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Role of Zinc(I1) in the Refolding of Guanidine 
Hydrochloride Denatured Bovine Carbonic Anhydrase? 

Aysel Yazganl and Robert W. Henkens* 

ABSTRACT : Circular dichroism, ultraviolet difference spectros- 
copy, and activity measurements (p-nitrophenyl acetate as 
substrate) have been employed to study the denaturation and 
renaturation of bovine carbonic anhydrase B. This metallo- 
enzyme is readily denatured by guanidine hydrochloride and 
refolds spontaneously upon removal of the denaturing condi- 
tion, recovering essentially full (>95 %) enzymatic activity. 
Denaturation in 3 M guanidine hydrochloride at 25" and pH 6, 
as judged by circular dichroism and ultraviolet spectroscopy, 
carries both the native and the apoenzyme from the same 
initial to the same final conformational state, exposing 
approximately six buried tryptophan side chains, disrupting 
interactions of aromatic side chains with dissymmetrical 
regions, and presumably destroying the specific zinc binding 

B ovine carbonic anhydrase (carbonate hydro-lyase, EC 
4.2.1.1) is a metalloenzyme containing one atom of bound 
zinc(I1) per molecule of 30,000 molecular weight. The zinc 
atom can be removed and replaced, as originally shown by 
Lindskog and Malmstrom (1962). Enzyme activity disappears 
on removal of the zinc, and returns when zinc is added to the 
apoenzyme (Lindskog, 1963). Thermodynamic parameters 
for the binding of zinc to the apoenzyme, obtained by com- 
bining the calorimetric results of Henkens et a/ .  (1969) with 
equilibrium measurements of Lindskog and Malmstrom 
(1962), show that the zinc is very tightly bound and that an 
unfavorable enthalpy of binding is overwhelmed by a very 
large entropy increase. The binding of zinc(I1) by the apo- 
enzyme is relatively rapid while its dissociation is very slow 
(Henkens and Sturtevant, 1968; Henkens and Lochmuller, 
1970). Zinc binding is accompanied by only very small 
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site of the enzyme. The transition between native and dena- 
tured conformational states appears thermodynamically re- 
versible with or without Zn(II), although in the absence of the 
metal it occurs at a lower guanidine hydrochloride concen- 
tration (1.5 M cs. 1.0 M midpoint). Renaturation kinetics are 
complex and imply that intermediate species accumulate 
during the reaction. Under some conditions (dilution from 
4.0 M to 1.0 M guanidine hydrochloride, pH 6, 25") refolding 
occurs readily if Zn(I1) is present during the initial stages of 
the reaction, whereas it occurs at an extremely low rate if 
Zn(I1) is added later. This suggests that Zn(I1) is bound during 
the initial steps of folding of the polypeptide chain and thus 
influences the pathway of the reaction although it does not 
affect the final conformationdl state. 

changes in the ultraviolet spectrum (Henkens and Sturtevant, 
1968) and almost no change in the ultraviolet circular di- 
chroism. These observations, together with the observation 
that zinc binding has little effect on the rotational relaxation 
time or the sedimentation constant of the protein (Brewer 
et a/., 1968), indicate that the metal has little or no effect on 
the structure of the protein. The identity of the protein ligands 
coordinating the zinc is unknown. Presumably the zinc 
binding site, which in the human enzyme is located at the 
bottom of a crevice (Fridborg et a/., 1967), is destroyed on 
denaturation of the enzyme by guanidine hydrochloride. 

Many enzymes denatured by guanidine hydrochloride have 
been shown to refold spontaneously to fully active enzymes, 
evidently native in all respects upon removal of the denaturing 
conditions (CJ review by Tanford, 1968). These experiments 
provide convincing evidence that the three-dimensional 
structure of an enzyme is determined by its primary structure, 
although they do not rule out the possibility that the presence 
or absence of specific ions or molecules may determine 
whether or not the native structure is achieved. In this regard, 
there has been no systematic study of the role of metal ions 
in the refolding of a metalloenzyme, although Teipel and 
Koshland (1971) reported some work on the metal-activated 
enzyme enolase and Reynolds and Schlesinger (1969) showed 
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that refolding of alkaline phosphatase monomer could take 
place in the absence of metal. Consequently, we have under- 
taken studies of the role of zinc(I1) in the refolding of guani- 
dine hydrochloride denatured carbonic anhydrase. Experi- 
ments in which Zn2+ was added either before or after refolding 
of the apoenzyme demonstrate that the presence of zinc during 
refolding is not required for recovery of full enzymatic 
activity; however, under some conditions its absence during 
the refolding process has important kinetic consequences. 

Experimental Section 

Bovine erythrocyte carbonic anhydrase was purchased from 
Worthington. Component B was prepared by chromatography 
on DEAE-cellulose according to the method of Lindskog 
(1960), lyophilized, and stored in the cold. Protein concentra- 
tions were determined from the absorbance at  280 nm using a 
molar absorptivity of 5.7 x l o4  M-I cm-I (Lindskog and 
Nyman, 1964). Enzymatic activity was determined with p- 
nitrophenyl acetate as substrate using the method previously 
reported (Henkens and Sturtevant, 1968). The active enzyme 
concentration determined by titration with 5-acetamide- 
1,3,4-thiadiazole-2-sulfonamide (acetazolamide) with p-nitro- 
phenyl acetate as substrate (Kernohan, 1965) was 88% of the 
protein concentration determined from the absorbance at  280 
nm. The zinc-free apoenzyme was prepared by dialysis against 
l,l0-phenanthroline in 0.1 M acetate buffer, pH 5.2 (Lindskog 
and Malmstrom, 1962), until the esterase activity was less 
than 3% of its original value. The apoenzyme was then dia- 
lyzed against water, lyophilized, and stored in the cold. Addi- 
tion of an equivalent of ZnC12 to a solution of this apoenzyme 
preparation led to the recovery of full enzymatic activity 
(p-nitrophenyl acetate as substrate). 

Deionized water provided by Continental Water Service 
was filtered through a 0.45-pm Gelman membrane and used 
to prepare all aqueous solutions. Acetozolamide was pur- 
chased from Koch-Light Laboratories, recrystallized in water, 
and dissolved in 2 equiv of NaOH. Zinc solutions were pre- 
pared by dissolving reagent grade zinc metal in a slight excess 
of HC1. 

Absorbance measurements were made with a Cary 15 
spectrophotometer. Circular dichroism measurements were 
made with the Durrum-Jasco J-15 in round fused silica cells. 
The slit width on the Durrum-Jasco instrument was pro- 
grammed to give a spectral bandwidth of 2 nm. All measure- 
ments were made in unbuffered solutions (pH 6) near 25 ', 

Results 

Denaturation Ultrauiolet Difference Spectra. The ultraviolet 
difference spectra resulting from the denaturation of carbonic 
anhydrase by guanidine hydrochloride are shown in Figure 1. 
The observed spectral changes are characteristic of those 
observed for a transfer of aromatic chromophores from an 
environment like the interior of a protein to an aqueous 
environment. The difference peak at  292 nm is assigned, by 
analogy with the numerous studies of proteins and model 
compounds, to a blue shift in the T -+ T* absorption band 
of the indole chromophore of tryptophan residues (cf. review 
by Donovan, 1969). In 3 M guanidine hydrochloride where, 
as judged by the difference spectra, the denaturation transition 
appears complete, the change in molar absorptivity, is 
-6.7 X IO3. Comparison of this value with the results of 
solvent perturbation studies permits a rough estimation of 
the number of tryptophan side chains transferred from the 
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FIGURE 1 : Denaturation ultraviolet difference spectra of carbonic 
anhydrase at pH 6 ,  25". The sample cell contained the molar con- 
centration of guanidine hydrochloride indicated by the numbers 
next to the curves. Both sample and reference cells contained the 
same concentration of carbonic anhydrase, usually ca. 3 X M 
in an unbuffered solution. Dashed lines, apoenzyme; solid lines, 
holoenzyme. Spectra corrected for small absorbance due to gua- 
nidine hydrochloride. 

interior of the protein into the solvent as a result of the dena- 
turation transition, Taking the change in molar absorptivity 
as Aetg2 = - 1600 per indole group for the transfer from the 
interior of a protein into water (Donovan, 1964) and A m  = 
41 0 per group for solvent perturbation by 3 M guanidine hydro- 
chloride (Hamaguchi et af., 1963) we calculate a value of 
AeZgZ = - 1.2 X lo3 per group for the transfer of indole from 
the interior of a protein into 3 M guanidine hydrochloride. 
Comparison of this value with the observed change in molar 
absorptivity on denaturation suggests that approximately six 
buried tryptophan side chains are exposed during the dena- 
turation transition. 

The ultraviolet difference spectrum in the aromatic region 
resulting from the denaturation of the zinc-free apoenzyme 
(Figure 1) is virtually identical with that for the zinc enzyme 
indicating that the same number of buried tryptophan side 
chains are exposed on denaturation. 

Ultraviolet Circular Dichroism. The circular dichroism of 
bovine carbonic anhydrase B, in the region 240-310 nm, 
shown in Figure 2, contains a major positive dichroic absorp- 
tion band near 245 nm, a negative band near 270 nm, and a 
number of small bands above 270 nm. It is similar to the 
circular dichroism of bovine carbonic anhydrase B reported 
by Coleman (1968). It is also very similar to the circular di- 
chroism of human carbonic anhydrase C (Beychok et al., 1966) 
although differences are observed. The circular dichroism of 
human enzyme C and bovine enzyme B are both significantly 
different from that of human carbonic anhydrase B, especially 
in the region below 260 nm. 

Beychok et al. (1966) have discussed the origin of the Cotton 
effects above 240 nm in the human enzymes B and C and 
concluded that they must arise from asymmetrical interaction 
of the aromatic side chains with other regions of the enzyme. 
The same arguments and conclusions apply to the bovine 
enzyme (cf. review by Timasheff, 1970). 

The circular dichroism of apobovine carbonic anhydrase B 
at  both pH 5 and pH 7 is virtually identical with that of the 
zinc enzyme (Figure 2), indicating that the loss of zinc in this 
enzyme does not importantly affect the protein structure 
around the aromatic chromophores. This is consistent with 
the observation that removal of the zinc causes only small 
changes in the ultraviolet spectrum (Henkens and Sturtevant, 
1968). In contrast, optical rotatory dispersion studies of human 
carbonic anhydrase B indicate that at  pH 5.5 (although not 
at pH 7.5) removal of the zinc results in reversible changes in 
the structure of the enzyme (Coleman, 1965). 
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FIGURE 2: Near ultraviolet circular dichroism of carbonic anhy- 
drase at pH 6, 25" .  Numbers next to curves give the molar con- 
centration of guanidine hydrochloride. Part A, holoenzyme; part 
B, apoenzyme. Dotted curve, part A, is for sample of enzyme origi- 
nally denatured in 4.0 M guanidine hydrochloride, which was diluted 
to 1.0 M guanidine hydrochloride and allowed sufficient time to 
renature. Curves in part C illustrate effect of zinc on the apoenzyme; 
all curves, concentration of guanidine hydrochloride reduced by 
dilution from 4.0 M to 1.0 M ;  solid curve, 1 equiv of Znz- added 
before reduction of guanidine hydrochloride concentration; 
dashed curve, no Zn2+ added (sufficient time allowed for both 
samples to come to refolding equilibrium as judged by kinetic 
studies illustrated in Figure 4); dotted curve, 1 equiv of Zn2- added 
to sample represented by dashed curve and measurements made 
after several months at 4". 

Trunsition,fron? the Nutice to the Denatured State. Guanidine 
hydrochloride denaturation of carbonic anhydrase results in 
dramatic changes in circular dichroism (Figure 2). The char- 
acteristic Cotton effects in the aromatic region of the spectrum 
are lost. Below 250 nm the circular dichroism of the denatured 
enzyme is negative. The denaturation of the zinc-free apo- 
enzyme, judged by changes in circular dichroism, follows a 
course similar t o  the zinc enzyme; however, it is interesting 
to  note that for the apoenzyme the transition is complete 
slightly above 1.0 M guanidine hydrochloride whereas for the 
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FIGURE 3: Guanidine hydrochloride (Gdn "C1) denaturation transi- 
tion at pH 6, 25". Curve A ,  carbonic anhydrase; curve B, apocar- 
bonic anhydrase. Protein concentration usually cu. 3 X 10-j 
M. Open symbols represent denaturation; filled symbols represent 
renaturation after exposure to 4 M GuHC1. The transitions were 
followed by measuring the change in (0) or (0) ;  (A) or 
(A); and p-nitrophenyl acetate activity (see text), (E) or (m). 
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FIGURE 4: Rate of renaturation, as judged by changes in &Q, at 
pH 6, 25" following dilution of guanidine hydrochloride from 4.0 
M to 1.0 M :  (0) zinc enzyme; (A) apoenzyme to which 1 equiv of 
Zn2+ added before dilution of guanidine hydrochloride; (E) apo- 
enzyme. Reference cell contained denatured enzyme in 4.0 M 
guanidine hydrochloride so that at time zero, = 0. Protein 
concentration in the kinetic experiments ranged from cu. 3 X 10-6 
M to 3 X 10-5 M. The insert gives first-order plots of the absorbance 
data where Ao, A:  and A, are absorbances at t = 0, r ,  and m re- 
spectively. 

enzyme denaturation has not yet begun at this concentration 
of denaturant, and is complete only above 1.8 M guanidine 
hydrochloride. However, on completion of the denaturation 
transition, the circular dichroism of the holoenzyme is identi- 
cal with that of the apoenzyme. At the lower concentrations 
of guanidine hydrochloride the denaturation is relatively slow; 
consequently care was taken to  allow enough time for equilib- 
rium to  be reached. The circular dichroism was usually mea- 
sured after 30 min and then checked again after several weeks 
storage a t  5 " .  

The denaturation of carbonic anhydrase was also followed 
by measuring the decrease in esterase activity, using p-nitro- 
phenyl acetate as substrate. Because the guanidine hydro- 
chloride itself was found to inhibit the p-nitrophenyl acetate 
activity (at concentrations well below those required to dena- 
ture the enzyme) its concentration was reduced by a 200-fold 
dilution with water before assaying. The changes in esterase 
activity determined by this method parallel the changes in 
circular dichroism. Figure 3 compares the denaturation 
transition determined by the two methods. It should be 
pointed out this method of determining decreases in esterase 
activity is a complex one because some refolding occurs 
rapidly on dilution; however, a major phase of the refolding 
reaction is slow compared to the few minutes necessary to  
carry out the assay (Figure 4). 

Denaturation curves for the apo- and holoenzyme deter- 
mined from changes in circular dichroism, ultraviolet dif- 
ference spectra, and esterase activity (Figure 3) appear to  be 
independent, albeit within a fairly wide uncertainty range, of 
the method used to follow the denaturation transition. 

RecoLery of the Nurice Conformation. On dilution of the 
guanidine hydrochloride from 4.0 M to  1.0 M the denatured 
enzyme refolds. If a n  equivalent of Zn(I1) is present during 
the refolding process, an  enzyme evidently native as judged 
by its circular dichroism and ultraviolet absorption spectrum 
is regenerated. There is essentially no difference between the 
ultraviolet spectrum of refolded and native enzyme (Figure l) ,  
indicating that the aromatic side chains have returned to 
environments similar or identical with those in the native 
structure, In particular, the disappearance of the 292-nm 
difference peak on refolding suggests that all six tryptophan 
side chains which were exposed on denaturation have returned 
to the interior of the protein. The circular dichroism of the re- 
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folded enzyme in the region from 240 to  320 nm (Figure 2) 
indicates that the interactions of the aromatic side chains with 
dissymetrical regions of the enzyme are the same in native 
enzyme and enzyme refolded in the presence of an equivalent 
of Zn(I1). 

Reversibility of the denaturation-renaturation reaction is 
further illustrated by the transition curves shown in Figure 3. 
For a given concentration of denaturant the spectral properties 
are the same regardless of whether denatured enzyme is re- 
folded or native enzyme is unfolded, provided of course 
enough time is allowed for equilibrium to be reached. 

The esterase activity (p-nitrophenyl acetate as substrate) of 
carbonic anhydrase solutions prepared by a 1 :200 dilution 
with water of denatured enzyme in 4 M guanidine hydro- 
chloride was determined. In all cases refolding, under these 
conditions, resulted in recovery of greater than 9 5 z  of the 
original enzymatic activity. 

The rate of refolding is relatively slow and refolding follows 
a complex kinetic pathway. For example, Figure 4 shows the 
kinetics of refolding in a solution of 1.0 M guanidine hydro- 
chloride. The reaction was followed by monitoring changes in 
absorbance at 292 nm, although the same results are obtained 
at other wavelengths. On refolding, the absorbance at 292 nm 
initially increases very rapidly; this initial burst, which is 
essentially complete in a few seconds, is followed by a process 
which gives a curved semilog plot. The initial burst accounts 
for about one-half of the total change in absorbance. The 
remaining slower phases of the refolding process are half 
completed in about 10 minutes. 

In the renaturation experiments the kinetic and equilibrium 
results were the same for the native enzyme, apoenzyme 
reactivated with Zn2+ before denaturation, and denatured 
apoenzyme to which an equivalent of Zn2+ was added before 
renaturation. 

In the absence of Zn(II), the apoenzyme also refolds if the 
concentration of guanidine hydrochloride is reduced by dilu- 
tion. In 1.0 M guanidine hydrochloride, refolding follows a 
complex kinetic pathway similar to  that observed in the 
presence of Zn(II), although both the rate and extent of reac- 
tion are lower (Figure 4). Experiments at other guanidine 
hydrochloride concentrations show that although the absence 
of zinc has resulted in a shift of the denaturation-renaturation 
transition to lower guanidine hydrochloride concentration, 
the transition is still reversible (Figure 3). Furthermore, on 
completion of the renaturation transition, fully active enzyme 
is rapidly regenerated by the addition of 1 equiv of Zn2+, as 
judged by the experiments in which a solution of the denatured 
apoenzyme in 4 M guanidine hydrochloride was diluted 1 :200 
with water; the apoenzyme allowed to refold; 1 equiv of Zn2+ 
added ; and the solution immediately assayed with p-nitro- 
phenyl acetate as substrate. 

These experiments indicate that the presence of zinc is not 
required for refolding to the native structure, and that fully 
active enzyme can be regenerated by the addition of 1 equiv 
of Zn2+, either before or after the refolding transition. How- 
ever under some conditions the absence of Zn(1I) during the 
refolding process has important kinetic consequences. This is 
illustrated by experiments in which Zn2+ was added to a 
solution of the partially denatured apoenzyme in 1.0 M 
guanidine hydrochloride. The results of these experiments 
were the same for solutions obtained either by denaturing 
enzyme originally in water or renaturing enzyme originally in 
4.0 M guanidine hydrochloride. Although the addition of Zn2+ 
at this stage appears to lead to recovery of the native structure 
and activity, the transition now occurs at an extremely low 

rate, with the result that at 4" there is no detectable change in 
circular dichroism after 12 hr and only a small change after 
2 weeks. Even after several months the transition is only 
partially completed (Figure 2). Dilution and immediate assay 
with p-nitrophenyl acetate as substrate indicate that at this 
stage about 30% of the enzymatic activity has been re- 
covered. 

Discussion 

The results of this study indicate that like many other 
enzymes, bovine carbonic anhydrase B is denatured by guani- 
dine hydrochloride and that it refolds spontaneously upon re- 
moval of the denaturing condition. Judged by circular di- 
chroism and ultraviolet difference spectroscopy, guanidine 
hydrochloride denaturation carries both the native and the 
apoenzyme from the same initial to the same final state, ex- 
posing six buried tryptophan side chains and disrupting inter- 
actions of the aromatic side chains with dissymmetrical regions 
of the enzyme. Presumably on completion of the denaturation 
transition both native and apoenzyme contain no noncovalent 
structure (cf. review by Tanford, 1968), with the result that 
the specific zinc binding site of the enzyme is destroyed. 
Tanford (1968) points out that all proteins which have been 
studied in high concentrations of guanidine hydrochloride 
have been found to contain no residual noncovalent structure. 
In this case, since carbonic anhydrase contains no disulfide 
bonds (Nyman and Lindskog, 1964), loss of all noncovalent 
structure would result in a linear random coil, in which event 
denatured apoenzyme to which an equivalent to  Zn2+ had 
been added would be expected to behave exactly the same as 
denatured native enzyme. This is in accord with all our 
experience. 

The kinetic observations indicate that refolding, both in 
the presence and absence of Zn(II), proceeds through inter- 
mediates which contribute to the observed ultraviolet absorb- 
ance. A two state transition involving only the denatured and 
native state would give linear semilog plots which extrapolate 
through zero rather than those observed in Figure 4. Addi- 
tional evidence for the formation of intermediate conforma- 
tional states during the transition has been reported by Wong 
and Tanford (1970). 

Refolding leads to the recovery of the original conforma- 
tion, as judged by ultraviolet difference spectroscopy and 
circular dichroism. The presence of zinc is not required, 
demonstrating that the preferred conformation is the same 
with or without the metal. The observed reversibility of the 
denaturation-renaturation transitions provides strong evi- 
dence that this preferred conformation represents a thermo- 
dynamic state of minimum free energy for both the apo- and 
holoenzyme, not simply a local minimum, despite the fact 
that measurements of Lindskog and Malmstrom (1962) lead 
to AG' = -16.4 kcal mole-' (standard state for hydrogen 
ions at activity of M) for the binding of Zn2+ to the apo- 
enzyme in dilute salt solution at 25 O and pH 7. 

As mentioned earlier, renaturation from the randomly coiled 
conformation occurs readily in 1 .O M guanidine hydrochloride 
if Zn(I1) is present during the initial stages of the refolding 
process, whereas it occurs at an extremely low rate if Zn(I1) is 
added later. While the present study does not provide any 
detailed information on this effect of zinc, the results are 
consistent with the view that, at least in 1.0 M guanidine 
hydrochloride, intermediate(s) are formed in the absence of 
zinc which can not be readily converted to the native confor- 
mation, suggesting that Zn(I1) is bound during the initial 
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steps of the folding of the polypeptide chain and thus in- 
fluences the pathway of the reaction although it does not 
affect the final conformational state. Although admittedly 
1.0 M guanidine hydrochloride is far from the environment a 
nascent protein molecule experiences as it separates from the 
ribosome, the observations reported here point up the possi- 
bility that with other proteins containing metals or non- 
covalently bound prosthetic groups, a similar situation may 
exist under more physiological conditions. 
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