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ABSTRACT: Detailed circular dichroism and fluorescence studies at different pHs have been carried out to
monitor thermal unfolding of horseradish peroxidase isoenzyme ¢ (HRPc). The change in CD in the 222
nm region corresponds to changes in the overall secondary structure of the enzyme, while that in the 400
nm region (Soret region) corresponds to changes in the tertiary structure around the heme in the enzyme.
The temperature dependence of the tertiary structure around the heme also affected the intrinsic tryptophan
fluorescence emission spectrum of the enzyme. The results suggested that melting of the tertiary structure
to apre-molten globuldorm takes place at 45C, which is much lower than the temperatuiig, & 74

°C) at which depletion of heme from the heme cavity takes place. The melting of the tertiary structure
was found to be associated with Egof ~5, indicating that this phase possibly involves breaking of the
hydrogen-bonding network of the heme pocket, keeping the heme moiety still inside it. The stability of
the secondary structure of the enzyme was also found to decrease at pH below 4.5. A *high temperature’
unfolding phase was observed which was, however, independent of pH. The stability of the secondary
structure was found to drastically decrease in the presence of DTT (dithiothreitol), indicating that the
‘high temperature’ form is possibly stabilized due to interhelical disulfide bonds. Depletior?ofi@es

resulted in a marked decrease in the stability of the secondary structure of the enzyme.

Peroxidases catalyze oxidation of a large variety of of the secondary and/or tertiary structure of the enzyme. The
substrates by hydrogen peroxide. This reaction gives aniron of the heme prosthetic group of HRP was found to be
efficient way for removal of toxic hydrogen peroxide from pentacoordinated, the distal and proximal sites of the heme
the intracellular region. Horseradish peroxidase (HRP, EC pocket were shown to have a hydrogen-bonding network,
1.11.1.7) is the most widely studied member of this peroxi- and the residues participating in this network were also
dase family {). HRP is a monomeric heme-containing plant identified in the enzyme from the crystal structum@. (
enzyme (44 kDa) which has found enormous diagnostic,  geyeral studies have earlier been carried out to understand
biosensing, and biotechnological applicatios4) because  yhe gtryctural stability of this enzyme. Earlier studies on
of its unusually high stability in aqueous solution. Previous guanidinium chloride (GeHCl)-induced unfolding of HRP
studies §, 6) on HRP and metmyoglobin showed that their and apo HRP 10, 11) have shown the role of calcium on
reactivity to hydrogen peroxide are very much different albeit , stability of th,e enzyme. The structural stability of HRP

both of these heme proteins contain the same protoheme, - 450 compared with that of cytochrom@eroxidase
active site, indicating the importance of the amino acid (CCP) in temperature-dependent FT-IR2) and GdnHCI
residues in the heme cavity in regu_lating the function of the (13) induced unfolding studies. These studies showed that

enzyme. Site-directed mutagenesis of amino acid residues[he presence of two GAions is important for the stability

around the heme indicated the existence of a hydrogen- : ; i .
bonding network around the active site. This extensive .Of this peroxidase enzyme. The hydrogen-bonding network

Pycrogen-bonding networ i he heme caviy of HRP has 550 SXPEcled o have & sgnficant ol n sianiang i
been proposed to enhance the stability of the heme CaVityon the role of the hydro er):—bo.ndin netv(/orkyin the stabili /
of this peroxidase enzyme. ydrog 9 ty

The crystal structure of HRP (Figure 1) has been solved of the enzyme has not yet been reported.

recently ). The structural features of HRP include two?Ca In the present study, we have carried out detailed circular
binding sites proximal and distal to the heme, four disulfide dichroism and tryptophan fluorescence studies on the thermal
bridges (Cys13Cys91, Cys44 Cys49, Cys9#Cys301, and unfolding of HRP at different pHs to understand the effect
Cys177-Cys209), N-glycosylation, and an extensive hy- Of the hydrogen-bonding network on the stability of the
drogen-bonding networl8(9). These may aid in stabilization ~ secondary and tertiary structures of the enzyme. The pH
dependence of the tertiary and secondary structures has been
* Address correspondence to this author at the Department of used to determine the role of the hydrogen-bonding network
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Ficure 1: Structure of HRP obtained from the crystallographic results. All the helices are named according to nhomenclature used by
Gajhede et al. (1997)7). The sketch was made by a MSI software, Insight Il, v. 2.3, using coordinates downloaded from Protein Data
Bank (PDB code: 1atj).

MATERIALS AND METHODS The temperature was raised from 20 to°@5in steps of 2

°C with an equilibration time of 2 min at each temperature.
The pH of the solution was measured before every experi-
ment, and care was taken to maintain constant ionic strength
of the solutions during experiments. Loss of solvents due to
evaporation at high temperature was less than 3%. Modifica-
tion of the enzyme by dithiothreitol (DTT) was achieved by
a reported method1@) after treatment with 30 mM DTT
and incubation for 18 h at 4C. The disulfide bonds of HRP
are reduced on treatment with DTT by this method; however,
the number of free cysteines could not be estimated because
of the presence of excess thiol. The reversibility of the
unfolding transitions was always checked by measurement
of the CD signals at room temperature upon cooling
immediately after the conclusion of the transitioh8),
Reversibility of the transitions was also confirmed from the
lack of hysteresis in the transition monitored by the tryp-
tophan fluorescence at different temperatures.

ChemicalsLyophilized powder of horseradish peroxidase
isoenzymec (HRPc) was a kind gift of Dr. Tony Cass,
Imperial College of Science, Technology and Medicine,
London, England. Before every experiment, protein solution
was further purified in the following wayld):

The solid protein was dissolved in 5 mM acetate buffer at
pH 4.4 and applied onto a CM52 column equilibrated with
the same buffer. The bound protein was washed thoroughly
with 5 mM acetate buffer at pH 4.4 and eluted by 100 mM
acetate buffer at pH 4.4. TR, (ratio of AydAzsg) Of the
protein solution used for the experiment was above 3.1. The
concentration of HRPc was determined spectrophotometri-
cally using the extinction coefficient of 102 mMcm at
403 nm (L5) for the native enzyme. Guanidinium chloride
(GdrrHCI) was obtained from Sigma-Aldrich Co. All the
other reagents used were of highest purity.

Preparation of C&"™-Depleted HRPC&"-depleted HRPc
was prepared by a reported methd@)( Purified HRPcwas  ResuLTS
incubated with 6 M GdnHCI and 5 mM ethylenediamine-
tetraacetic acid (EDTA) at pH 7 for abbd h atroom Thermal Unfolding of the Secondary Structure of HRPc
temperature. The solution was then dialyzed overnight againstMonitored by UV-CD The CD of HRPc in the UV region
10 mM EDTA at pH 7. It was then followed by extensive conforms to the helical structure of the enzyme with two
dialysis against water. minima at 209 and 222 nnil®). Computer simulation of

Thermal Unfolding of HRPThermal denaturation of the the CD spectra using the program CONTIROY showed
enzyme was monitored both by tryptophan fluorescence andaround 30% helical character, which agreed with the previous
by circular dichroism techniques. Fluorescence measurementsesults 21). However, the helicity was decreased with
were carried out using a Shimadzu RF540 spectrofluorimeter.increase in temperature as manifested by the decrease in
The excitation wavelength was chosen at 295 nm in order ellipticity at 222 nm. The UV-CD spectra of HRPc at two
to avoid the contributions of the tyrosine residues present in different temperatures are shown in Figure 2a,b. The spectra
HRPc (L7). CD experiments were carried out using a Jasco of the enzyme obtained in the presence of 30 mM DTT
J600 spectropolarimeter. CD in the UV region (2500 (dithiothreitol) at 90°C and that of completely unfolded
nm, UV-CD) was monitored with a water-jacketed cylindrical enzyme obtainedni 6 M GdnHCI (at room temperature)
cell of 1. mm path length with sample concentration ef/e are shown respectively in Figures 2(c) and 2(d) for com-
uM. CD in the visible region (456350 nm, Soret-CD) was  parison. It is to be noted that the ellipticity of HRPc at 222
monitored using a cuvette of 10 mm path length with a nm, even at 93C, was higher than that of the completely
protein concentration of 20M. The CD data were expressed denatured enzyme (treateg 6 M GdrrHCI) [Figure 2(d)],
in terms of mean residue ellipticityd], in degcn?-dmol. indicating that HRPc possibly does not lose its complete
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Ficure 2: UV circular dichroism spectra of HRP at 28 (a), at temperatures. The concentration of HRP i20 The temperatures
93°C (b), in the presence of 30 MM DTT at 9C (c), and in the are noted in the figure. The path length is 10 mm.
presence 6 M GAN-HCl at 25°C (d). The concentration of HRP
is 7 4M. The path length is 1 mm. interaction between the transitions of the heme and those of

the surrounding aromatic side chains gives rise to the

200 210 220 230 240 250

6.0 0.0 g observed CD bands in heme protei2,(23). CD spectra
Emo ) c‘}‘; of HRPc in the Soret region at different temperatures are
§ % S X shown in Figure 4, which shows that the CD intensity at
8§ 80 L 05 B 407 nm decreases with increase in temperature. The Soret-
CEE @ g CD band vanishes at &, which conforms to the complete
.QZNE 100 g»rig removal of heme from protein core at that high temperature.
g3 Lo 3 © The variation in the CD intensity at 407 nm with temperature
= g‘) ) g" is plotted in Figure 3(b), which shows the presence of two
=120 me distinct phases. The first phase of transition starts below 40
NN 1.5 °C which is then followed by another phase of unfolding
20 30 40 50 60 70 80 90 100 which reached saturation at 86. Thus, unlike the melting
Temperature (°C) of the secondary structure monitored by CD at 222 nm, the

Ficure 3: (@) Change in the ellipticity of HRP at 222 nm with  temperature-induced unfolding observed in the Soret-CD
temperature. The concentration of HRP igM. The path length clearly showed the existence of one intermediate state.
is 1 mm. (b) Change in the ellipticity of HRP at 406 nm with  Comparison of the temperature dependence of the UV-
temperature. The concentration of HRP isi2d. The path length CD and Soret-CD of HRPc¢ (Figure 3) provides information
's 10 mm. on the two phases of unfolding of the enzyme structure. The
secondary structure even at 93. However, DTT-modified  first phase is associated with a change in the local conforma-
enzyme at 90C showed an almost similar CD spectrum tion of the heme active site monitored by CD at 407 nm.
[Figure 2(c)] as that of the completely denatured enzyme at This phase is accompanied by only a very little or no change
room temperature [Figure 2(d)]. These results indicate thatin the overall secondary structure of the enzyme (measured
a second phase of backbone melting of HRPc possibly occurshy CD at 222 nm). The second phase of the transition
at a temperature higher than 93 and the residual secondary involves a large change in the secondary structure, which is
structure at this temperature may arise due to stabilizationa result of complete removal of heme from the heme active
by interhelical disulfide bonds in the enzym&3j. site indicated by the complete absence of the Soret-CD at
The change in ellipticity of HRPc at 222 nm with 407 nm. The melting of the overall secondary structure of
temperature is plotted in Figure 3(a), which indicated a two- HRPc (observed in the temperature between 50 antC93
state melting of the secondary structure of the enzyme with and the first phase of the change in the tertiary structure near
an apparent,, value (the midpoint of the transition) of 74 the heme region (monitored in the temperature range of 35
°C. The temperature dependence of UV-CD at 222 nm of 55 °C) form two distinct phases. Thus, in this temperature
the enzyme modified by DTT, however, showed a much range, an intermediate structure of the enzyme is present
lower and single transition temperatufg, @5 °C), indicating where the secondary structure is intact while the tertiary
that removal of interhelical disulfide bonding by DTT structure near the heme center is changed. Such intermediate
drastically decreases the stability of the enzyme. structure with partially collapsed tertiary structure and intact
Thermal Unfolding of the Tertiary Structure around Heme secondary structure, which can be relatedpte-molten
in HRPc Monitored by Soret-CDCD at the Soret region  globulefolding intermediates, was also predicted by earlier
was monitored to find out the effect of temperature on the FT-IR studies on the thermal denaturation of HRP and
heme active site. Hemin is CD-inactive in its free form while cytochromec peroxidase in BO (12). The unfolding of HRP
in an asymmetric environment of a protein it becomes CD- thus involves gre-molten globuléntermediate where the
active. The CD activity of the heme transition in heme secondary structure of the enzyme remains more or less
proteins results from the short- and long-range interactions unchanged while there is a substantial change in the
of the heme with the protein matrix. A coupled oscillator conformation of the heme active site. Figure 3 shows that
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Ficure 6: Change in the relative fluorescence intensity at 330 nm
L L J with temperature. HRP concentration isud. Excitation wave-
310 340 360 380 length is 295 nm.
Wavelength , nm low quantum vyield (0.001)33), which is a direct conse-
FiGURE 5: Fluorescence emission spectra gi HRP at 25°C quence of efficient energy transfer between tryptophan and

(a) and at 55°C (b) at pH 7. Excitation wavelength is 295 nm. the heme group. The fluorescence emission of HRP was at
326 nm at room temperature, which slowly shifted to 330
the Soret-CD was decreased b80% at the end of the first  nm at high temperature. The intensity of the fluorescence
phase (50°C). The Soret-CD intensity further decreases emission increases with increase in temperature because of
drastically at temperatures above 8D and vanishes at 90  a change in the relative orientation or distance between the
°C. The first phase thus possibly corresponds to a local heme and the tryptophan residue leading to a decrease in
conformational change in the heme pocket leading to the efficiency of energy transfer. The temperature dependence
intermediatepre-molten globuleformation. This is then  of the fluorescence intensity at 330 nm is shown in Figure
followed by release of heme from the protein cavity, 6. A typical two-state transition was observed with an
indicated by a drastic decrease in the Soret-CD and subseapparentT,, of 42 °C. This T, value agrees with tha,,
guent change in the secondary structure of the enzyi®)e ( obtained from temperature dependence of the Soret-CD
in the second phase. signal (Figure 3b), indicating that it corresponds to the same
Change in Tryptophan Fluorescence of HRPc with Tem- tertiary structure change. On further increase in temperature,
perature The intrinsic fluorescence of the enzyme is highly the second phase of unfolding, characterized by a much larger
dependent on the fluorescence energy transfer from tryp-increase in fluorescence possibly because of complete release
tophan to heme24—27). Thus, changes in the structure of of the heme from the enzyme, was observed with a midpoint
the heme cavity affecting the distance/orientation betweenat~72 °C (not shown in the figure). Release of heme from
the heme and the tryptophan would affect the intrinsic HRPc leading to a high increase in fluorescence intensity
fluorescence of the enzyme. On the other hand, a change irhas also been reported earliet3). The temperature-
the microenvironment surrounding the tryptophan moiety dependent fluorescence changes were always calibrated
changes the emission maximum of the tryptophan fluores- against a control of completely denatured enzyme to ensure
cence 28). Denaturation of heme proteins is generally that the observed temperature dependence arises primarily
accompanied by an increase in the fluorescence intensity duedue to changes in the energy transfer between the heme and
to the decrease in the quenching effect of heme in the the tryptophan moiety.
unfolded protein 10, 29—31). In most of the proteins, pH Dependence of the Melting of the Conformation of the
unfolding also leads to a red shift of the fluorescence Heme Caity. HRP has a very extensive hydrogen-bonding
maximum as a result of a change in the tryptophan microen-network in the proximal and distal region of the hende-(
vironment to a more exposed and a more polar one in the9). The proximal His (His170) is covalently bonded to the
unfolded form 82). Temperature dependence of the intrinsic iron, and the existence of direct hydrogen bonds between
tryptophan fluorescence (Trpl117) of the HRPc has beenthe protein and the heme propionates through GIn176, Ser73,
studied in order to corroborate the conformational change Ser35, and Arg31 was observed in the crystal structure of
at the heme active site in the temperature range626°C HRPc (7). The distal pocket is connected to the proximal
observed from the variation of the Soret-CD [Figure 3(b)]. side by a hydrogen-bonding network involving Arg38.
A well-resolved reversible phase transition corresponding to GIn176 also has a role in connecting the two halves of the
the change in the tertiary structure in the heme cavity region extended hydrogen-bonding network above and below the
was observed when the tryptophan fluorescence of theheme group. The role of the hydrogen-bonding network in
enzyme was monitored. the stability of the conformation of the heme cavity has been
Figure 5 shows the fluorescence spectra of HRPc at roomstudied by monitoring the temperature dependence of the
temperature and at 58C with excitation at 295 nm. fluorescence intensity at 330 nm at different pHs. Figure 7-
Excitation at 295 nm ascertained that the observed emission(a) shows the pH dependence of fhg for melting of the
arises solely from the tryptophan residue of the enzyt3g ( tertiary structure around the heme center, obtained from the
The fluorescence emission of the native enzyme has a verytemperature dependence of the fluorescence emission at 330
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80 40 pH 4.5 indicates a decrease in the stability of the protein
1 structure at low pH. However, comparison of the results
shown in Figure 7(a) and Figure 7(b) shows that atyH5,
although theT, for melting of the tertiary structure around
the heme is about room temperature, Thefor the change

704

60 1

L 504 in the secondary structure still remains quite high {€3.
£ 104 On the other hand, th&, for the melting of the overall
= secondary structure of the enzyme decreased sharply below
301 pH 4.5, where theT, for the unfolding of the tertiary
1 structure is already below room temperature. As mentioned
201 above, variation of th&,, of heme active site melting with

pH gives a [, of 5 corresponding to protonation of a distal
histidine, indicating involvement of the hydrogen-bonding
network in stabilizing the conformation of the heme active
FIGURE 7: (a) Change in the value dF., corresponding to the  Site. The overall stability of the protein also starts decreasing
melting of the tertiary structure of the heme active site with pH. once the tertiary structure of the heme active site is melted,
(b) Change in the value dfi, corresponding to the melting of the  and a sharp decrease in figcorresponding to the unfolding
secondary structure of HRP with pH. of the overall secondary structure of the enzyme was
o .. observed at pH 4.5. The unfolding of the secondary structure
nm. Similar results were also observed from the variation pacomes more feasible at pH below, and theT,, decreased
of the Soret-CD. The magnitude of g, was found t©0 5 room temperature at p3 which indicates that below

increase with pH (from pH-4.5 to pH~7), and an apparent 1y 3 HRP starts responding to the acid-induced unfolding
midpoint of the transition was observed at around pH 5, process at room temperature.

po_ssibly iqdicating proto_natiqn of His42/His40 (distal his- The secondary structure of HRPc, as mentioned before,
tidine) which has a i, in this pH range. Some of the a5 not completely unfolded even at 93 at ambient pH,
residues, which take part in the hydrogen-bonding network i gicating the possibility of the existence of yet another phase
around the heme, are protonated with decrease in pH. This unfolding of the enzyme at a temperature beyond®©3
resu!t; in breaking up of the network, leading to the decreased,hich could not be determined because of experimental
stability of the heme pocket. Théy for melting of the gjtficity. Since the overall stability was found to decrease
tertiary structure of the heme cavity of HR_Pc_ de.creased t0 4t lower pH (pH=4), we tried to check whether this ‘high-
room temperature (298 K) at pH belowA.5, indicating that e mperature’ phase could be detected at a temperature below
the hydrogen-bonding network around the heme may be g3 oc 4t a lower pH. But even at pH 3.5 the unfolding of
completely broken at this pH which follows release of heme o secondary structure was found to be incomplete at 93
from the protein cavity. The secondary structure of the o¢ jgicating that hydrogen bonding may not be responsible
enzyme monitored from the CD in the UV region (222 nm) ¢4 the stability of the ‘high temperature’ phase of the
was, however, found to be stable even at pH 4.5 [see below,gecondary structure of the enzyme. Treatment with 30 mM
Figure 7(b)]. DTT reduces the disulfide bond$3) of HRPc, and thermal
Melting of the Conformation of the Heme @y by Gdn unfolding of the DTT-modified enzyme was found to be
HCI. The tertiary structure of the enzyme was found to be complete with no residual structure at 9D (Figure 2). This
affected by even small amounts of guanidinium chloride suggests that the partial stabilization of the helical structure
(GdrrHCI). The effect of small concentrations of the of HRPc by the interhelical disulfide bonds may be respon-
denaturant on the heme cavity tertiary structure has beensible for the ‘high temperature’ form of the enzyme.
studied by the temperature dependence of the intrinsic Unfolding of C&*-Depleted HRP The endogenous cal-
fluorescence at 330 nm at different GHCI concentrations. cium ions (Cé*) present in HRPc were earlier shown to have
The values ofT, were found to be 40, 39, 37, 32, and 30 important role in forming the heme pockéitlj as well as
°C, respectively, at 20aM, 1 mM, 10 mM, 100 mM, and  in maintaining the spin state of the heme iron which favors
500 mM GdnHCI. A steady decrease in th&y with the enzyme activity of HRP34). Previous studies on
increasing concentration of the denaturant indicates that theunfolding of this enzyme by GdHRICI have also shown the
tertiary structure was more easily opened up with an increaseimportance of the G ions in the stability of this enzyme
in GdrrHCI concentration, which agrees with earlier report (10—-13). In the present study, we monitored the thermal
(13). The tertiary structure was completely destroyed at the stability of the secondary structure from the CD at 222 nm
denaturing concentration (6 M Gd#Cl). at different temperatures to find out thermal unfolding of
Melting of Secondary Structure at Different pHBhe calcium-depleted HRPc. The depletion of?Caons was
melting of the secondary structure of the enzyme was studiedfound to have a profound effect on the thermal stability of
at different pHs by monitoring the change in the ellipticity the secondary structure of HRPc, and the appargnialue
at 222 nm (UV-CD) with temperature. Figure 7(b) shows obtained for melting of the secondary structure was decreased
the plot of the apparent,, of melting of the secondary from 74 to 61°C as a result of Cd ion depletion.
structure obtained from the temperature dependence of UV- Soret-CD and tryptophan fluorescence of the calcium-
CD of the enzyme, with pH. The apparey for melting of depleted enzyme were also studied at various temperatures
the secondary structure increased with increase in pH in theto detect any intermediate form as observed for native HRP.
range pH 3 to pH 5, and it remained almost constant (74 However, no intermediate transition was observed in this
°C) above pH 5to pH 7. The sharp decrease inltheelow temperature range which indicates that the conformation of
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the heme cavity is already destroyed in calcium-depleted toward the final unfolded state through at least two inter-

HRP. mediate states, 'Uand U'. The intermediate state'Uhas
almost intact secondary structure of native HRPc but with a
DISCUSSION difference in the tertiary structure due to the change in the

Steady-state fluorescence as well as circular dichroism heme cavity. The presence ofpse-molten globulenter-
techniques have earlier been used to probe the structure anfl€diate analogous to’Was also predicted by earlier FT-
stability of proteins 35—37). Circular dichroism studies in IR Studies 12) on the thermal unfolding of HRPc. _
the UV region (208-250 nm) have been very extensively The transition between the native state, N, and the first
used to understand the protein secondary structure. Ellipticity intermediate state, 'Jwas observed very clearly by the
at 222 nm is used to monitor the unfolding of a helical Ntrinsic tryptophan fluorescence of the enzyme. The intrinsic
protein. On the other hand, circular dichroism in the near- fluorescence probe tryptophan is very sensitive to the
UV region, mostly in the Soret region, gives important microenvironment surrounding the tryptophan residue in a
information about the tertiary structure around the heme Protein 89). Nevertheless, the use of tryptophan fluorescence
cavity of the heme protein. Unfolding of the heme protein in heme proteins is somewhat restricted because of the low
generally disrupts the heme active sites, which can be probeduantum yield due to very efficient energy transfer between
by the change in CD at the Soret region. Very often, the tryptophan and the heme resid@€)( Isoenzymec of
denaturation leads to the removal of heme from the cavity, HRP has a single tryptophan residue (Trp1149)(and
which is characterized by complete loss of the heme CD. hence it is relatively simple to analyze the fluorescence data.
Taken together, UV-CD at 222 nm gives information on the Intrinsic fluorescence was earlier used to monitor the
global changes of the protein secondary structure whereasstructural transitions of apo and holo HRP in the presence
CD at the Soret region gives information about local changes ©f GdHCI (10). The technique was applied to study the
in the heme cavity. effect of pH-induced conformational perturbation in the heme

Thermal denaturation of HRPc has been studied using CDactive site of HRPc17). It was also used for the study of
both at 222 nm and at 407 nm. Changes in the CD at 2oothe stability of HRPc and CCP with reference to the
nm at pH 7.0 with temperature gave rise to a two-state stabilizing effects of the two calcium ions present in the
transition, whereas the Soret-CD (at 407 nm) clearly former peroxidaseld. _
demonstrated the existence of an intermediate state between The reversible increase in fluorescence with temperature
those two states. The CD spectrum of the enzyme in the Observed in the present case might arise due to loosening of
222 nm region shows that even at 93 denaturation was ~ the heme cavity at a temperature~e60 °C. The tryptophan
not complete and the *high temperature’ form was found to résidue would then move away with respect to the heme,

be independent of pH. leading to a decrease in the energy transfer efficiency and
The CD in the 222 nm region is often attributed not only thus anincrease in the tryptophan fluorescence intensity. This
to the peptide bonds but also to aromatic residd®s38). change in the heme active site in the intermediate forfh (U

HRPc has 26 aromatic residues (5 Tyr, 1 Trp, and 20 Phe) resulted in a~2-fold increase in tryptophan fluorescence
out of 308 residues in the proteid). The maximum intensity. As a result of the conformational transition, the
ellipticity at 222 nm due to the aromatic residues in HRPc {ryptophan residue becomes more exposed to the external
can be calculated to be1013 deg.cidmol on a mean solvent, leading to a red shift of the fluorescence emission
residue basis assuming that the contribution of each aromaticn@ximum @1). The pH dependence of this transition
residue is 12 000 deg.édmol (19). The observed ellipticity revealed that the formation of the intermediate formidJ
of HRPC at 222 nm (Figure 2) is several orders of magnitude @ssociated with alfy, of ~5, which indicated protonation of
larger than this; hence, the contributions of the aromatic a distal histidine residue. This suggests that the intermediate
residues were within the error limit of the experiment even U’ might be formed by breaking up of the hydrogen-bonding
in the fully denatured enzyme. This confirms that the network involving the distal histidine around the heme in
observed CD of the enzyme at 98 originates solely from ~ HRPC. N _
the residual helicity of the enzyme. The transition from Uto U’ was characterized by a
Dithiothreitol (DTT) is known to break cystine disulfide ~complete loss of CD at the Soret region, which can be
bonds in proteins. Earlier studies3) have shown that 30 ~ €xplained by the removal of heme from the cavity. This is
mM DTT can efficiently cleave the disulfides, causing large /S0 associated with a large increaselQ-fold) in the
enhancement in the fluorescence intensitl@ times) of fluorescence intensity and a significant loss of secondary
HRPc at ambient conditions. The CD spectrum of the DTT- Structure as evident from the CD at 222 nm. The loss of
modified enzyme at 96C (Figure 2) was very similar to secondary structure of HRPc with the release of heme from
that of the fully denatured enzyme, indicating that the the active site was also reported earli€i0,(13). pH-
interhelical disulfide bonds are responsible for stabilization dependent studies indicated that complete depletion of heme
of the residual helicity (in the ‘high temperature’ form) of from the enzyme leading to the intermediate’ Was
the native enzyme at high temperature. The following associated with breaking up of the-Fdis (proximal) bond
unfolding pathway may thus be proposed based on the resultsVhich takes place at pH3 at room temperature.
of fluorescence emission and CD experiments in the UV and  The presence of calcium ions and interhelical disulfide

Soret regions of the enzyme: linkages has earlierl@) been proposed to be responsible
for the increased thermal stability of HRP compared to
N—U—U"—U cytochromec peroxidase (CCP). Significant-helical ab-

sorption at 1659 crt up to 80°C in the FT-IR spectrum of
The native state of HRPc (N), on thermal denaturation, goesHRPc (L2) was consistent with high thermal stability of the
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secondary structure of the enzyme. Aggregation of the enzyme are completely randomized. Thus, intact or partially
enzyme was not detected by the FT-IR study even on furtherbroken disulfide bridges might be the reason behind the
increase in temperature to 9& (12). However, the exact  residual ellipticity observed even at very high temperature.
extent of unfolding of the enzyme at this temperature could

not be inferred from the earlier reportd) as that would =~ CONCLUSIONS

require comparison of the FT-IR results with those of fully  tparmal unfolding of HRPc has been carried out using

denatured (by GaiCl) enzyme. Our results on thermal iy jar dichroism and fluorescence techniques. The changes
unfoldmg of the enzyme suggest that mod|f|c§1t|on by DTT in the CD in the 220 nm region correspond to changes in
drastically decreases thin (65 °C) of unfolding of the  yho secondary structure of the enzyme while changes in the
overall structure of the enzyme and no ‘high temperature’ get cp (407 nm) correspond to changes in the tertiary
form with residual helicity was observed in the modified  g,ctyre around the heme cavity of the enzyme. The results
enzyme. The intermediate "Umay thus have partially = ¢om cp studies indicated formation of an intermediate
unfolded helical structure with part of the helicity still ¢ cture in the temperature range-8D °C at ambient pH
conserved dug to interhelical disulfide bonds. in which the tertiary structure around the heme cavity was
Earlier studies 13) showed complete loss of secondary mgjted while the overall secondary structure of the enzyme
structure of HRPc accompanied by depletion of heme from omained almost unchanged. This form has been identified
the protein cavity at room temperature in 2.5 M Gd@lat 44 thepre-molten globuléntermediate 12). This intermediate
ambient pH. Complete loss of secondary structure by-Gdn ¢4, (U) was found to be highly pH-dependent with an
HCI possibly indicates that the interhelical disulfide bonding apparent K, of ~5, which corresponds to protonation of a
may not efficiently protect the helical structure of the enzyme jgia| histidine residue. This indicated that the intermediate
in the presence of the chemical denaturagj.(Nevertheless, (U may not have the hydrogen-bonding network of the

a steady decrease in the helicity with increase in G heme cavity of HRPc, although the heme might still be

concentration from 2.50t6 M [Figure 7B of (3)] and an oo rdinated to the proximal histidine and residing inside the
increase in tryptophan fluorescence intensity of the enzymecavity_ The overall secondary structure of the enzyme was

[Figure 8 of L3)] noted in the earlier reporl) mightaccrue  ¢5und to change drastically with an appardpt of 74 °C

from partial stabilization of the helical structure by the \yhich, is associated with complete release of the heme moiety
disulfide bonds. It is, however, noteworthy that thee- from the enzyme. Depletion of the Eaion had a marked
molten globulentermediate which was observed in earlier o¢tact on the stability of the enzyme. The Calepleted
thermal unfolding studieSLQ)_ aswell asin th_e presentstudy HRrpc showed melting of the secondary structure at®1
was not formed in G Cl-induced unfoldlng of HRP. compared to 74C observed in the native enzyme at ambient
The first step of thermal unfolding (N to'VJof HRPC 1y The unfolding of the secondary structure was, however,
thus leads to an intermediate of intact secondary structurésy nd to be incomplete even at 9%, and a ‘high
but with a different conformation of the heme cavity. The temperature’ unfolding phase (Ywas detected. Reduction
second step (Uo U"), is accompanied by complete 10Ss of ot the disulfide bonds in the enzyme resulted in a drastic
the hemg—z prosthetic group from the enzyme leading t0 @ jecrease in thef,, (65 °C) corresponding to complete
substantial loss of the secondary structure. The presence of xfo|ding of the secondary structure. The results indicated
at least two intermediates was thus established in the ¢ these disulfide bonds might be responsible for stabilizing

unfolding pathway of HRPc. The presence of disulfide the partially unfolded intermediate {Yat high temperature.
bridges, two endogenous €dons, and a hydrogen-bonding

network have important roles in the thermal stability of the ACKNOWLEDGMENT
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