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Alkaline unfolding and salt-induced folding of bovine liver catalase at high pH
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We have studied the alkaline unfolding of bovine liver catalase and its dependence on ionic strength
by enzymic activity measurements and a combination of optical methods like circular dichroism, fluores-
cence and absorption spectroscopies. Under conditions of highl pH) (and low ionic strength, the
native tetrameric enzyme dissociates into monomers with complete loss of enzymic activity and a signifi-
cant loss ofz-helical content. Increase in ionic strength by addition of salts like potassium chloride and
sodium sulphate resulted in folding of alkaline-unfolded enzyme by association of monomers to tetramer
but with significantly different structural properties compared to native enzyme. The salt-induced tetra-
meric intermediate is characterized by a significant exposure of the buried hydrophobic clusters and
significantly reduceda-helical content compared to the native enzyme. The refolding/reconstitution
studies showed that the salt-induced partially folded tetrameric intermediate shows significantly higher
efficiency of refolding/reconstitution as compared to alkaline-denatured catalase in the absence of salts.
These studies suggest that folding of multimeric enzymes proceeds probably through the hydrophobic
collapse of partially folded multimeric intermediate with exposed hydrophobic clusters.
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The extent of unfolding of denatured states of proteins under Catalase is a highly active ubiquitous enzyme which occurs
different conditions has long been of interest because of the pas-almost all aerobically respiring organisms and in part serves
sible relevance of their conformations to the protein folding to protect the cells from the toxic effects of hydrogen peroxide.
pathways. It has been demonstrated that residual structural pref-  Bovine liver catalase, molecular mass 240 kDa, contains fol
erences, ranging from local clusters of side chains to highly ddentical 57-kDa subunits each equipped with a high-spin Fe(lll)
dered side chains to highly ordered subdomains, persist in depestoporphyrin IX [18]. We have investigated the changes in the
tured states of proteind {6]. Hence, there has been a growingstructural and functional properties associated with the alkaline
recognition of the importance of the compact denatured and pakenaturation of bovine liver catalase and also studied its depen-
tially folded states of proteins, as characterization of these strufiance on ionic strength.
tures and the factors involved in their stability would provide
important insight into the interactions responsible for their for-
mation as well as their role in protein folding. EXPERIMENTAL PROCEDURES

pH is known to influence the stability of a protein by altering . . L
the net charge on the protein. Many proteins denature at extreme Materials. Crystalline bovine liver catalase was prepared ac-
pH because of the presence of destabilizing repulsive inter&@rding to the earlier reported methotb]. The purity of the
tions between like charges in the native protein [7, 8]. The exdfotein was checked by SDS/PAGE followed by silver staining.
behavior of a given protein at low or high pH is a compleir e catalgse preparation was found to be about 99% pure. All
interplay between a variety of stabilizing and destabilizing?€ chemicals used were purchased from Aldrich Chemical
forces, some of which are sensitive to the environment. Sak®mpany and were of the highest purity available.
have been known to affect the physico-chemical properties of SPectrophotometry. The absorption spectra of catalase so-
proteins like their solubility [9], stability 0] and (K.[8, 11]to lutions were measured with Schimadzu UV-240 double-beam
a great extent. Salts affect mainly the electrostatic and hydroptfectrophotometer. The concentrations of catalase solutions
bic interactions in the protein molecules. In the presence of safére determined spectrophotometrically basedAtif), = 13.5
a conformational transition at acidic or alkaline pH from #&t405nm, as determined previoush®] and also by the method
largely unfolded state to an intermediate conformational staé Lowry et al. [20] using bovine serum albumin as a standard.
have been reported for several small globular protei@s-[i 7], The concentration of denatured proteins was determined by the
but very few reports on the effects of salts on the subunit assefethod of Lowry et al. [20] only. .
bly of multimeric enzymes are available. Alkaline denaturation of catalase.For preparation of alka-
—_— line-denatured catalase two methods were tried. Bovine liver
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pH-11.5 buffer. The pH of the solution was checked and, i
found altered, was adjusted t¢.5. For size-exclusion and struc-
tural studies, the enzyme samples were incubated for 2 h at
desired temperature for achieving equilibrium. No significan
difference in the properties studied was observed from ttg
samples prepared by the above-mentioned methods. E

Catalase activity. The catalase activity was measured by the
rate of decomposition at 0.03 M hydrogen peroxideQ@}). The =
decomposition of KD, was followed directly by the decrease in=
absorbance at 240 nm. The difference in absorbaAgg) (for
unit time is a measure of the catalase activity][2

Circular dichroic measurements. CD measurements were
made with a Jasco J500 spectropolarimeter calibrated with ai
monium (+)-10-camphorsulfonate. The results are expressed 6
the mean residue ellipticity€], which is defined as @] =
100X 60,.d(Ic), where®, is the observed ellipticity in degrees,
c is the concentration in mol residue—,landl is the length of Fig.1. Changes in the structural and functional properties of bovine
light path in centimeters. The CD spectra were measured a{lvg_r 'catalase on alkal!ne-lnduced unfolding.Changes in the enzyme
protein concentration of 08M with a 1-mm cell. activity, Soret absorption band at 405 nm, tryptophan fluorescence,

Tryptophan fluorescence. Fluorescence spectra were renelical content, wavelength of maximum absorbance of the Soret band
and wavelength maxima of tryptophan fluorescence emission of bovine

gor:]drﬁdp;\f[iéhlglzrtlﬁ]in(iE;nr}[grclélsl ilﬁ %%egt;ﬂ;lrgisnsvsécr(znggumgﬁgg er cgtzazlase ataa)lkaline plr—1|<>0 ?bsorbance 55105 nm|XQ CE eIfIiptic-_

- s ) N at nm; , tryptophan fluorescence wavelength of maxi-

for 2h at 25C befqre recording. Protein concentration wasum absorbance of the Soret band){ enzymic activity; &) wave-

0.33uM for all experiments and the measurements were madggth maxima of tryptophan fluorescence emission. The values are re-

at 25°C. The excitation wavelength was 290 nm and the spectparted relative to that observed for native catalase (pH 7.0). Bovine liver

were recorded between 36@00 nm. catalase 10 mg/ml) was di_ssolved _ in 0.025M sodium phosphate
8-Anilino-1-naphthalenesulphonic acid (ANS) fluores- PH 7.0). The pH of the solution was increased to the desired pH by the

cence measurementsEluorescence spectra were recorded wit ?}dg'g’rt‘hgft ?ﬁi '\g Ssct’gr'#”:e%ﬂg%xgeum‘iigsﬁ S'C"’;]rgg'(‘z(‘j’vzrer%”ﬁfoitiﬁd ft?]';

Perkin-Elmer LS 5B spectroluminescence meter in 5-mm patf- ys ched eq N y 9

. . . . measurement at different time intervals until no further change was ob-
length quartz cells. The aliquots of protein with a final concensgeq.
tration of 0.7uM were equilibrated in the desired buffer with

or without salts for 2 h at 28C. They were then mixed with

g_?]ncentr_ate_d stock SIOIUtiOr? of ANS%giSSONeg inhthe same buffeg,, a5 tried. The alkaline-denatured protein samples were di-
e %xcc;tat!ohn wave 623256"%’)&5 nmfan q the erl‘mssmr)]n Witited tenfold with 0.025 M sodium phosphate pH 7.0 and stirred
recorded either over nm or at fixed wavelength at vigorously for 3 h at 25:-1°C. A study of the time dependence

480 nm. The ANS concentration was M. The values were fecovery of alkaline-denatured catalase on refolding showed

normalized by subtracting the baseline recording for the probg,: maximum recovery of enzymic activity can be obtained
alone under similar conditions.

C linki f nati d alkali folded laseT within 2 h (data not shown). Hence, for all the studies, a recon-
rosslinking of native and alkaline unfolded catalase.To gt tion time of 3 h was used. The refolding/reconstitution was

50ug native and pHt1.5 treated catalase, an aliquot of 25%nonitored by recovery of enzymic activity as a percentage of
(mass/vol.) glutaraldehyde was added so as to make a final coRs; of the ngtive enz;lme. y vy P 9

centration of1 % glutaraldehyde. This sample was incubated for

4 min at 20C followed by quenching the cross-linking reaction

by adding freshly prepared solution of 2 M sodium borOhydridE{ESULTS

dissolved in Ol M sodium hydroxide. After a 20-min incuba-

tion, 20ul 10% aqueous sodium deoxycholate was added. Ti&hanges in some molecular properties of bovine liver cata-

pH was lowered to 22.5 by addition of trichloroacetic acid lase on alkali-induced unfolding. The pH-dependent changes

which results in precipitation of cross-linked protein. The pre- in the structural and functional properties of bovine liver cata-

cipitate was redissolved in DM Tris/HCI pH 8.0,1% SDS and lase at alkaline pH as studied by monitoring the changes in tryp-

50 mM dithioerythritol and heated at 9000°C. SDS/PAGE tophan fluorescence, far-ultraviolet CD and enzyme activity are

was run on 6% acrylamide gels as described [22]. summarized in Figl. The values are presented relative to those
Size-exclusion chromatographyGel-filtration experiments  obtained for native catalase at pH 7.0. No significant alterations

were carried out on a BioGel 0.5 M column (manufacturer’s exn the structural properties of catalase was observed in the pH

clusion limit 500 kDa for proteins) attached to a peristaltic pump  rang&07as monitored by CD ellipticities at 222 nm, trypto-

(Pharmacia) for controlling the flow rate of the columif@Oul phan fluorescence, Soret absorption, wavelength maxima of

protein sample was loaded onto the column equilibrated with the  Soret band absorption or tryptophan fluorescence emission

buffer in which the samples were incubated (flow rate 28 ml/lHowever, above pHO, a sharp decrease in CD ellipticities at

detection 280 nm). The column was run &4 222 nm, tryptophan fluorescence, Soret absorption and a red
Refolding/reconstitution studies. Refolding of solubilized shift of wavelength of both Soret band absorption and trypto-

proteins is usually performed by dilution or dialysis. The bovine phan fluorescence emission were observed. In contrast, the en

liver catalase solution at pHi1.5, in the presence or absence okzymic activity was found to be rapidly reducing from pH 9.5

salts (prepared by the method described above), was incubated onwards with a sharp decrease betweém.ptargd=a com-

for 30 min at £C. Reconstitution/refolding of subunits of alka-plete loss of activity from pH1 onwards. Based on the enzymic

line-denatured catalase (@H.5, both in presence and absence activity results, the pH of half-transition was found @2be

of salt) by dialysis against pH 7.0 buffer, resulted in the precipiFhese results indicate that significant structural and functional

tation of the protein, so a rapid dilution technique for reconstitu- changes are associated with alkaline unfolding of catalase at
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¥ ! : ' (pH 11.5) catalase at 4C. For both single peaks but with dif-
A ferent retention volumes were observed, indicating the presence
4 of single but different species under both conditions. For native
| oA~——~__ 8 C and alkaline-denatured catalase retention volume43of mi
A 5 and 18.9 ml respectively were observed, indicating a vastly de-
Lanel Lane2  Markers Creased hydrodynamic radius for catalase on alkaline denatura-
\

. tion at pH11.5. Bovine serum albumin (64 kDa) showed a reten-
1 tion volume of 18.6 ml on the BioGel 0.5 M column, close to
- the retention volume 0f8.9 ml observed for alkaline-denatured
e = catalase at pH1.5. As the molecular mass of catalase monomer
has been reported to be 57 kDa, the above observations indicate
that alkaline-denatured catalase at ptb is present as a mono-
B j\ _ 66 mer. This was further confirmed by the cross linking experiment
4 ; ' using glutaraldehyde which showed the presence of a single
N 3 4 > band with slightly higher mobility than the molecular mass
/\ 2 marker of 64 kDa (BSA) on SDS/PAGE (Fig. 2C). These obser-
B vations demonstrate beyond doubt that alkaline unfolding of bo-
A vine liver catalase at pH1.5 leads to dissociation of tetrameric
1 native enzyme into monomers.

ABSORBANCE AT 280 NM

Salt-induced folding of alkaline denatured catalase at high
pH. Effect of KCl and NgSQ, on the subunit assemblirhe
RETENTION VOLUME (ML) effect of addition of salt on the subunit assembly of alkaline-

Fig. 2. Subunit structure of bovine liver catalase at pH 11.5 and salt dénatured catalase at pH.5 was studied by gel-permeation ex-
induced folding. (A) Chromatographic profiles of native bovine liver Periments. Fig. 2, A and B, show profiles of gel-permeation ex-
catalase at pH 7.0 (curve, alkaline-denatured catalase pi5 (curve Periments on a BioGel 0.5 M column for native, alkaline-dena-
2) and on addition of 2 M (curve 3) or 3 M (curve 4) KCl to alkaline-tured (pH11.5) catalase and on addition of increasing KCI or
denatured catalase at @H.5, on a BioGel 0.5 M column. (B) Chroma- Na,SQO, to alkaline-denatured catalase, atC4 For alkaline-
tographic profiles of native bovine liver catalase (curke alkaline- denatured catalase to which a low concentration of KICby
denatured catalase pH.5 (curve 2) and on addition of 2 M (curve 3) M) or very low NaSO, concentration (0.2 M) was added, two
or 0.5 M (curve 4) NsSO, to alkaline-denatured catalase at pH5, on gistinct peaks (A and B) with retention volumes 1.7 ml and

a BioGel 0.5M column. To prepare alkaline-denatured catalase in t . - - )
presence and absence of salts, bovine liver catal@smg/ml) was dis- 8.9 ml, respectively, were observed. Since the retention vol

solved in 0.025 M sodium phosphate pH 7.0 and used as a stock soluti#f?€S Of peaks A and B correspond to that of native and alkaline-

For curvest, this was diluted 20-fold in the phosphate buffer. For curve§l€natured catalase, respectively, the observation presented above

2, 50pL stock enzyme solution was added to 98@f pH-11.5 buffer ~ indicates that, on addition of up to 2M KCl or 0.2 M MO,

and the pH adjusted to1.5 if required, followed by incubation at’€  to catalase at pH1.5, both the monomeric and tetrameric spe-

for 2 h before loading on the column. For curves 3 and 4uls§tock  cies of catalase molecules are present although in varying per-

solution was a_dded to varying amounts of pH5 buffer depending on centages. With increase in KCI concentration to 3 M or$@

the concentration of salt required (e.g. 20@r 450ulfor 3Mand2M 4 0.5, a single peak corresponding to the tetrameric enzyme

ng(')' éel\jpggngeg)h;gfo;?feP?h:dégﬂ%?elags";gg&gg;% % igrd';'?]” is observed. These observations indicate beyond doubt that the
y ’ {ponomers of catalase obtained on alkaline denaturation at

before adding the required amount of salt from the stock solution (4 : .
KCl or 1 M Na,SQ, dissolved in pHt1.5 buffer), such as 7501 and pH 11.5 undergo salt-induced reassociation to form tetramers at

500l for 3M and 2 M KCI, respectively, the pH adjusted t6.5 and higher salt concentration.
the solution incubated at°€ for 1 h. The samples were loaded on the  Structural properties of salt-induced tetram&he structural
column equilibrated with the incubation buffer, run &C4at a flow rate  properties of salt induced tetrameric catalase atlpHd were
of 28 ml/min and the eluate monitored at 280 nm. Peak A correspongdtudied by monitoring the Soret band absorption, far-ultraviolet
to tetramer and Peak B to monomeric species. (C) SDS/PAGE pattet and ANS binding. Fig. 3A shows the effect of addition of
of glutaraldehyde-cross-linked native bovine liver catalase al'pbl K| on the Soret band absorption of alkaline-denatured catalase
'r‘naoqgél;Igrrorsnséls'gkrigrigg“\clgl‘jezoi"r:”g;ver catalase at pkb; lane 2, o4 01111 5. For native catalase, the Soret band absorption is ob-
' ' served at 405 nm. The monomeric form of catalase obtained on
alkali denaturation at pH1.5 showed a shift in Soret band ab-
) ) . sorption to 40 nm with a significant decrease in absorption.
high pH and the effect on the enzymic activity can be observegidition of 3 M KCI to the alkaline-denatured catalase resulted
at a pH well below that at which the structural change can kg 3 slight enhancement in intensity with no change in absor-
detected. bance maxima as compared to alkaline-denatured catalase.
These observations suggest that the haem environment in the
Subunit structure of catalase at high pH.Changes in the ab- salt-induced tetrameric state of alkaline-denatured catalase is
sorption in the Soret band region, tryptophan fluorescence and significantly different as compared to native tetrameric enzyme
loss of enzymic activity have been reported to be good intrinskéig. 3B shows the far-ultraviolet CD spectra of native and al-
probes associated with the dissociation of catalase into subunits  kali-denatured catalas&)@rd, on addition of 3 M KCl,
[23]. As a significant structural change and complete loss o6 alkaline-denatured catalase. A significant decrease in elliptic-
enzyme activity was observed on alkaline denaturation of cata- ity at 222 nm as compared to native catalase was observed fc
lase above pHO0.0, the possibility of dissociation of native cata-KCl-induced tetrameric intermediate of catalase.
lase into subunits at high pH was accessed. Fig. 2A shows pro- Solvent accessibility of buried hydrophobic clusters in salt-
files of gel permeation experiments on a BioGel 0.5 M columimduced tetramerThe solvent exposure of non-polar clusters
(exclusion limit 500 kDa) for native and alkaline-denatured present on the alkali denaturation of catalase in the presence anc

10 16 R0 25 30
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° ; o Fig.4. Salt-dependent aggregation of alkaline-denatured catalase at
w ~ . pH 11.5. (A) Changes in the fluorescence intensity of ANS on incuba-
S S S tion with bovine liver catalase at pH.5 in the presence of increasing
IS) S (o) concentration of KCI @) and NaSO, (O). The samples were prepared

WAVELENGTH (nm) as described in Fig. 3 except that samples were incubated°at. ZB)
Effect of increasing concentration of KC®( O) and NaSO, (V, ¥)

on formation of scattering particles as monitored by the absorbance at
B 540 nm at 4C (@, ¥) and 25C (O, V). The samples were prepared as
described in Fig. 3 except that they were incubated ‘@ 4nd 25C.

After incubation, they were transferred to a cuvette and the absorbance
at 540 nm was monitored in a double-beam spectrophotometer equili-
brated at 4C and 28C. No absorbing species are present at this wave-
length, so the light beam is attenuated by scattering from the aggregated
protein particles. (C) Salt concentration dependence of the soluble cata-
lase solution at pH1.5 and 28C. The catalase solution (2.0 mg/ml) at
pH 11.5 was incubated at the desired K@) or Na,SQO, (O) for 2h

25°C. The solution was then centrifuged #1000 rpm and the protein
estimated by the method of Lowry et al. [20].

[6] X 10 DEG CM* DMOL"!

200 210 220 230 240 250 260 absence of 3 M KCI was studied by ANS binding. The fluores-
cent probe binds to solvent-accessible clusters of non-polar
groups in proteins and the fluorescence emission of the probe is
407 3 c 40 known to increase binding to hydrophobic clusters of a protein
[24]. Fig. 3C shows the fluorescence spectra on binding of ANS
to native and alkali-denatured catalase and on addition of 3 M
KCI. At pH 7.0 and11.5, a very weak fluorescence was ob-
served, suggesting a very low binding of ANS molecules to na-
tive tetrameric or alkali-denatured monomeric catalase. How-
ever, for alkali-denatured catalase, addition of 3 M KCI results
in a significant enhancement in fluorescence intensity with the
emission maximum at 480 nm, indicating a significant exposure

WAVELENGTH (nm)

30

201

RELATIVE FLUORESCENCE INTENSITY

o : [ . o of buried hydrophobic clusters under these conditions [25].
600 550 500 450 400 The results presented above imply the presence of repulsive
WAVELENGTIL (nm) charge interaction within the alkali-induced monomers of cata-

F|g3 Effect of addition of KCI| on the Soret absorption’ far-ultra lase. It seems that addition of salts leads to neutralization of
violet CD spectra and ANS binding of alkaline-denatured catalase these charges resulting in association of monomers to tetramers.
at pH 11.5. (A) Soret absorption spectra of native bovine liver catalaselowever, the salt-induced tetrameric intermediate has signifi-
at pH 7.0 (—), at pH1.5 (——-) and at pH1.5 in presence of 3M cantly different structural properties as compared to native tetra-
KCI (+-++). (B) Far-ultraviolet CD spectra of bovine liver catalase aimer of catalase.

pH 7.0 (curvel), at pH11.5 (curve 3) and at pH1.5 in the presence of Salt-induced aggregation of partially folded tetramer of cat-
3 M KCI (curve 2). The samples were incubated at desired salt concely <e Fiq. 4 shows the relative effectiveness of KCI andsi@,
tration for 2 h before measuring the spectra; the solvend baseline was_, -, 9-

subtracted. (C) Changes in the ANS fluorescence emission on incubat|qns'["JlbIIIZIng hydrophoblc InFera.lctlons In alkallnetdenatur.ed cat-

with native bovine liver catalase and at pH 7 (cutygat pH11.5 (curve /aS€ as studied by ANS binding and aggregation studies. The
2) and in the presence of 3 M KCI at pH.5 (curve 3). The samples €ffect of increasing salt concentration on the ANS fluorescence
were prepared as described in Fig. 2 and incubated°a 25 2 h before  Of alkaline-denatured catalase is shown in Fig. 4 A. Irrespective
taking the measurements. of the salt studied, an increase in ANS fluorescence intensity
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Fig. 5. Effect of alkaline denaturation in the presence and absence

of salts on the refolding efficiency of bovine liver catalase denatured Aggregate
at pH 11.5. Refolding of solubilized proteins is usually performed by . ) ) ) )
the rapid dilution method. The bovine liver catalase solution atpd, ~Fig-6. Schematic representation of alkaline unfolding and its depen-

with the addition of KCI @) or Na,SO, (O), was prepared as describeddence on salt for bovine liver catalase.

in Fig. 2 with the only modification that total incubation time atCt

was kept constant at 30 min. The samples were diluted Gwol.

0.025M sodium phosphate pH 7.0 and stired vigorously for 3 [k solution on addition of increasing concentrations of KCI and

e e v e *****™ 1 7Ra:SQ, at 25C. I can be Seen that, in the presence of even
' 2 M KCI, no precipitation of protein was observed as all the

protein was found in the supernatant. However, in the presence

Eincreasing concentrations of M¥O,, a significantly higher

with increasing salt concentration was observed. However, t 4 e ;
enhancement in ANS fluorescence intensity with increasing s Ss of protein due to precipitation was observed and at higher

dium sulfate was far steeper as compared to that observed IH)EPSQ‘ concentrations aImos.t all t'he'proteln was found to be
KCI. For a similar amount of enhancement in ANS fluorescend¥ €¢iPitated. These observations indicate that the presence of
intensity, a significantly higher (abouO times) concentration igh concentrations of N8O, in the_ solut|on_ of _bovme_ '_"’e.f

of KCI compared to Nz&SO, is required, indicating that the latter catalasg at pH1.5 leads to aggregation resulting in precipitation

is more effective in stabilizing the hydrophobic interactions ir‘i’f protein.

alkali-denatured catalase compared to KCI. As the ANS studies o N )

suggest that addition of salts to the alkaline-denatured catald®gconstitution of alkali-induced monomers and salt induced
results in significant exposure of buried hydrophobic clusterétrameric intermediate of catalase.The subunits of alkaline-

the possibility of salt-induced aggregation of this intermediat@enatured catalase were reconstituted by a rapid-dilution meth-
was also studied. The salt-induced formation of protein aggréd. The protein solution at piil.5 was diluted tenfold in
gates of alkaline-denatured catalase at1pth was monitored 0.025 M sodium phosphate pH 7.0 and stirred vigorously for al-
by the turbidity measurements at 540 nm. Fig. 4B summariz8¥st 3 h. The extent of renaturation was judged by the recovery
the increase in absorbance at 540 nm for bovine liver catalaseohgnzymic activity which, on refolding, was found to be dimin-
pH 11.5 on addition of increasing KCI and MO, concentra- ished on prolonged exposure at piH5 with a maximum

tion at 4°C and 25C. The size of scattering particles was foundlecrease of about 90% in recovery of enzymic activity observed
to increase dramatically with increasing salt concentration bufter denaturation for 3 h. These observations suggest that extent
for a similar change in absorbance, a significantly lower conceff renaturation of catalase on denaturation at alkaline pH de-
tration of NaSQ, as compared to KCI was required. These obPrends on the length of time it is denatured, in accordance with
servations were in accordance with the ANS observations swgprlier reported results [28]. .

gesting a more efficient stabilization of hydrophobic interactions Alkaline-denatured catalase (pH.5 for 30 min) showed a

by Na,SO, as compared to KCI. Furthermore, in the presence #faximum recovery of about 28% on refolding. However, a sig-
3 M KCl, the effectiveness of aggregation of alkaline-denaturegiificant enhancement in recovery of native catalase on refolding
catalase was found to be dependent on temperature as a sigiifts observed in presence of increasing concentration of KCI or
cantly higher turbidity was observed for measurements 4€55 N&SQ.. Fig. 5 shows the recovery of native catalase on refold-
as compared to those at @5 As the aggregation was founding from alkali-denatured state in the presence and absence of
to be significantly enhanced at higher temperature, where thalts. A linear enhancement with a maximum of about 3.5-fold
hydrophaobic interactions are predominant, and very low at loi@ the recovery of native enzyme on refolding was observed for
temperature, where the hydrophobic interactions are weakerdlgali denaturation in presence of increasing KCI concentration.
[26, 27], hydrophobic interactions seems to play a major role in

the salt-dependent aggregation of alkaline-denatured bovine

liver catalase. ) ) DISCUSSION
Further conformation of salt-dependent aggregation of alka-
line-denatured catalase came from the precipitation studies. It is generally recognized that the activity of an enzyme is

Fig. 4 C shows the percentage of bovine liver catalase atipbl strongly dependent on its conformational integrity. But several
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trations (Fig. 4). The salt-stabilized tetrameric intermediate of
alkaline-denatured catalase on refolding shows a significantly
higher (maximim of=80%) recovery of native enzyme. Studies
on the effect of salts on native catalase showed that, addition of
high salts (3 M KCI) to native catalase brings about slight expo-
sure of buried hydrophobic clusters as observed by ANS bind-
ing, resulting into aggregation at elevated temperatures as ob-
served by light-scattering studies (Fig. 7). Refolding of these
samples after incubation for 3 h at@ results in total recovery
of native enzyme activity (data not shown). Furthermore,
increase in pH of native catalase containing 3M KCI from
pH 7.0 to pH11.5 results in formation of partially folded tetra-
mer with exposed hydrophobic clusters, as observed by size-
exclusion chromatography and ANS binding (data not shown).
Based on these observations, it seems that the high net
charge and the effective increased size of the charged residue,

400°0 5000 5500
WAVELENGTH (nm)

due to the presence of the associated counter ion on the enzyme
molecule, stabilize the intermediate conformational state of cata-

Fig. 7. Salt-dependent aggregation of native catalaséd) Changes in lase and prevent the formation of the native tertiary structure.

the fluorescence emission of ANS on incubation with native bovine livdReconstitution/refolding studies showed that a maximum of
catalase at pH 7 (curv), at pH 7.0 in the presence of 3 M KCI (curve about 25% recovery of native enzyme activity can be obtained

2) and at pHi1.0 (curve 3). (B) Effect of addition of KCI to native on reconstitution of monomers obtained on alkaline denaturation
catalase on formation of scattering particles, as monitored by the absof-catalase, whereas about 80% recovery of native catalase can

bance at 540 nm, at°€ (O) and 25C (@®). Bovine liver catalase at phe obtained on refolding of salt-induced partially folded tetra-
pH 7.0 in the presence of KCI upt to 3 M was incubated & 4nd  meric intermediate.

25°C for 2 h and the absorbance measured at 540 nm.

Mechanism of the salt-dependent conformational transition.

The main forces unfolding the protein under extreme pH condi-
studies on the metal enzymes and multi-subunit enzymes, sdins are the repulsive forces between charged groups on the
as creatine kinase, yeast alcohol dehydrogenase and aminoacy- protein molecule. Under these conditions, the presence of higl
lase, have shown that during the denaturation of these enzyneesicentrations of salts will have two effects on the protein con-
with urea, guanidine hydrochloride and SDS, inactivation of the  formation. The Debye-Huckel screening effect, i.e. the counter
enzyme occurs before noticeable conformational changes in fba presence around the charged groups will weaken the repul-
enzyme molecule as a whole can be detected-R9. In the sion, thus permitting the other forces favoring folding to become
present study, pH-dependent inactivation and conformationalatively strengthened and resulting in folding of the protein. In
change in bovine liver catalase during alkaline denaturation addition to this nonspecific effect of salts, specific effects of
(Fig. 1) shows that inactivation of enzyme starts from pH 9.5alts on protein folding will also come into play. The stabilizing
onwards but no significant changes in the structural features, as  or destabilizing effects of salts on proteins arise either by effect
studied by change in secondary structure, Soret band absorptionwater structure, and hence hydrophobic interactions or by
or tryptophan environment, compared to native enzyme were  specific interactions with charged groups. It is well established
observed up to pH0.0. The observations presented above shotlat the effects of anions in stabilizing protein structure follow
that, during alkaline unfolding of catalase, inactivation occurs at  the Hofmeinster series [34]. The representative series is sulphat
a much lower pH than significant changes in the enzyme mole~ phosphate> fluoride > chloride > bromide > iodide >
cule were detected, thus supporting the theory of flexibility at perchlorathiocyanate. In this series the ions to the left of
the active site of enzymes suggested by Tsou [32, 33] accordicigoride stabilize the native structure of the protein, whereas the
to which the enzyme active sites are formed by relatively weak anions to the right of chloride destabilize the native structure of
molecular interactions and hence may be conformationally mopeoteins. Arakawa and Timasheff [35] have shown that preferen-
flexible than the intact enzyme. tial hydration of proteins occur in the presence of salts such as

Based on the results presented in this paper, the effect M&Cl, sodium acetate and MO, and that the resulting unfa-

alkaline unfolding of bovine liver catalase and its dependence vorable free energy of the unfolded state is related to the stabiliz-
on ionic strength can be summarized as shown in Fig. 6. Aig effects of these salts on the proteins. If the salt-induced con-
pH 11.5 and above, the native tetrameric catalase molecule dis- formational transition of alkali-denatured catalase reported ir
sociates into monomers as observed by the size-exclusion chitus study results from the changes in the water structure, then
matography and cross-linking studies (Fig. 2). Refolding of al-  the effects of various ions should follow Hofmeinster series. Ac-
kaline-denatured catalase (dH.5) by diluting 10 times in a cording to this series N8O, is much more effective than KClI
pH-7.0 buffer shows a very low (maximum ef259%) recovery in stabilizing hydrophobic interactions and in increasing the sta-
of native enzyme. Studies on the effect of salts on the sububitity of protein. Studies on ANS binding and temperature-de-
assembly of alkaline-denatured catalase show that addition of pendent aggregation of alkaline-denatured catalase in the pre
salts like KCI or NaSO, to alkaline-denatured catalase atnce of salt as reported above showed that indee@®lavas
pH 11.5 results in association of monomers to tetramers, as ob- much more effective than KCI in stabilizing hydrophobic in-
served by size-exclusion chromatography. However, the salt-ireractions in alkaline-denatured catalase.
duced tetramer of alkaline-denatured catalase has significantly Salt-dependent conformational transition and subunit assoc
large exposed buried hyrophobic clusters as observed by AlS8on at alkaline or acidic pH may be a general property of
binding studies. Due to the presence of these exposed hydropho-  multimeric proteins. However, the concentration of salt require
bic clusters in salt-induced partially folded tetramers, they une bring about the transition will depend on the particular protein
dergo aggregation at elevated temperatures and high salt concen- and the condition employed. The stability of the salt-induce
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tetrameric intermediate conformation of catalase and the rapidit§. Goto, Y., Calciano, L. J. & Fink, A. L.1990) Acid induced folding
of its formation from the alkaline-denatured state suggests that | : )
such states might be the universal partially unfolded intermedi{- Babu, K. R. & Bhakuni, V. 1997) lonic-strength-dependent transi-

ate state of catalase under many conditions (e.g. in the presence

of denaturants).
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