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ABSTRACT. Soybean peroxidase (SBP) obtained from the soybean seed coats belongs to class Il of the
plant peroxidase superfamily. Detailed circular dichroism and steady state fluorescence studies have been
carried out to monitor thermal as well as denaturant-induced unfolding of SBP and apo-SBP. Melting of
secondary and tertiary structures of SBP occurs with characteristic transition middgintf,86 and

83.5°C, respectively, at neutral pH. Removal of heme resulted in greatly decreased thermal stability of
the protein T, = 38 °C). TheAG°(H,0) determined from guanidine hydrochloride-induced denaturation

at 25°C and at neutral pH is 43.3 kJ mélfor SBP and 9.0 kJ mot for apo-SBP. Comparison with the
reported unfolding data of the homologous enzyme, horseradish peroxidase (HRP-C), showed that SBP
exhibits significantly high thermal and conformational stability. We show that this enhanced structural
stability of SBP relative to HRP-C arises due to the unique nature of their heme binding. A stronger
heme-apoprotein affinity probably due to the interaction between Met37 and the C8 heme vinyl substituent
contributes to the unusually high structural stability of SBP.

Peroxidases (oxidoreductase, EC 1.11.1.7) catalyze oxida- C-term
tion of a large variety of substrates by hydrogen peroxide
(1, 2). They have been implicated in a variety of physiologi-
cal processes in plants, such as lignin biosynthesis, extensin
polymerization, auxin metabolism, disease resistance, wound
healing, and the response to air pollutant stre3s $eed
coat soybean peroxidase (SBBglongs to class Il of the
plant peroxidase superfamily that also includes horseradish
(HRP), barley (BP1), and peanut (PNP) peroxidadgsSBP
is a 326-amino acid containing glycoprotein with a molecular
mass of~37 kDa @3, 5, 6). The three-dimensional crystal
structure of SBP has recently been published (Figur&)l) (
Superposition and structural alignment of the crystal struc-
tures of the class Il plant peroxidase have showntljat
SBP and HRP-C possess strikingly similar overall protein
structure with a degree of sequence homology of 57%. Their
common features include Fe(lll) protoporphyrin IX (heme)
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1 Abbreviations: SBP, seed coat soybean peroxidase; HRP-C,
horseradish peroxidase isoenzyme C; heme, Fe(lll) protoporphyrin IX;
GdnHCI, guanidine hydrochloride; DTT, dithiothreitol; SBBAGE,

sodium dodecyl sulfatepolyacrylamide gel electrophoresis; UV, g ire 1: Schematic structure of SBP obtained from the crystal-

ultraviolet; €, extinction coefficient (a subscript indicates the value at : ;
that wavelength); CD, circular dichroismj][ molecular ellipticity (a {/?/gergf:l;cvri?/y(latrspEpgﬁsiggtg712r|:;)é|;rhe sketch was made using
subscript indicates the value at that wavelength), excitation o ’ ’

wavelength;lem emission wavelengthl, temperatureTm, midpoint as the prosthetic group, catalytic mechanism, conserved

of the thermal unfolding curveAG’, Gibbs free energy of protein  cataivtic residues, four disulfide bonds, two2Cainding
unfolding; mg, dependence of the Gibbs free energy of unfolding on ' !

denaturant concentratior€,, midpoint of the denaturant unfolding sitgs located distal and proximal to heme, eight glyc_ans, and
curve. a single tryptophan (Trp117%(7—9). The heme cavity of
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SBP has a hydrogen bonding network between the distal Purification of SBP and Preparation of Apo-SBErude
water molecules and the key residues, which, through the SBP R; = A40dAzs0 ~ 0.5) (~50 mg) was dissolved in a
propionyl groups of the heme, is extended toward the minimum volume of 25 mM KHPQ, buffer (pH 7.0) and
proximal side of the cavity?), a feature common to HRP-C  applied onto a 2.5 cnx 12 cm column of DEAE Sepharose
and many other class Il plant peroxidases. CL-6B equilibrated with the same buffer. The protein bound

The most widely studied member of this peroxidase family to the column was washed thoroughly with the equilibrating
is HRP, which has found many diagnostic, biosensing, and Puffer and eluted using linear gradient of 0 to 0.5 M KCI
biotechnological applications because of its high stability in (800 mL). Pooled fractions with &R; value higher than 2.3,
aqueous solution1Q, 11). Unlike other class Il plant  after concentration, were dialyzed overnight against two
peroxidases, however, SBP has been reported to showchanges of the buffer and applied onto the regenerated DEAE
unusually high thermal stabilityLl@). Hence, it particularly ~ Sepharose CL-6B column, and subsequently, processes were
shows promise as a biocatalyst and biosen$8t{5) and repeated as described above. The enzyme that was obtained
shows potential applications in nonphysiological processeshad anR; value of 2.8-3.0 at the end of the second cycle
such as wastewater treatment and phenolic resin synthesi®f the purification process that ensured 6-fold purity. SDS
(12, 16). SBP has been reported to be less susceptible toPAGE (10% polyacrylamide) showed a single band corre-
both heme lossl@) and permanent inactivation by hydrogen sponding to SBP. The heme content of the purified protein
peroxide (6) than HRP-C. It does not undergo any heat was determined using/e (ess7 — €sar) 0f 20.7 mM™* cm™*
inactivation below 70°C even after up to 12 h1@). The from the dithionite-reduced minus ferricyanide-oxidized
enzyme is active under acidic conditions as well as in a pyridine hemochrome spectr20j. The extinction coefficient
variety of organic solventd@). It is present in large amounts ~ determined at 403 nmefos = 94.6 mM* cm™) is close to
in the soybean seed coats, which is an inexpensive sourcéhe earlier reported valuess = 90.0 mM* cm™) for SBP
that is readily available3]. These attributes of the enzyme (9), and was used to determine the concentration of purified
make it an attractive candidate for industrial use. It is found enzyme samples. The value also compares well witledhe
that SBP is superior to HRP to help diagnose various viral, value (102 mM?* cm™t) of HRP-C @). The prosthetic heme
bacterial, and parasitic diseases, including AIDS and malaria.group of SBP was removed by Teale’s acid butanone
Medical diagnosing kits with SBP being the integral part procedure21) to yield apo-SBPe.go was determined to be
are in the market now. However, very little spectroscopic 24 mM™t cm™® from the extinction coefficient values of
structural information has been reported for this enzyme. tryptophan, tyrosine, and cystein82f and was used to
Recently, electronic absorption and resonance Raman spectraletermine the concentration of apo-SBP.

studies 4, 17) focusing on the heme coordination state of  ynfolding StudiesUnfolding of the enzyme was moni-
SBP have been reported. Most recently, we have reportediored by both circular dichroism and tryptophan fluorescence
tryptophan fluorescence studies on SBP and apo-3BP (  techniques. CD experiments were carried out using a Jasco
Apart from the preliminary investigations on thermal stability 3500 spectropolarimeter. CD in the 26850 nm region (far-

of SBP (12), no further detailed studies with regard to the yy cD) was monitored using a rectangular cuvette with a
unfolding of the enzyme have been reported. The confor- yaih length of 1 mm placed on a thermostated cell holder
mational stability of SBP, i.e., how much more stable the itached to a thermometer with a protein concentration of
folded, globular conformation is than unfolded conforma- 6 M. CD in the 250-350 nm region (near-UV CD) and in
tions, is not known so far. _The presence of four disulfide he 356-500 nm region (Soret CD) were monitored using
bonds and a heme prosthetic group makes SBP an excellenfy \yater-jacketed cylindrical cuvette with a path length of
model for studying energetics and mechanism of protein 10 mm with a protein concentration of 18V.. The CD
folding. Physicochemical studies of the heme group can yaia were expressed in terms of molecular ellipticis], [
provide insight into the structureactivity relationship of the degrees square centimeter per decimole. Fluorescence
enzyme. The objectives of this study were to study itS measurements were carried out using Spex Fluorolog-
spectroscopic and physicochemical properties under variousy\13000F spectrofluorimeter using a cuvette with a path
conditions of pH, temperature, and treatment of urea andgngth of 10 mm. To minimize contributions of the tyrosine
guanidine hydrochloride (GdnHCI) using W\Wisible, cir- residues present in the sampleia of 295 nm was used

cular dichroism, and steady state fluorescence techniques tc{23). Emission spectra were recorded in the wavelength range
understand the thermal and conformational stability of the of 300-450 nm.

enzyme. The results are explained with possible comparisons
with HRP-C to probe the nature of the additional stabilizing
elements in SBP.

For thermal unfolding studies, the temperature was in-
creased from 20 to 88 or 95 with a heating rate of 0.5
°C/min. Modification of SBP by DTT was achieved by
MATERIALS AND METHODS incubating the protein solution containing excess (13 mM)

DTT for 23 h at 4°C following the reported procedur24).

SBP (salt free lyophilized powder), HRP-B> 3.1, salt Thermal unfolding at fixed GdnHCI concentrations (0, 5.8,
free lyophilized powder), DEAE Sepharose CL-6B, urea, 6.3, 6.9, and 8 M) at pH 7.0 was monitored by recording
GdnHCI, and DTT were purchased from Sigma Co. De- far-UV CD spectra in the temperature range of-25 °C.
ionized water (PURITE RO 50) was used in all the Atthe end of each thermal unfolding experiment, the sample
experiments. A series of Mcllvaine citratphosphate buffers ~ was cooled immediately to room temperature and spectra
(19 with pHs ranging from 3 to 9.2 having a constant ionic were recorded to know the extent of refolding. Temperature-
strength [ = 0.25 M) were used in all the experiments. All dependent fluorescent changes were calibrated against a
other chemicals that were used were of the highest purity. control of the completely denatured enzyme.
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FiGure 2: (A) Far-UV CD spectra of SBP at 2% (a), apo-SBP at 25C (d), SBP at 92°C (b), SBP after cooling to 25C from 92°C
(c), and SBP in the presencé ® M GdnHCI at 25°C (d). (B) Temperature dependencies 6{f. of SBP at pH 7.0 in the absence of
denaturant®), in 5.8 M GdnHCI @), in 6.3 M GdnHCI @), in 6.9 M GdnHCI @), and in 8.0 M GdnHCI M). Solid lines represent
sigmoidal fits to the data. The inset is the melting temperatures of SBP for various GdnHCI concentrati®®sN). (C) Temperature
dependencies 0B],2, at pH 7.0 of SBP treated with 13 mM DTDJ and apo-SBP®). Solid lines represent sigmoidal fits to the data.

For denaturant unfolding studies, a stock of&83 M curves of apo-SBP were analyzed by linear least-squares
GdnHCI was used. The GdnHCI concentration in the stock analysis, by using the equatio5
solution was determined using a refractometer according to
the reported metho®). Protein solutions were equilibrated AG® = AG°(H,0) + mg[D] 2)
with various GdnHCI concentrations, ranging from 0 to 8
M for 23 h at room temperature before the spectra were RESULTS

recorded. The reversibility was checked by dissolving the  thermal Unfolding of SBP and Apo-SBP Monitored by
protein in a high denaturant concentration, followed by F5r.uv CD. Far-UV CD of a protein conforms to its
equilibration for 23 h, dilution into the buffer solution, and secondary structure. Far-UV CD spectra of SBP at 25 and
then equilibration for an additional 23 h before the spectra g o are shown as traces a and b of Figure 2A, respectively.
were recorded. , _ _ [6] decreases whef > 60 °C and levels off whed > 90

Data Analys'lsln GdnH'CI-mduced unfolding experiments, °C, indicating thermal unfolding of SBP. Upon cooling to
thermodynamic properties of SBP and apo-SBP were cal- >5¢¢ the protein refolded to a state with decreased ellipticity
culated assuming a two-state denaturation proc@8s ( compared to the native state (trace c of Figure 2A). As seen
Unfolding curves of SBP were fitted to a nonlinear least- i, trace b of Figure 2A, SBP at 9T shows some residual
squares analysis by using the equatigf) ( ellipticity ([0]220 ~ —14 x 10° deg cm2 dmolY). SBP
Y. = treated with an excess of DTT (13 mM) at 92 also exhibits

0 — - - . . - . . . .

[AG*(H,0) + my[D] the same residual ellipticity, indicating that this high-

Y, + mdD] + (Y, + m,[D]) exp{ 2 } temperature state is not arising due to stabilization of the

RT protein structure due to disulfide bonds.8 M GdnHCI at
—[AG°(H,0) + mg[D]] 25 °C, the CD intensity is nearly zero (trace d of Figure
1+ex RT 2A), an indication of the total unfolding of secondary
(1) structure.

To understand the nature of the “high-temperature state”
whereYj is the value of the spectroscopic property of protein and the effect of GAnHCI on the thermal denaturation of
at a given GdnHCI concentration, [DYs andYy represent  SBP, temperature dependences 6f.J, of SBP in the
the intercepts and and my the slopes of the native and presence of fixed GdnHCI concentrations at pH 7.0 in the
unfolded baselines, respectivelys is a measure of the range of 6-8 M were studied (Figure 2B). Melting of the
dependence ahG°® on GdnHCI concentration; artiG°(H,0) secondary structure of SBP occurs with an appargmalue
is the free energy change in the absence of denaturant. Thef 86 °C in the absence of any denaturant (Figure 2B). There
midpoint of denaturationCn, corresponds to the GdnHCI is good coincidence between the thermally induced unfolded
concentration wherdG° = 0. GdnHCI-induced unfolding  states in the absence and presence of GdnHCI. Molecular
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ellipticity values converge to an approximately same final
[0] 222 value of—14 x 1P deg cnm2 dmol . As the GdnHCI
concentration increases, the unfolding transition occurs at
lower temperatures. The valuesTf were found to be 55,

50, and 46°C at 5.8, 6.3, and 6.9 M GdnHCI, respectively.
The inset of Figure 2B shows that tiig varies linearly with

the GdnHCI concentration. These observations suggest that
the enzyme attains a completely unfolded state by both
thermal and GdnHCI denaturation pathways and that the
unfolded state is characterized by a zero CD signal at room 250 300 350 400 450 500
temperature but acquires residual CD intensity at elevated
temperatures, the magnitude of which is independent of

GdnHCI concentration. Residual ellipticity at elevated tem- B
peratures, characteristic of a completely unfolded state, has 01
been previously observed for barst26) and Escherichia
coli dihydrofolate reductasey).

The CD spectra of DTT-treated SBP and apo-SBP at 92
°C and after cooling to 25°C superimposed with the
corresponding spectra of SBP. While refolded SBP retains
~65% of the ellipticity before heating (like DTT-treated
SBP), apo-SBP retains-80% (see Figure 2A). These
observations indicate that (i) SBP, DTT-treated SBP, and
apo-SBP attain the same unfolded state whiea 90 °C,

(i) unfolding of SBP and apo-SBP is largely reversible
(however, a small part of the total protein molecules
underwent irreversible thermal aggregation), and (iii) heme
may be lost irreversibly from the native enzyme at elevated 30 | -— — [ -30
temperatures, thus exhibiting a refolded state identical to that

of apo-SBP. The partial irreversibility of thermal backbone 40
unfolding of SBP and apo-SBP suggests a=NU — F 2 0 60 80 100

mechanism in general, known as the Lumry and Eyring T(°C)

mode| .QB)' According to thls model, the reversible de- Ficure 3: (A) CD spectra in the 256500 nm region of SBP at
naturation step from the native (N) to the unfolded state (U) gjtferent temperatures. The dotted line represents the spectrum of
is followed by a slow monomolecular aggregation of the SBP cooled to 23C from 92°C. (B) Temperature dependencies
denatured protein (F). of [0]410 (®) and [P]222 (O) at pH 7.0. The inset is the first part of

It is seen from Figure 2B that the cooperativity of the the curves in more detail. (C) Temperature dependencie@]ab[
unfolding transition of SBP in the absence of GdnHCI is (®) nd Plzs4 (O) at pH 7.0.
very low when compared to those in the presence of 5.8, SBP due to the heme group amounts t®6%. The
6.3, and 6.9 M GdnHCIZ29), indicating that the N= U cooperativity of the unfolding transition in apo-SBP is very
transition in the absence of GdnHCI proceeds through ahigh when compared to that in SBP, indicating that the N
number of partly folded structure@9, 30). None of these = U transition in apo-SBP is a simple two-state process.
intermediates accumulate in sufficient amounts to form a The thermal unfolding characteristics of apo-SBP are very
separate transition. similar to those of apo-HRP-CT{ = 40 °C) (data not

Thermal stabilities of SBP and HRP-C can be compared shown).
by comparing theiiT, values 81). The fact that th&, for Thermal Unfolding of SBP Monitored by Near-UV CD
SBP (86°C) is relatively higher than that reported for HRP-C and Soret CD.CD in the near-UV region and CD in the
(74 °C) (11) signifies relatively enhanced thermal backbone Soret region were monitored to determine the effect of
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stability of SBP. The temperature dependencedds,} of temperature on the overall protein tertiary structure and
DTT-modified SBP at neutral pH (trace a of Figure 2C) tertiary structure around the heme active site, respectively.
showed a lower transition temperaturé,(= 75 °C), Temperature-dependent CD spectra of SBP in-Z8ID nm

indicating that reduction of interhelical disulfide bonds spectral range are shown in Figure 3A. The positive intensity
significantly decreases the thermal stability of the enzyme. of the Soret CD band centered around 410 nm decreases as
For HRP-C, T, decreases to 65C on treatment with DTT  the temperature increases and vanishes Wher20 °C, an

(11). Thus, the extent of the decrease in thermal stability is indication of the complete removal of heme from the heme
almost the same for both SBR1{3%) and HRP-C+12%), cavity at these elevated temperatures. The absence of a Soret
indicating that the contributions of the four interhelical CD band for the sample cooled to room temperature indicates
disulfide bridges to the stability of the two proteins are that the heme loss is irreversible. The temperature depend-
comparable. Curve b of Figure 2C is the temperature ence of P]si0is shown in panels B and C of Figure 3. The
dependence off] 22, of apo-SBP, showing &, of 38 °C. curves show a reproducible kink at-497 °C. This transition

The drastic decrease M, upon removal of heme indicates phase is reversible and is associated witf,af 43 °C at

the dominant role of heme in enhancing the protein backbonepH 7.0. A similar transition was observed for HRP-C having
stability. Thus, the contribution to the thermal stability of a T, of 45 °C (11). However, the total reduction in the
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Ficure 4: Temperature dependence of the relative integrated FIGURE 5: pH dependence dfi, corresponding to the melting of
tryptophan fluorescence intensity (36600 nm) of SBP. The inset  the secondary structure monitored [8y25, (®) and of the tertiary
is the first part of the curve in more detail. structure around heme monitored by fluoresceri@ef¢r SBP.

ellipticity observed during this transition in SBP is relatively
very small (~13%, inset of Figure 3B) compared to that temperature is increased from 20 to 8D is only 1.3-fold
reported in HRP-C~30%) (11). This indicates that the heme  (Figure 4), which is very low{10%) compared to the 4-fold
cavity is relatively more ordered or structured in SBP than enhancement when the temperature reache¥C88These
in HRP-C. At higher temperatures, the process of heme observations taken together with that of the temperature
falling out of the protein occurs with a characterisTig of dependence of Soret CD (see Figure 3) indicate that the
85 °C (Figure 3B,C). This significantly higheF,, for the intermediate observed in both cases is identical and is
heme depletion in SBP compared to that of HRP-C@CX% characterized by an altered heme cavity structure. At 55
(12) indicates that the heme pocket in SBP is more resistant65 °C, SBP was reported®) to show the same activity as
to thermal denaturation than in HRP-C. This enhanced that shown at 2325 °C. These features of the intermediate
stability of the heme cavity of SBP is consistent with the state indicate that it is structurally and functionally very close
observation of increased orderedness. to the native enzyme. The sharp increase in fluorescence
The overall tertiary structure of SBP is lost wh&re 90 intensity observed above 6& (Figure 4) results from the
°C as the magnitude of the negative intensity of the CD band considerable reduction in the level of heme quenching
centered on 284 nm attains the minimum value (Figure 3A). accompanying unfolding2@, 25) of the secondary and
The thermal unfolding curve ob].ss shows a characteristic ~ tertiary structures of SBP.
T of 83.5°C (Figure 3C). ThisTy, value is very close to pH Dependence of the Thermal Unfolding of SBRe
that of backbone melting (Figure 3B) and the heme detach-pH dependence of, of the melting of the backbone and
ment process (Figure 3C), indicating that these three the intermediate of SBP is shown in Figure 5. A pronounced
processes are occurring almost simultaneously in SBP.  decrease in th&, values observed below pH 5 indicates a
Thus, unlike the melting of the backbone or overall tertiary considerable decrease in the protein stability due to the
structure of the protein, thermal unfolding of the tertiary weakening of hydrogen bonds. It is noted from curve a that
structure around the heme cavity passes through an initialthe thermal backbone stability of SBP is optimal atpB.5
reversible phase and thus clearly shows the existence of on€88 °C), the pH at which catalytic activity is also reported
stable intermediate state, denoted as |. The Soret ellipticity to be optimal 83). The transition curve of trace b of Figure
value of this intermediate is very close to that of the native 5 gives a K, of ~4.5. This K, corresponds to protonation
enzyme {87%, Figure 3B), indicating that it is structurally  of distal histidine(s) (His40/42). Thg, value close to room
closer to the native state (N) than to the unfolded state (U). temperature at pH4 indicates that residues like histidine
This intermediate is characterized by intact secondary (Figurebecome protonated, thus breaking the hydrogen bonding
3B) and overall tertiary (Figure 3C) structures. To understand network of the heme cavity. This suggests that the stable
more about this intermediate state as well as to monitor the intermediate state observed in thermally induced heme cavity
unfolding of SBP with a different perspective, the temper- unfolding is associated with breaking of the hydrogen
ature dependence of the intrinsic tryptophan fluorescence ofbonding network involving the distal histidine in the heme
SBP was determined. pocket. The pH dependence of the melting of the intermediate
Thermal Unfolding of SBP Monitored by Tryptophan is similar to that observed in HRP-QJ), indicating that
FluorescenceThe fluorescence of tryptophan in SBP is the extents of hydrogen bond stabilization of the heme cavity
highly quenched due to'fFster resonance energy transfer to of these two proteins are comparable. The observation of
the bound hemel@). Any conformational change in the significant ellipticity in the Soret region for this intermediate
heme cavity, if accompanied by a change in the heme (see Figure 3) indicates that though the hydrogen bonds are
orientation and/or a change in its relative distance from disrupted, heme remains attached to the protein with a
tryptophan, affects the quenching efficiency and may result considerable retention of order in the heme cavity. This may
in observable variations in tryptophan fluorescence intensity be attributed to the unbroken +&lis169 bond (Figure 1) at
(10, 11). The temperature dependence of the integrated areathese temperatures (up+670 °C) which is normally broken
under the fluorescence emission spectrum is shown in Figureat pH <3.0 at room temperature as well as to the hydrophobic
4. The unfolding has an initial reversible phase associatedinteractions that hold the heme in the hydrophobic core of
with the formation of a stable intermediate withTa of 43 the protein which normally do not vanish with an increase
°C. The increase in the fluorescence intensity when the in temperature.
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8 proteins {, 8). Further, the large difference inG°(H,0)
values between these two enzymes solely reflects the
difference in theirC, values. Therefore, the enhanced
stability of SBP, indicated by the increased resistance to the
denaturant, relates to the extra stabilizing elements in SBP,
and any contribution to the extra stability of SBP relative to
that of HRP-C due to the difference in their amino acid
composition and/or conformation may be very small.
GdnHCI-Induced Unfolding of SBP Monitored by Tryp-
0 2 4 6 8 tophan Fluorescencé&l.o complement the CD experiments,
we used the intrinsic fluorescence of Trpll7 to study the
unfolding of SBP as a function of GdnHCI concentration.

Ficure 6: Guanidine hydrochloride-induced unfolding curves of The 1 shifted gradually from 335 nmmi0 M GdnHCI to
SBP monitored byf],2, (O) and integrated tryptophan fluorescence em =

intensity (306-400 nm) @). Solid lines represent fits to the data 355 nm 'n2_7'5 M_Gdnl—_|CI atpH 7.0 and 25C (data not
according to eq 1. shown). Thislenm is typical for a fully solvent exposed

tryptophan 18, 23). The increase in quantum yield observed
Table 1: Thermodynamic Parameters Governing GdnHCI Unfolding due to the relief of heme quenching-s7-fold. Curve b of

-10

-20

-30

Integrated fluorescence (a.u.)
s

6,5, X 10°° (deg cm? decimol™)

[GdRHCH]) (M)

at pH 7.0 and at 28C Figure 6 is the GdnHCI unfolding curve of SBP monitored
AG®(H.0) Mo Cn by fluorescence. The obtaine®iG°(H,0) value is 34.9+
protein probe (kI molY) (kJmoftM™1) (M) 2.4 kJ mot?, which is low compared to the value obtained
SBP 222 433+ 24 6.67£036 65 from CD experiments (Table 1). The disagreement between
Trp fluorescence 342424 511+081 6.0 these two valuesAAG°(H,0) ~ 8 kJ mol] indicates that
apo-SBP 01222 7.8 3.3 20 the unfolding involves at least one stable intermediate and
HRP.C Trp fluorescence 9.0 34.6 024 that the free energy change between the native state and this
- [6]222 16.7+2.5 8.37 2.0 ) . .
Trp fluorescence biphasic  — _ intermediate state is35 kJ mof™. It has been reported.(,
apo-HRP-C [0]222 7.6 4.6 1.8 30) for HRP-C that the fluorescence monitored unfolding
Trp fluorescence 9.2 34.3 03 shows a second transition after the total loss of secondary
aData for HRP-C and apo-HRP-C are from Tsaprailis et 28) ( structure at=4 M GdnHCI. Therefore, it is suggested that
and Pappa and Cas30)], respectively. this intermediate of SBP might be similar to that of HRP-C.

This intermediate is associated with a complete loss of

GdnHCI-Induced Unfolding of SBP Monitored by Far- secondary structure but an altered tryptophan environment
UV CD. The conformational stability of a protein can be such that the second transition could be the relaxation of
probed by monitoring equilibrium unfolding using denatur- the tryptophan-containing loop during the detachment of
ants such as urea or GdnHQ5). SBP, upon incubation in  heme from the peptide chaif@ 30). Therefore, on the basis
9.8 M urea for 23 h, underwent only £12% reduction in of CD and fluorescence experiments, GdnHCI unfolding of
backbone CD signal (data not shown); however, the completeSBP can be best described by the mechanism
loss of secondary structure was observed when incubated in
>7.5 M GdnHCI (see Figure 2A) for 23 h. The degree of N=U=U 3)
reversibility was found to be-90%. Curve a of Figure 6 is
the plot of [p].22 of SBP versus GdnHCI concentration for where the intermediate state’ i devoid of secondary
the data collected at pH 7.0 and Z5. The sigmoidal change  structure which needs an energy inpuatG°(H.O) of ~8
observed in a quite narrow GdnHCI concentration range of kJ mol! to unfold further to state U, and therefore may have
5—7.5 M suggests a cooperative two-state transition. The the structural characteristics closer to those of the denatured
calculated fit to the data according to eq 1 yielded a state than to those of the native state.
AG°(H,0) value of 43.3+ 2.4 kJ mof?. This value lies in GdnHCI-Induced Unfolding of Apo-SBP Monitored by
the middle of the range of values (263 kJ mot™*) described Far-UV CD and Tryptophan FluorescencEhe Aem of apo-
for globular proteins34), suggesting substantial conforma- SBP shifted from 340 to 355 nm when the GdnHCI
tional stability of SBP. The value, however, is much higher concentration was increased from 0 to 7.5 M (data not
compared to that reported for HRP-€17 kJ mol?, Table shown). Curves a and b of Figure 7A represent GdnHCI-
1), indicating that the conformational stability of SBP is 2.5- induced unfolding profiles of apo-SBP monitored 6},
fold greater than that of HRP-C. The midpoint of the and tryptophan fluorescence, respectively. It is seen from
unfolding transition,C,, is 6.5 M, a value very high curve a that the protein has intact secondary structure up to
compared with the value of HRP-C (2.0 M, Table 1), 0.4 M GdnHCI. Curve b shows that the fluorescence quantum
indicating the increased resistance of SBP for unfolding. The yield is maximum (2.5-fold) around 0-40.6 M GdnHCI. A
obtainedmg value is 6.67+ 0.36 kJ mot* M1 for SBP. transition similar to that of fluorescence is observed in the
Mg is @ measure of the surface area exposed to solvent uporaromatic region monitored by],g (data not shown). These
unfolding and is proportional to the number and type of observations indicate the existence of at least one stable
groups that are freshly exposed to solvent when the proteinintermediate (I) at-0.4 M GdnHCI characterized by intact
unfolds @7, 35). SBP and HRP-C, however, hang values secondary structure, but with collapsed tertiary structure. The
with comparable magnitudes (Table 1) which points to the unfolding of apo-SBP is reversible, and the denaturation
compositional and structural similarities in them. This is curves were analyzed by eq 2. As seen in Figure 7B and
consistent with the X-ray crystal structures of these two Table 1, theAG°(H.O) values obtained by bott9]»,, and
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FiGurRe 7: (A) Guanidine hydrochloride-induced unfolding curves of apo-SBP monitoref]by [O) and integrated tryptophan fluorescence
intensity (306-450 nm) @). The inset shows the first part of the fluorescence-monitored unfolding curve in more detalGBfor
apo-SBP as a function of guanidine hydrochloride concentration as estimatedfsenid) and integrated tryptophan fluorescence intensity
(®@). Solid lines represent fits to the data according to eq 2.

tryptophan fluorescence are more or less similar. The very loosening of the heme cavity due to breaking of the hydrogen
low AG°(H,0) value of apo-SBP (9.0 kJ md) compared bonding network involving a distal histidine and proceeds
to that of SBP suggests the dominant role of heme in the to the stable intermediate state, I. This is then followed by
conformational stability of the enzyme. Thus, the contribution the simultaneous loss of secondary and tertiary structures
to the conformational free energy of SBP due to the heme through partly folded structures € U transition) with the
prosthetic group amounts te80%. Themg value, and thus  immediate release of heme from the unfolded polypeptide
the cooperativity of unfolding, of apo-SBP obtained Bixf, chain.

is too low when compared to that calculated from tryptophan
fluorescence (Table 1), consistent with the shape of the
individual unfolding curves (Figure 7A). These results
indicate that the unfolding of apo-SBP begins with the loss
of tertiary structure occurring in a simple two-state manner,
followed by the backbone unfolding proceeding through a

number of distinct partly folded structures. Therefore, on the a silent process in th@[»zmonitored unfolding, as neither

basis of CD and fluorescence experiments, the unfolding U U d truct This t i
mechanism that describes, in general, the denaturant unfold- nor L possesses any secondary structure. This transition,
ing of apo-SBP is though, was detected in t.he fluorescence-monitored unfolding
of HRP-C (0, 30) as U is stable from 3@ 4 M GdnHCI
N=|=U 4) and is not discernible for SBP as t&émains stable from 7.5
_ o M onward even up to 8 M, the maximum possible GdnHCI
The unfolding curves shown in Figure 7A and the deduced concentration in the protein solution under physiological
thermodynamic parameters gre_similar to those reported forcqnditions. However, an insight to the nature of tHe=t)U
apo-HRP-C (Table 1)30). This indicates that the mecha-  (ansition in SBP is indirectly possible. Unfolded SBP (U)
nisms of unfo!dmg and conformational stabilities of these g expected to possess the same fluorescence emission
two apo proteins are the same. features as unfolded apo-SBP. Apo-SBP, in the presence of
7.5 M GdnHCI, has &em of 355 nm and a fluorescence
guantum yield enhanced 2.3-fold relative to that in 0 M
The stability estimate of a protein is very often based on GdnHCI (trace b of Figure 7A). We have previously observed
the analysis of denaturant-induced or thermally induced (18) that SBP undergoes a 10-fold enhancement in the
unfolding transitions, measured either spectroscopically or fluorescence quantum yield when heme is removed. There-
calorimetrically. Thermal unfolding of the backbone as fore, the U state of SBP is expected to posseks,af 355
monitored by p]2,; and the overall tertiary structure of SBP nm and a quantum yield enhanced 23-fold relative to that of
as monitored by]zs4 individually follow the N==U — F state N. Since Uis characterized by &, of 355 nm and a
mechanism, whereas unfolding of the tertiary structure quantum yield 7-fold higher than that of N (trace b of Figure
around the heme cavity as monitored 84}, follows the  g) the U = U transition proceeds with no shift item, but
== | — F mechanism. The reversible formation of the jth increasing fluorescence intensity such that U attains a
intermediate state, |, is followed by the irreversible heme quantum yield enhanced 3.3-fold relative to that &f These
detachment process. Fluorescence experiments further congpectroscopic features can be correlated with the relaxation
firm the presence of the intermediate state. Taken togethern the tryptophan-containing loop connecting helices D and
with the results of_ CD and tryp_tophan quore_scence experi- oy (Figure 1) during the detachment of heme from the
ments, the following pathway is proposed, in general, for nfolded polypeptide chain as has been suggested for HRP-
thermal unfolding of SBP C. Tryptophan is fully solvent exposed in',Uaccounting
N=|<=U—F (5) for no shift in lem during the transition; however, the
fluorescence quantum yield increases as heme becomes
Unfolding of the native state of SBP (N) begins with the detached from the unfolded peptide chain.

GdnHCl-induced unfolding of SBP follows the mechanism
represented by eq 3 (& U’ = U). While [6]2-monitored
unfolding of SBP is an N= U transition providing the
AG°(H,0) of ~43 kJ mol?, tryptophan fluorescence-
monitored unfolding is the N= U' step providing a
AG°(H,0) value of~35 kJ moft. The U = U transition is

DISCUSSION
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GdnHCl-induced unfolding of apo-SBP follows the mech- the heme active sites of SBP and HRP-C shows two
anism represented by eq 4 & | = U). The AG°(H;0) differences in the hemeapoprotein interactions). While
values obtained from both9],2; (7.8 kJ mot?) and tryp- one of the heme propionates is hydrogen bonded to glutamine
tophan fluorescence (9.0 kJ mé) for apo-SBP are very  (GIn176) in HRP-C, it is an arginine residue (Argl75) in
similar, indicating that the unfolding of apo-SBP monitored SBP (7). Further, a direct van der Waals interaction between
by [0]222 and tryptophan fluorescence is a direct<N U the C8 heme vinyl substituent and Met37 exists in SBP
transition. While states N and | are indistinguishabledia, (Figure 1), which is so far not observed in other plant
states | and U are so in tryptophan fluorescence. peroxidasest), which Henriksen et al.7) predicted could

The free energy change associated with protein unfolding be the cause of the increased thermal stability and suscep-
results from a combination of the hydrophobic effect, tibility to heme loss. Our experimental results rule out any
hydrogen bonding, electrostatic interactions, close packing, significant contribution of hydrogen bonding in the extra
and backbone and side chain configurational entr@8y. ( stability of the heme pocket of SBP compared to that of HRP-
Apart from the contribution of various inter-residue interac- C. Therefore, the extra stability of the heme pocket of SBP
tions, the folded structure of a heme protein is stabilized by could predominantly be arising due to the Met3¥eme
coordination with the hemes{). Since high conformational interaction.
stability [i.e., a largeAG°(H,0) value] is not necessarily In our previous study1(@®), we reported that the fluores-
related to a high thermal stability (i.e., a larBgvalue) 38), cence emission characteristics of Trpl117 of apo-SBP and
the causes of the conformational and thermal stability of the apo-HRP-C are very similar. In the study presented here,
protein are to be treated differently. Thermostability of we report that their thermal and conformational stabilities
different proteins is achieved by a combination of individual are also comparable. These observations may be attributed
strategies such as an increased number of hydrogen bondg having no net difference in their inter-residue interactions,
and salt bridges, an optimized packing of the hydrophobic consistent with their high degree of sequence homology. We
core, shortened surface loops, an increased number offurther reported18) that SBP and HRP-C exhibit a differ-
prolines, and an increase in the number of buried hydro- ence in the magnitude of the picosecond tryptophan lifetime
phobic residues38). We observed that one of the major mainly due to the difference in their orientation factef,
contributors of both thermal and conformational stability of This may be attributed to the combined effect of differences
SBP is the heme prosthetic group. An increase in confor- in their heme-apoprotein interactions, as observed in this
mational stability could have its origin in a decrease in the study, and the tryptophan environmental polarit)(
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