme, leading to a decrease in the substrate-
protein. , , binding affinity of the enzyme. On the other hand, the

DSC.The DSC was performed using a VP-DSC micro- yepjacement of the-OH group of threonine 101 byCHs

calorimeter (MicroCal LLC, Northampton, MA). The DSC i, the T101V mutant of the enzyme would not impart any
experiments were performed with 1.8 mg/mL (36M8) WT extra steric interaction to the active site and, hence, does
and 2.1 mg/mL (44.2:M) T101V protein in 50 mM Tris  n6; affect the camphor-binding constant to the enzyme.
(pH 7.4) buffer in the presence of 1 mM camphor along with y6\yever, the T101V mutation is likely to cause changes in
100 mM KCI. The temperature range of scans was80  he hydropathy (from a hydropathy indes0.7 of threonine
°C ata scan rate of 6@/h. The raw experimental datawere 1 4.2 of valine) in the vicinity of the heme residue and

corrected by substracting the baseline to remove any effects,q 4 have a subtle effect on the tertiary interactions at the
from changes in the molar heat capacity before and after gqtjye-site pocket of the enzyme.
the transition. To investigate the effect of the mutation on the confor-
mational properties of the enzyme, we have carried out
RESULTS AND DISCUSSION detailed multiple-wavelength CD studies of the WT and
The UV—vis absorption spectra of the WT and T101V T101V mutant cytochrome P450cam. The far-UV CD bands
mutant of cytochrome P450cam are identical to each other(190-260 nm) of the protein arise because of regular
(Figure 1). However, there is a small decreasé%) in the asymmetric structures, suchaselix, S sheet, random coils,
relative intensities of the visible bands (56850 nm region) etc., around the peptide chromophore. The CD signal in this
with respect to the Soret absorption in the mutant comparedregion provides information on these secondary-structural
to that in the WT enzyme both in the absence and presencecomponents of the protein. Parts A and B of Figure 2 show

AH

T T
A% = ﬁjj + Aij In(T/Tm]-)
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300 400 500 600 at 409 and 351 nm for the WT and at 406 and 352 nm for
s the T101V mutant of the enzyme (Figure 2D). The ratio of
these two peaks (Soré)/was found to be more in the WT
(~1.4) enzyme compared to that in the T101V mutant
(~1.1). This ratio has earlier been shown to be positively
correlated 83) to the extent of polarity or hydrogen bonding
at the active site of the P450 enzyme. Thus, a decrease in
the ratio of intensities of Sorét/CD bands in the T101V
mutant reflects a decrease in polarity and/or loss of hydrogen
bonding at the active site because of the mutation in the
5L . . . . v absence of the substrate. Figure 2D also shows that, unlike
200 250 300 400 500 600 in the case of the substrate-bound cytochrome P450cam, the
A (nm) CD peak positions in the visible region in the substrate-free
Ficure 2: Far-UV CD and visible CD spectra of substrate-bound enzyme remained unchanged upon mutation, although the
forms gATalr(‘)dl\?) artld fubstrat?-frete frc:rms (E:‘S”g D) of the WT jntensities were slightly higher in the T101V mutant com-
(M) an mutant (- - -) of cytochrome cam. pared to that in the WT cytochrome P450cam.
the CD spectra in a 195260 nm region, respectively, for A comparison of the CD spectra of the enzyme and its
camphor-bound and free forms of the WT and T101V cyto- mutant at different wavelength regions thus shows that,
chrome P450cam. The results show that the mutation of thealthough the secondary structure of the enzyme was not
threonine residue has no effect on the secondary structureaffected by the T101V mutation, there was indeed a distinct
of the protein. The analysis of the secondary struct@i¢ (  change in the tertiary structure around the heme pocket in
reveals that thec-helical content of the enzyme in the pre- the mutant compared to that in the WT enzyme. Moreover,
sence and absence of camphor is 46% and 40%, respectivelythe conformational change because of the mutation was more
which is in agreement with those reported earliEs, 32). significant in the case of the substrate-bound T101V mutant,
The CD spectrum in the near-UV region (26800 nm) which showed a-12 nm shift in the visible CD band that
arises mainly because of tertiary interactions near the appears at 623 nm in the WT enzyme.
aromatic residues, such as phenylalanine, tyrosine, tryp- Unfolding of the EnzymeEzquilibrium unfolding of the
tophan, etc., in the protein. These residues are widely WT as well as the T101V mutant cytochrome P450cam was
distributed over the structure of cytochrome P450cam, and carried out to determine the effect of the mutation at the
hence, the near-UV CD of the enzyme would provide T101 site on the stability of the enzyme. The addition of a
information of the overall tertiary structure of the enzyme. chemical denaturant such as urea or an increase in the
The CD spectrum of the enzyme in the near UV region was temperature causes a steady decrease in the absorbance of
found to be almost the same in the T101V mutant and WT the heme because of the unfolding of the enzy8®. (The
enzyme, indicating that the overall tertiary structure of the unfolding of the enzyme was a complex and multistep
enzyme was possibly not altered upon mutation. However, process as reported by us earli@d)( The neutral denaturant,
because the CD signals in this spectral region are weak, anyurea, drastically perturbs the structure of the enzyme and,
small localized changes in the tertiary structure could not thus, would not be able to identify any subtle effect of the
be detected from CD in this region. threonine 101 residue on the stability of the enzyme. Unlike
The heme absorption bands in the protein give rise to thethe chemical unfolding, thermal unfolding of the enzyme
heme CD in the visible region (36675 nm) because of takes place by a increase in the internal energy of the system
anisotropic interactions between the aromatic amino acid sideupon thermal excitation and would be able to identify any
chains and the heme chromophore in the protein cavity. Thechanges even in weak interactions (such as hydrogen
heme CD thus contains information about the relative spatial bonding) between residues upon mutation. The effects of the
arrangements of the heme and the aromatic side chains inthermal excitation on the secondary as well as tertiary
the tertiary structure of the protein. The overall pattern of structures around the heme were hence investigated by CD
the visible CD spectra of the WT and T101V mutant of spectroscopy of the WT and mutant enzyme. The temperature
cytochrome P450cam was found to remain unchangeddependence of the CD signal in the far-UV region (290
(Figure 2). However, close inspection of the results indicated 260 nm) would give information about the thermal unfolding
that there are indeed small but distinct differences in the peakmainly of the secondary-structural elements of the protein.
positions as well as in the intensities of the CD bands The changes in the CD signal in the visible region, on the
between the WT and mutant enzymes as shown in parts Cother hand, will be dependent not only on changes in the
and D of Figure 2. secondary structure but also on changes in the tertiary-
The camphor-bound form of the T101V mutant (Figure structural elements that form the typical spatial organization
2C) showed a small shift2 nm) in the maxima in the heme  of the protein cavity around the heme center. Moreover, the
CD spectrum in the Soret region compared to those of the heme CD at different wavelengths could also have different
WT enzyme. More notably, the heme CD band that is contributions from a particular tertiary-structural element of
characteristic of a high-spin five-coordinated geometry of the heme cavity as reported earlier in the case of cytochrome
the heme, with a maximum at 623 nm in the WT enzyme, c (34, 35). Thus, temperature dependence of the visible CD
was shifted to 635 nm in the T101V mutant in the presence bands at different wavelengths would give information on
of camphor. the thermostability of the tertiary-structural elements of the
The Soret and bands in the heme CD spectrum of the heme pocket, including the factors that hold the heme in its
enzyme in the absence of the substrate appear, respectivelynative position inside the protein matrix, i.e., axial ligation

o1 Osdeg dMoI"cmz)
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4 structure region remains almost the same in the WT and
T101V mutant. However, the appareft (Ta? ~ 333 K
r2 for WT and 330 K for T101V) for the tertiary structure
G determined from the heme CD at the Soret as well as visible
F0E regions decreased by3 °C (3 K) in the T101V mutant
@ compared to that in the WT enzyme. These results also
-2 indicate that the apparent midpoint temperature was almost
300 o0 0 6o 700 the sameT ™"~ 333 K) for the unfolding of the secondary

as well as tertiary structure of the WT enzyme in the presence
of camphor. This implies that the secondary and tertiary
structures of the WT enzyme in the presence of the substrate
are “connected” and unfold concurrently (cooperatively),
Table 1: ApparenT,, Values for Thermal Unfolding of the WT while upon mutation of the threonine 101, such a structural
and T101V Mutant of Cytochrome P450cam Determined from CD cohesion is lost and the tertlary structure around the heme

A (nm)

Ficure 3: Typical temperature variation of the visible CD spectra
of cytochrome P450cam in the presence of camphor.

at Different Wavelengths becomes weaker compared to the secondary structure.

TP (K) T (K) Table 1 also shows that the appar@rtvalues T 2" for
spectral camphor bound camphor free the thermal unfolding of the enzyme in the absence of
region WT T101V WT T101V camphor are smaller than those in the presence of camphor.

farUVa 3332+ 0.5 333.4-05 323305 323.8+05 Moreover, although the secondary structure of the WT
visible P 334+0.5 3305t.5 321.2+05 320+ 05 enzyme and its mutant unfolds B ~ 324 K, the various
visible Il° 333.7+ .5 3306+05 317.5:05 316.3:05 tertiary-structural elements that contribute to the heme CD

2 Far-UV CD was monitored at 221 nrhVisible | corresponds to spectrum of the enzyme unfold at a differgrnpp (321 and
the CD band at 389 and 410 nm, respectively, in the presence and316 K, respectively, when monitored at 410 and 580 nm
absence of camphotVisible Il corresponds to the CD band at 538 ’ L
and 580 nm, respectively, in the presence and absence of camphor. CD bands). This indicates that the absence of a substrate
not only weakens the secondary structure of the enzyme but
also leads to the loss of “connectedness” of various tertiary-

hydrogen bonding, ion-pair formation with heme-propionate structural components around the active site with the

side chains, etc. The effect of the mutation on the thermal Sécondary structure. It is important to note that, unlike in
stability of the enzyme was also studied by DSC that the case of the substrate-bound enzyme, the mutation of the

Lpreonine 101 residue with valine (in T101V mutant) has

of the metal ion to the protein, van der Waals interactions,

measures the overall heat changes associated with the therm \
unfolding of the protein. almost no effect on the thermal stability of the enzyme (Table

To probe the effect of the mutation of the threonine 101 1) In the absence of the substrate.
residue with valine on the thermal stability of different ~ These results suggest that binding of the substrate at the
tertiary-structural elements of the protein, we monitored the active site of the enzyme possibly introduces certain interac-
thermal unfolding of the enzyme by CD at different tions between the heme and protein matrix, which stabilizes
wavelengths corresponding to different CD bands. All of the the hem_e inside the active site. Such an interaction is p_035|bly
CD bands of the enzyme decreased upon an increase in th@bsent in the case of the T101V mutant (wher®H is
temperature of the protein solution, indicating thermal replaced by—CHs) enzyme, leading to a decrease in the
unfolding of the structure of the protein. The thermal thermal stability of the heme pocket in the mutant enzyme
equilibrium at every temperature was ensured by maintaining in the presence of the substrate. Such a stabilization of the
a slow rate of change in the temperature°@min), and heme pocket by threonine is not present in the absence_of
reversibility of the transition was checked at each temperaturethe substrate; hence, the stability of the T101V mutant is
as reported earlieB(). Figure 3 shows a typical CD spectral almost the same as that of the WT enzyme in the absence of
variation with temperature. Moreover, the temperature ¢a@mphor.
dependence of the CD bands of the enzyme at different The temperature dependence of the CD intensity was also
wavelengths was found to be slightly different from each analyzed using a generalized unfolding model, and data were
other in some cases. This indicated that there might befit to eq 3 (WhereAGjT was expanded as given in eq 4). A
multiple conformational states involved in the thermal simultaneous fit of the temperature-dependent CD (ellipticity)
unfolding process that show different effects on the temper- data (about 300 points at each wavelength) at three different
ature dependence of the CD bands at different wavelengthswavelengths was performed using a global-fitting routine
The temperature dependence of the CD band at 221 nmwith the thermodynamic parameters in eqs 3 and 4 shared
predominantly reflected unfolding of the secondary structure between different data sets. This gave self-consistent opti-
of the enzyme. The conformational anisotropy around the mized values of the parameter sets. The best fit to the data
heme prosthetic group was monitored at 410 and 580 nmwas ascertained from th& (reduced?) minimizations using
for the camphor-free form and 389 and 538 nm for the Lavenberg-Marquardt and Simplex methods. The goodness
camphor-bound form of the enzymes. of fit was also checked from the randomness of the residual

The apparentl,, (Ti™) values were determined as the distributions for the fit. The optimum value ofwas found
midpoint temperature of the thermal dependence of the CD 0 be 3, which indicated the following type of unfolding
intensity at different wavelengths and presented in Table 1. transition:
The results show that in the case of the camphor-bound
enzyme the apparefit, (TP~ 333 K) for the secondary- C,=C,=C=C, (5)
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Fiure 4: (a) Thermal unfolding of the WTH() and T101v (1)~ Close to the respective appardif (T,,~ = 333 and 324 K)
cytochrome P450cam in the presence of camphor. Thermal varia-Values obtained from the temperature variation of the CD
tions of CD at 221, 389, and 538 nm are converted to the fraction band at 221 nm. This midpoint temperatufgj corresponds
unfolded enzyme. Solid lines through the data are fit to the eq 3. to the unfolding of the secondary structure of the enzyme,

The typical residual distributions for the two-state model (Resi, and results show that the T101V mutation has no effect on
= 1) and the four-state model (Resi= 3) are shown in the figure.

(b) Thermal unfolding of the WTH) and T101V []) cytochrome ~ this unfolding phase of the enzyme.

P450cam in the absence of camphor. Thermal variations of CD at  The second and third phases possibly correspond to the

221, 410,S a}'r(]jdl'ssot r?m arr]ethcogvterted ft'ct)ttht?\ fractéonT hunI0|0_|ed| unfolding of the tertiary-structural components of the en-

enzyme. Solid lines throug € data are 1t to the eq o. e typica

residual distributions for the two-state model (Resk 1) and the zyme, and theT, values Tme and Tmg) for these phase

four-state model (Resi = 3) are shown in the figure. transitions were much lower compared to that for the first-
phase transitionl{,;). Moreover, thely, values Tmz andTys)

Table 2: CalculatedH,, and T,y Values Obtained from the Fit to the ~ corresponding to the unfolding of the tertiary-structural

Temperature-Dependent CD Data Using the Multiple Unfolding components around the heme were decreased (by 3 K) upon

Steps Model (Eq 3) for Camphor-Bound and Camphor-Free WT and mutation of the T101 residue by valine in the case of the

T101V Mutant Cytochrome P450cam substrate-bound enzyme. This supports that the threonine

camphor bound camphor free residue plays an important role in the stabilization of the
parameter WT T101V WT T101V tertiary structure around the heme especially in the substrate-
Hm(kJ)  426+5 1244 5 225110 225+ 10 bound form lof the enzyme. The values Tf,; and T3 for
Hmz (kJ) 166+ 2 15742 82+ 2 80+ 2 the enzyme in the absence of camphor were lower than those
Huma (kJ) 70+ 3 61+3 20+3 18+ 3 in the presence of camphor, further supporting that, analogous
$m1 Eg gggi 8-2 gggi 8-2 g%i 8-2 ggi 8-2 to the secondary structure, the substrate also stabilizes the
m2 . . . . - . .
T (K) 321405 31805 315L05 315L05 tertiary structure of the enzyme. However, unlike in the case

of the substrate-bound enzynig,, and Tp3 in the substrate-
free enzyme did not show any significant difference between
where G and G respectively correspond to the native (N) the WT and mutant enzyme. This suggested that threonine
and unfolded (U) forms of the enzyme and the thermal 101 does not have any direct role in the stabilization of the
unfolding involves two intermediates,@nd G conforma- enzyme in the absence of the substrate.

tions of the enzyme. Parts a and b of Figure 4 show the |t is important to note that the changes in the stability of
variations of the CD intensities of the WT and mutant the tertiary-structural components that were detected in the
enzyme with the temperature at different wavelengths, temperature dependence of the multiple-wavelength CD data
respectively, in the presence and absence of the substratecannot be easily assigned to any specific changes in the
along with the fitted curves through the data. The residuals structure of the enzyme. The spatial arrangements of aromatic
for the fit of the data using eq 3 with= 3 showed a random  residues around the heme that constitute the observed CD
distribution, while those for a simple two-state equilibrium spectrum of the enzyme in the visible region may not belong
model g = 1) or for a model with one intermediate state (  to a particular structural domain of the protein. Although
= 2) showed nonrandom variations. The typical residual the T101 residue does not directly contribute to the observa-
distributions for the two-state modeh & 1) and the four-  tion of the heme CD signals, subtle changes in this residue

state modelr{ = 3) are shown in Figure 4. could affect the relative spatial arrangements of some nearby
Results of the analyses of the data are given in Table 2, residues that contribute to the CD spectrum of the heme.
which show that, although the apparéht (TS deter- The decrease in the stability of the tertiary-structural elements

mined from temperature dependence at different wavelengthsaround the heme in the T101V mutant enzyme in the
was different (Table 1), temperature dependence of the CDpresence of the substrate also indicates that the threonine
bands at each wavelength indeed reflects all of the threeresidue might be involved in stabilizing the specific spatial
phases associated with the unfolding transition of the enzymeorganization of certain residues/moiety in the protein pocket.
as shown in eq 5. The results further show that the “high- A comparison of the crystal structures of the camphor-bound
temperature” phase with the highdst values Tm1 = 335 and camphor-free cytochrome P450cam (Figure 5, see later)
and 327 K) in the presence and absence of the substrate werandicated that the-OH group of the threonine residue is
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30 side-chain oxygen (OG) is2.77 A. This suggests that the
—OH group of T101 might be involved in hydrogen bonding
with the heme-propionate group (Figure 5). A survey of
available high-resolution P450cam structures in the presence
of camphor of various species such as the oxygen complex
(Fe—0O,, PDB 1DZ8), oxo complex (FeO, PDB 1DZ9),
ferrous—-CO complex (PDB 1A10), and even the cyanide-
bound form (Fe-CN, PDB 1076) show that the distances
between the heme propionate and tH@H of threonine are
indeed within hydrogen-bonding length (2:73 A). On the
0 other hand, crystal structures of the enzyme in the absence
320 330 340 of the substrate (PDB 1PHC) or in the presence of weak
T(K) unnatural substrates, such as phenyl imidazole (PDB 1PHD
FIGURE 6: Baseline-corrected DSC profile of the camphor-bound and 1PHF), metyrapone (PDB 1PHG), camphane (PDB
WT (—) and T101V mutant (- - -). 6CPP) etc., show that the distance between—d group
) o . ] of T101 and the heme propionate is about 5.3 A, which is
indeed closer to a propionic acid group of the heme in the mych |arger than any possible hydrogen bond. This supports
case of the substrate-bound enzyme. that there is indeed a conformational change of the T101
The thermal unfolding of the camphor-bound form was residue upon binding camphor. The rotation around the C
also studied by DSC. Figure 6 shows the baseline-correctedC; bond of T101 upon binding the substrate could bring the
DSC data for thermal unfolding of camphor-bound WT and —QOH group closer to the heme propionate. Moreover, the
T101V cytochrome P450cam. The DSC peak shows a smallcrystal structures also show that th€dH group of T101
shift from 338.4 K, for the WT, to 336.6 K for the T101V  could form a hydrogen bond with tyrosine 96 in the absence
mutant. Earlier differential scanning calorimetric studigs) ( of camphor or in the presence of weak unnatural substrates.
on the enzyme reported a similar value of the midpoint Thus, the binding of camphor that involves the interaction
temperature (336.7 K) for the camphor-bound enzyme, which of the —OH group of tyrosine 96 with the substrate triggers
agreed with the secondary-structure unfolding temperaturea conformational change at the T101 residue to form a
(335 K) observed in the present work from CD studies (Table hydrogen bond of the-OH group of T101 with heme
2). The unfolding temperature for the enzyme in the absencepropionate and thereby leads to the stabilization of the heme
of the substrate was earlie3d) reported by DSC studies as  pocket in the presence of the substrate. Such a hydrogen-
326.3 K, which also agrees with the present CD results for bond formation will however not be possible in the T101V
unfolding of the secondary structure of the enzyme in the mutant, where the-OH of threonine is replaced byCHs
absence of the substrate. Deconvolution of the DSC dataof valine and, hence, the stability of the tertiary structure
upon unfolding of the cyanide complex of cytochrome near the heme moiety is decreased in the T101V mutant
P450cam was earlier shown to have three pha&sgswhich compared to the WT enzyme in the presence of the substrate.
supports the present results of the temperature dependenc®loreover, the replacement of threonine by valine would also
of the CD data of the enzyme. The thermal unfolding of the not allow for the formation of any hydrogen bond with Y96,
enzyme during DSC studies however was likely to be which might have some indirect role in the mechanism of
associated with aggregation of the unfolded protein at high camphor binding to the enzyme. Nevertheless, the absence
temperatures because the experiments often require a higlof any such hydrogen bond because of the T101V mutation
concentration of the enzyme. This might be the reason for does not seem to have any effect on the camphor-binding
the observation of a slightly higher midpoint temperature in constant nor does it affect the stability of the heme pocket
the DSC studies. Moreover, the heat changes associated witln the absence of the substrate.
the secondary structure were much higher than those with
the tertiary structure around the active site. Hence, the CONCLUSIONS
contribution of the tertiary structure unfolding to the overall CD studies identified a small but significant change in the
heat change would be very small compared to that for the tertiary structure around the heme, especially in the substrate-
overall change in the secondary structure and possiblebound cytochrome P450cam upon mutation of the T101
subsequent aggregation of the enzyme. Therefore, we didresidue to valine. This subtle change in the tertiary structure
not attempt to deconvolute the DSC data to derive any effectshecause of the mutation did not affect the substrate-binding
of the T101V mutation on the tertiary-structural changes in affinity of the enzyme.
the enzyme. Distinct phases of unfolding of the secondary structure
Conformation of the Threonine 101 Residue in the Protein. and those of the various tertiary-structural elements around
Earlier studies on microsomal P450 and P450cam suggestedhe active site were detected in the thermal unfolding of the
the existence of multiple stability componen8®,(36—38) WT as well as the T101V mutant of the enzyme. Although
in the protein. The present results thus indicate that thethe stability of the secondary structure was found to be
temperature sensitivity of different CD bands at different unaffected by the mutation, the tertiary structure around the
wavelengths might actually reflect the thermostability of heme became less stable in the substrate-bound enzyme upon
different components of the tertiary structure. Inspection of mutation. On the other hand, the thermal stability of the
the structure of the active site of the camphor-bound enzymesubstrate-free enzyme remained almost unaffected by the
[Protein Data Bank (PDB) 1DZ4] showed that the distance mutation. These results in conjunction with the reported high-
between heme-propionate side-chain oxygen (O2D) and T101resolution crystal structures of the enzyme suggested that
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there might be a conformational change at the side chain of
threonine 101 upon binding the substrate. This could enable

the formation of a hydrogen bond between th@H group

of the threonine and one propionate group of the heme and
stabilize the heme pocket in the substrate-bound enzyme.

Such hydrogen bonding of the propionate group of the heme

is absent in the T101V mutant, which showed a decreased

stability of the tertiary structure of the heme cavity in the
substrate-bound mutant enzyme.
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