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ABSTRACT: Aldolase and glyceraldehyde-3-phosphate dehydrogenase from the extremely halophilic 
archaebacterium Haloarcula vallismortis are stable only in high concentrations of KCl present within the 
physiological environment. Data concerning the structural changes in the two enzymes as a result of 
lowering of salt concentration and changes in pH were obtained by monitoring the intrinsic protein fluorescence 
in the presence of quenchers. When the KC1 concentrations were lowered below 2 M or in the presence 
of 6 M guanidine hydrochloride, the emission maximum shifted to a longer wavelength, indicating enhanced 
exposure of tryptophyl residues to the solvent. The spectral characteristics of the two proteins in guanidine 
hydrochloride and 0.4 M KC1 were identical. However, these denatured states appear to be different than 
those observed after acid denaturation. Further perturbation of fluorescence was observed due to I-, and 
application of the Stern-Volmer law showed that the total fluorescence was available to the quenchers only 
in 0.4 M KC1 solutions. The unfolding of proteins in 0.4 M KCl was a gradual process which was accompanied 
by a time-dependent loss in enzyme activity. The activity loss was complete within 30 min for aldolase 
whereas in the case of GAPDH nearly 3 h was required for the destruction of activity. For both enzymes, 
inactivation and protein denaturation were strongly correlated. The data on activity and thermostability 
measurements of the two enzymes in varying concentrations of KC1 and potassium phosphate revealed that 
though both proteins are halophilic, the forces in the maintenance of their stability could be different. 
Hydrophobic interactions and hence entropy terms appeared to be dominant for the stabilization of haldolase, 
below room temperature. For hGAPDH in KCl, the hydrophobicity of the core was apparently too weak 
to stabilize its folded structure, and the thermodynamic stability of the solution particle was mainly enthalpy- 
driven. However, for both enzymes in high concentrations of phosphate ions, even the hydrophobicity of 
the tetrameric hGAPDH appeared to be sufficient for its stabilization. The data suggested that the acidic 
hGAPDH may not have a strong hydrophobic core to stabilize its folded structure in KCl whereas haldolase, 
being a larger nonacidic protein with many small subunits, depends on stronger hydrophobic interactions 
(core and/or between subunits) to stabilize its folded sturcture. Nevertheless, haldolase, being a halophilic 
enzyme, the hydrophobic interactions alone are not strong enough to stabilize its folded structure. 

Extremely halophilic bacteria as the name suggests are 
obligate halophiles which require 10-20% NaCl for optimal 
growth (Larsen, 1967; Kushner, 1978). They overcome the 
environmental osmotic stress by maintaining an internal salt 
concentration close to saturation in KC1 (Ginsburg et al., 1970; 
Christian & Waltho, 1962), an environment in which most 
classical biochemical reactions would be inhibited (Eisenberg 
& Wachtel, 1987). As a consequence, the biochemical 
machinery of halobacteria is adapted to function at extremely 
high salt concentrations. Most halobacterial enzymes are also 
halophilic; i.e., they require high salt concentration for the 
maintenance of their structural integrity and activity, and at 
salt concentrations below 1 M KCl or NaCl, the halophilic 
proteins are denatured (Baxter, 1959; Holmes & Halvarson, 
1965; Lanyi, 1974). Though the purification of enzymes from 
halobacteria is severely impaired because of the necessity to 
include high concentrations of salt in purification procedures, 
in recent years a few halobacterial proteins have been obtained 
in homogeneous forms (Mevarech et al., 1977; Werber & 
Mevarech, 1978; Leicht et al., 1978; Guinet et al., 1988). In 
the earlier studies, the structural changes in dilute salt solutions 
were seen by sedimentation analysis (Hubbard & Miller, 1970; 
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Holmes & Halvarson, 1965) and gel permeation chroma- 
tography (Hubbard & Miller, 1969). During thelast decade, 
structures of a few halophilic proteins, viz. ferredoxin, 
elongation factor Tu, and malate dehydrogenase have been 
characterized by techniques such as sequencing, 'H NMR, 
analytical centrifugation, light scattering, neutron scattering, 
and circular dichroism (Rao & Argos, 1981; Guinet et al., 
1988; Ebel et al., 1992; Gochin & Degani, 1985; Sussman et 
al., 1986; Zaccai et al., 1986a; Hecht & Jaenicke, 1989). It 
appears that other than these few proteins, structural aspects 
of other halophilic proteins have not received much attention. 
The structural nature of adaptation of halobacterial proteins 
to extreme salinity has been reviewed by Lanyi (1971), 
Eisenberg and Wachtel(1987), Rao and Argos (1981), and 
Zaccai and Eisenberg (1990). Halophilic proteins and 
enzymes follow the salt rank of the Hofmeister series by 
displaying functional and structural integrity at high salt 
concentrations of salting-out salts and destabilization in the 
presence of salting-in salts (Lanyi & Stevenson, 1970; 
Liberman & Lanyi, 197 1; Pundak & Eisenberg, 198 1). Earlier 
work from this laboratory (Altekar, 1975, 1977a,b; Altekar 
et al., 1977) detailed the interactions of salts of the Hofmeister 
series with several nonhalophilic proteins by the use of 
fluorescence spectroscopy. Since variation of salt concen- 
trations in halobacterial protein solutions elicits changes in 
their emission parameters (Mevarech et al., 1977; Hecht & 
Jaenicke, 1989), an investigation on the solute perturbation 
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of fluorescence of halophilic proteins was undertaken. 
Recently we have isolated for the first time two native 

halophilic enzymes, viz., aldolase (class I, Schiff base) and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from 
Haloarcula vallismortis (Krishnan & Altekar, 1990, 1991) 
and characterized them biochemically. Both enzymes show 
a number of halophilic characteristics: their activity depends 
on the salt concentration, and they are unstable below 1.5 M 
KCl. In thecase of hGAPDH, theamino acid analysis revealed 
a large proportion of acidic residues, and its subunit size as 
seen in denaturing PAGE appeared to be slightly higher than 
nonhalophilic analogs. A molecular mass of 160 000 from 
gel filtration is compatible with a tetrameric structure. In 
contrast to hGAPDH and other halophilic proteins, theunusual 
class I aldolase is not a particularly acidic protein, but perhaps 
more hydrophobic. Besides, the data from gel filtration and 
PAGE under denaturing conditions revealed that haldolase 
as compared to nonhalobacterial aldolases is made up of a 
large number of subunits of much smaller size, viz., 27 kDa 
as compared to 33-40 kDa. We suggested that while protein- 
solvent interactions would be important for the stability of 
hGAPDH, those between subunits would be important for 
the stability of haldolase. These aspects will be discussed in 
this paper on the basis of results of the salt-dependent structural 
features of haldolase and hGAPDH, obtained mainly by 
fluoresence spectroscopy. Additional information on the 
stability behavior was obtained from the study of the 
temperature dependence of the two proteins in KC1 and 
K-phosphate. A preliminary report on the information 
obtained from the neutron-scattering studies on hGAPDH 
has appeared recently (Ebel et al. 1991). 

EXPERIMENTAL PROCEDURES 

Chemicals. K2HPOd. KH2PO4, diethyl barbiturate, DHAP, 
and acrylamide were from Sigma Chemical Co. (USA). Citric 
acid, sodium borate, and KI were products of Glaxo Chemicals 
(India). Guanidine hydrochloride was an E. Merck (Ger- 
many) product, and all salts were of analytical grade. Double- 
glass-distilled water was used for all experiments. 

Enzymes. Homogeneous preparations of haldolase and 
hGAPDH were obtained from the halobacterium Haloarcula 
vallismortis by the procedures described earlier (Krishnan & 
Altekar, 1990, 1991). 

Protein Assay. Protein concentrations were measured by 
the method of Lowry et al. modified by Peterson (1983). 

Enzyme Assays. (A) Aldolase Assay. Aldolase activity 
was measured colorimetrically by estimating the triose 
phosphates released, using the modified method (Krishnan & 
Altekar, 1991) of Sibley and Lehninger (1949). 

(B) GAPDH Assay. GAPDH activity was measured 
spectrophotometrically (Krishnan & Altekar, 1990), following 
NAD reduction at 340 nm. 

Effect ofAniom on hAldolase Activity. The effect of anions 
(1-12 mM), arsenate, pyrophosphate, and phosphate on 
aldolase activity was determined by measuring enzyme activity 
in the standard assay medium in the presence of varying 
concentrations of the Na or K salts of the above anions. 

Stability of hAldolase and hGAPDH in 0.4 M KCI. The 
enzymes solutions in 4 M KCl-50 mM Tris-HC1, pH 8.0, 
were diluted quickly with 50 mM Tris-HC1 to obtain 0.4 M 
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I Abbreviations: h, halobacterial; Gdn-HC1, guanidine hydrochloride; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MDH, malate 
dehydrogenase; K-phosphate, potassium phosphate; DHAP, dihydroxy- 
acetone phosphate; NAD, nicotinamide adenine dinucleotide; GAP, 
glyceraldehyde 3-phosphate; FDP, fructose 1,6-diphosphate. 

KC1 concentration, and the stability was determined as the 
percent original activity remaining at the end of specified 
time intervals, ranging from 0, 10 min, ..., 3 h. 

pHMeasurements. All experiments were carried out in 50 
mM Tris-HC1, pH 8.0, buffers (unless otherwise indicated), 
the pH being adjusted after the addition of salt. For pH 
titration, 500 mM Universal buffer was prepared as follows: 
6.008 g of citric acid, 3.893 g of KH2P04, 1.769 g of H3B03, 
and 5.266 g of diethyl barbiturate were dissolved and diluted 
to 800 mL; 80 mL of this solution was titrated with different 
amounts of NaOH and diluted to 100 mL, for obtaining buffers 
with pH ranging from 4.0 to 10.0. The pHs of various buffers 
were measured in a Systronics digital pH meter type 335. 

Stability of hAldolase and hGAPDH at  Different Tem- 
peratures as a Function of Salt. The stability of haldolase 
and hGAPDH was examined separately by incubating the 
enzyme (5Cr80 pg/mL) for 24 h at different temperatures 
(-20 to 40 “C) in salt solutions ranging from 0.2 to 2.7 M KCl 
or from 0.2 to 1.5 M K-phosphate. The enzyme activity was 
assayed in the standard assay medium and related to the 
enzyme activity in 4 M KCI. 

Fluorescence Measurements. The ultraviolet fluorescence 
spectra were determined at 25 OC in a 1-cm path cell in a 
Hitachi fluorescence spectrophotometer (Model F-3010) as 
described earlier (Altekar, 1975). The tryptophyl emission 
spectrum was scanned from 300 to 400 nm after excitation 
at 280 nm. Protein concentrations of 5-10 pg/mL were used, 
and it was ascertained that at thisconcentration the absorbance 
at 280 nm was less than 0.1. All the enzyme solutions in the 
particular set were of the same absorbance. 

In order to obtain the fluorescence spectra of the enzymes 
at various salt concentrations, the stock solution of each enzyme 
in 4 M KC1-50 mM Tris-HC1, pH 8.0, was diluted appro- 
priately and read after 30 min unless mentioned otherwise. 
For pH titration, stock solutions of 4 M KCl were used for 
dilution with 50 mM Universal buffer, and the pH was adjusted 
from 4.0 to 10.0. Freshly prepared GdnOHC1 solution was 
used. Stock solutions of 1 M acrylamide and KI were stored 
in the cold and used within 1 week; 0.1 M sodium thiosulfate 
was added to KI to prevent free iodine formation. 

The peak fluorescence of the protein in 4 M KC1 was taken 
as 100’31, and the fluorescence peak values under the given 
experimental conditions were calculated in relation to this 
value unless specified otherwise. The data on quenching were 
analyzed as described earlier (Altekar, 1977a,b; Altekar et 
al., 1977). This was done according to the equation of Stern 
and Volmer (1919) expressed as Fo/F = 1 + KQ[X], and its 
modification was developed by Lehrer (197 1). In the case of 
proteins where two types of tryptophan fractions are present, 
one accessible and the other inaccessible to the quencher: 

FoI(F0-F) = Fo/AF= 1/[Xlf,Kq + l/fa 
where Fand FO are the quenched and unquenched fluorescence 
quantum yields or intensities, respectively, fa is the fraction 
of accessible fluorescence, KQ is the quenching constant, and 
[XI is the concentration of the quencher. A plot of Fo/AF 
versus [X]-l will be linear with an intercept of fa-’ and a slope 
of (faKq)-’. (fa)cff is the value of the “effective” fractional 
accessible fluorescence from 1 /intercept, and (KQ),ff is the 
ueffectiven quenching constant obtained from the intercept/ 
slope. 

Estimation of Tryptophan. The tryptophan content of the 
two proteins was measured by the spectrophotometric method 
of Bencze and Schmid (1957). 
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FIGURE 2: Fluorescence of (A) haldolase (6 pg/mL) and (B) 
hGAPDH (7 pg/mL) in varying KCl concentrations: (-) 4 M; (--) 
3 M; (- - -) 2 M; (- -) 1 M; (- .. -) 0.4 M. Insets shows the time- 
dependent loss of enzyme activity and the fluoresecence loss in 0.4 
M KC1. Other conditions as in Figure 1. 

cence of haldolase was quenched immediately to 42% upon 
lowering the KC1 concentration to 0.4 M. However, there 
was no shift in the emission maximum at this time, which 
appeared after 10 min. At the end of 75 min, when the total 
enzyme activity was lost, the spectrum resembled that of 
haldolase in 6 M Gdn.HC1. 

Under similar conditions, the fluorescence behavior of 
hGAPDH was different. Quenching accompanied by a 12- 
nm shift of the fluorescence maximum to the longer wavelength 
was evident immediately upon lowering the KCl concentration 
to 0.4 M. However, the change in the microenvironment of 
tryptophan did not affect enzyme activity immediately. The 
quenching was only 18% of the original value, and a further 
time-dependent decrease in the fluorescence yield was quite 
gradual as compared to the changes seen for haldolase (30 
min). At the end of 3 h, when the total enzyme activity was 
lost, the spectrum resembled that of hGAPDH in 6 M 
Gdn-HC1. For both proteins, the kinetics of the loss of 
fluorescence in 0.4 M KCl followed the pattern for the loss 
of enzyme activity under similar conditions (see inset). 

(C) KI Quenching of hAldolase and hGAPDHFIuorescence 
in Varying KCI Concentrations. The effects of I- ions (0.1- 
0.5 M) on the emission of the enzymes were tested at different 
concentrations of salt. In these experiments, 3 M KCl was 
the highest concentration of salt used to obviate the volume 
changes resulting from other additions. Fluorescence spectra 
in 3 and 4 M KCl were identical. The fluorescence which was 
already decreased as a result of lowering the KCl concentration 
was further quenched due to the addition of KI. 

In the presence of 0.2 M KI in 3 M KCl, the haldolase 
fluorescence was quenched by 16% accompanied by a shift 
of the emission maximum by 4 nm to the shorter wavelength 
(data not shown). No shifts in the emission maxima were 
seen when the enzyme was in 0.4 M KCl, though the 
fluorescence at thesesalt concentrations was further quenched 
by 38% and 23%, respectively. The quenching of aldolase by 
I- in 0.4 M KCl appears to be quite low, since in the control 
itself the fluorescence yield was decreased. The Stern-Volmer 
relationships shown in Figure 3A for quenching of haldolase 
by I-in 3 and 1 M KCl were nonlinear. The modified Stern- 
Volmer plot gave values of 25% and 75%, respectively, for the 
tryptophan residues accessible to the quencher. In 0.4 M 
KCl, however, a linear relationship for KI quenching was 

WAVELENGTH, nm 
FIGURE 1 : Fluorescence spectra of native and denatured (A) haldolase 
(6 pg/mL) and (B) hGAPDH (7.5 pg/mL) in (- - -) 3 M KCl and 
in (e-) 6 M Gdn.HC1-0.4 M KC1 0 min after additions and (-) after 
30 min. All solutions contained 50 mM Tris-HC1, pH 8.0, and the 
A,,, was 280 nm at 25 O C .  

RESULTS 

The salt-dependent properties of haldolase and hGAPDH 
were examined under similar conditions, and the data are 
presented. Values of 50 mol/mol, decamer, for haldolase, 
and 16 mol/mol, tetramer, for hGAPDH were obtained as 
the tryptophan content of the two proteins. 

Solute Perturbation of Protein Fluorescence. (A) Effect 
of Protein Denaturant on the Fluorescence of hAldolase and 
hGAPDH. The fluorescence spectra of native haldolase and 
hGAPDH showed maxima at 338 and 332 nm, respectively. 
Addition of Gdn-HC1 to both proteins resulted in a shift of 
the emission maxima to a longer wavelength, 350 nm, an 
indication of denaturation in Gdn.HC1 (Figure lA,B). The 
fluorescence was quenched upon denaturation, and the change 
was time-dependent. The fluorescence of haldolase decreased 
to 51% immediately after the addition of the denaturant and 
decreased by a further 30% of the original value by the end 
of 30 min. In case of hGAPDH, the corresponding values 
were 70% and 36%, respectively. 

(B) Effect of Salt Concentration on the Fluorescence of 
hAIdolase and hGAPDH. The activities of haldolase and 
hGAPDH were shown to be dependent on high concentrations 
of salt (Krishnan & Altekar, 1990, 1991). The fluorescence 
intensity of haldolase decreased when the salt concentration 
was reduced (Figure 2A) without any change in the emission 
maximum upto 1 M KCl. In 0.4 M KCl, however, there was 
a shift in the emission maximum to 350 nm. 

The fluorescence of hGAPDH also decreased with de- 
creasing KCl concentrations and was accompanied by a 
gradual shift in the emission maximum to longer wavelength 
(Figure 2A). This shift which was apparent in 2 M KCl(334 
nm) reached 350 nm in 0.4 M KCI. The foregoing data thus 
indicated that as a result of lowering the KCl concentration, 
the unfolding of two enzymes with concomitant exposure of 
tryptophan residues took place (Chen, 1967). 

The changes in the fluoresence emission of the two enzymes 
were time-dependent. The changes in 0.4 M KCI concen- 
trations were monitored and compared with the loss in the 
enzyme activity, at similar KC1 concentrations (Figure 2A, 
inset, haldolase; Figure 2B, inset, hGAPDH). The fluores- 
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FIGURE 3: Stern-Volmer plots of the quenching (A) haldolase (6 
pg/mL) and (B) hGAPDH (7.5 pg/mL) by I- from values obtained 
in the presence and absence of I- in varying concentrations of KC1: 
(A) 3 M KCl; (A) 1 M KC1; (0) 0.4 M KC1. Insetsshow the modified 
Stern-Volmer plots of the same data. Other conditions as in Figure 
1. 

Table I: Quenching Constants and (fJe~ Values of hAldolase and 
hGAPDH 

quencher enzyme and M KCl (KQ),rr KQ (fa)erf 

KI haldolase 
3 0.18 0.25 
1 2.14 0.75 
0.4 2.17 6.1 1.0 

3 0.05 0.1 
1 0.66 0.6 
0.4 1.33 5.3 1.0 

3 20 

KI hGAPDH 

acr ylamide hGAPDH 

obtained with KQ = 6.1 M-' (Figure 3A). From the modified 
Stern-Volmer plot (Figure 3A, inset), it was evident that all 
tryptophyls in haldolase were accessible to the quencher. 

The quenching of hGAPDH fluorescence by I- in 3,1, and 
0.4 M KCl is shown in Figure 3B. The Stern-Volmer plot 
of KI quenching in 3 M KCl was nonlinear. Comparatively, 
little quenching of hGAPDH due to I- was observed in 3 M 
KC1, and the modified Stern-Volmer relationship gave a value 
of 10% for the fraction of fluorescence accessible to the 
quencher (Figure 3B, inset). The fraction of accessible 
tryptophyl residues in 1 M KCl was found to be 60%. The 
linear Stern-Volmer for KI quenching in 0.4 M KCl indicated 
that the total fluorescence was accessible to the quencher 
(Figure 3B, inset). The KQ of the enzyme for KI under these 
conditions was determined as 5.3 M-*. 

Table I shows the various quenching constants for haldolase 
and hGAPDH at different concentrations of KCl. 

(D) Acrylamide Quenching of hAldolase and hGAPDH 
Fluorescence. The fluorescence of haldolase and hGAPDH 
was also quenched in the presence of acrylamide. However, 
no shifts in the emission maxima were observed in either case. 
The Stern-Volmer relationships for the two proteins are plotted 
in Figure 4. 

For haldolase, the relationship was linear up to 0.08 M 
quencher concentration and nonlinear beyond this concen- 
tration. The KQ value for the linear portion was 15.6 M-l. 
For hGAPDH, the Stern-Volmer relationship was linear with 

pH Titration. The pH titrations of the fluorescence of 
haldolase and hGAPDH were carried out in the presence of 
3 and 0.4 M KCl, and the values for the peak fluorescence 
are plotted in panels A and B, respectively, of Figure 5 .  

KQ 20 M-'. 

FIGURE 4: Stern-Volmer plot for acrylamide quenching of haldolase 
(6 pg/mL) (0) and hGAPDH (7.5 pg/mL) (0) in 3 M KC1. KQ 
for linear portion = 15.6 M-1 for haldolase and 20 M-I for hGAPDH. 
The inset shows the modified Stern-Volmer plot for haldolase. Other 
conditions as in Figure 1. 

aldolase GAPDH 

FIGURE 5 :  Fluorescence pH titration of (A) haldolase (6 &mL) 
and (B) hGAPDH (7.5 pg/mL) in Universal buffers ofvarying pHs. 
(0) 3 M KCl; (0) 0.4 M KCl. Except for the buffer, other conditions 
were as in Figure 1. 

The fluorescence intensities of both proteins either in 
concentrated or in dilute solutions of KCl were affected 
considerably by the changes in pH. In the case of haldolase 
in 3 M KC1, a high yield of fluorescence was obtained between 
pH 7.0 and 10.0 while low intensities were seen between pH 
4.0 and 7.0 with no change in the emission maximum. In 0.4 
M KCI between pH 4.0 and 7.0, the fluorescence pattern was 
more or less similar to that in 3.0 M KCl. However, at pHs 
above 7.0, the emission maximum of 338 nm was shifted to 
the longer wavelength of 350 nm, and the fluorescence yield 
was less than that seen in 3 M KCl. 

The fluorescence of hGAPDH in 3 M KCl increased with 
increases in pH though the changes were not as pronounced 
as that for haldolase. No change in the emission maximum 
was seen. In 0.4 M KCl, at pH 4.0, the fluorescence yield was 
the same as that in 3 M KC1, but decreased above pH 5.0. 
While there was no shift in the emission maximum at pH 4.0, 
a shift to longer wavelength was evident at pH 5.0, which 
shifted further at pH 6.0 and remained unaltered above neutral 

p H  Titration of Iodide and Acrylamide Quenching. The 
variation of peak fluorescence intensity as a function of pH 
in the presence of 0.2 M KI or 0.05 M acrylamide is shown 
in Figure 6A for haldolase and in Figure 6B for hGAPDH. 
The results were obtained in 3 M KC1, and are compared with 
the values obtained in the absence of the quenchers. The 
changes in fluorescence yields in the presence of the two 

PH. 
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FIGURE 6: Fluorescence pH titration of (A) haldolase (6 pg/mL) 
and (B) hGAPDH (7.5 pg/mL) in Universal buffers in the presence 
ofquenchers. (0) Control; (0) in thepresenceof0.05 M acrylamide; 
(A) in the presence of 0.2 M KI. Except for the buffer, other 
conditions were as in Figure 1. 

I 
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CONCENTRATION,mM KPO 

FIGURE 7: Fluorescence of haldolase (7 pg/mL) in 3 M KCl. (A) 
Effect of micromolar DHAP and millimolar potassium phosphate 
(read lower scale). (B) Effect of millimolar DHAP. Other conditions 
as in Figure 1. 

quenchers were qualitatively similar to those observed in their 
absence. Thus, the fluorescence at acidic pHs was less than 
that seen above pH 7.0, and the highest value was seen between 
pH 8.0 and 10.0. However, the reduction of the fluoresence 
of haldolase in the presence of KI was more pronounced. The 
fluorescence at alkaline pHs did not change much due to the 
quenchers. Qualitatively similar results were obtained for 
hGAPDH in the presence of KI. 

Additional Observations with hAldolase. (A) Effect of 
DHAP and Phosphate. Figure 7 shows the effect of DHAP 
and phosphate on haldolase fluorescence. The fluorescence 
intensity was enhanced in the presence of 2-12 pM DHAP 
and 1-12 mM phosphate concentrations. At higher concen- 
trations (1-10 mM) of DHAP, a decrease in fluorescence was 
seen in the presence of 1-4 mM DHAP, but the yield increased 
above this concentration. The increase in fluorescence was 
accompanied by a gradual shift in the emission maximum to 
longer wavelength which reached 350 nm at 10 mM DHAP. 

(B) Enhancement of hAldolase Activity by Anions. An 
enhancement in the activity of haldolase was observed in the 
presence of > 1 mM concentrations of Na or K salts of arsenate, 
pyrophosphate, and phosphate. The order of enhancement of 
activation was arsenate > pyrophosphate > phosphate (Figure 
8). The enzyme activity was unaffected when tested in the 
standard assay buffer in the presence of 0.5 and 1 mM 
concentrations of the chaotropic ions, viz., SCN-, Br-, I-, C104-, 
and NO3- (Krishnan, 1990). hAldolase activity was retained 
in 50 mM Gdn.HC1, but was totally lost beyond this 
concentration. 

Stability of hAldolase and hGAPDH as a Function of 
Temperature andsalt Concentration. Stability measurements 
for the two halophilic enzymes as a function of incubation 
temperature and salt concentrations were studied, and the 
results are shown in Figures 9 and 10. The measurements 

Biochemistry, Vol. 32, No. 3, 1993 

i 

795 

mM,No SALT 

FIGURE 8: Activation of haldolase by the presence of arsenate 
pyrophosphate and phosphate in the standard assay medium. Na 
salts of anions were used. Protein in assay, 0.5 pg. 

a 2op 
I- \ \  
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FIGURE 9: Enzymatic activity of haldolase in standard buffer after 
each incubation for 24 h at a given salt concentration at various 
temperatures. (A) KCI; (B) potassium phosphate. For details, see 
Experimental Procedures. 

-10 0 IO 2 
TEMPERATURE, 'C 

FIGURE 10: Enzymatic activity of hGAPDH in standard buffer after 
each incubation for 24 h at a given salt concentration at various 
temperatures. (A) KCI; (B) K-phosphate. For details, see Exper- 
imental Procedures. 

reflect the proportion of the active protein after incubation in 
the stated conditions. 

The stability of the hGAPDH in KCl increases with 
decreasing temperature down to -10 OC (Figure 10). The 
stability of enzyme in decreasing KCl concentration and 
decreasing temperature showed a linear relationship, and the 
original activity was retained in 1,15 M KCl and incubation 
at 0 OC. 

In contrast, for haldolase in KC1, the relationship was not 
linear. The complete original activity was not retained under 
the conditions used; moreover, it reached a limiting value as 
the incubation temperaturedecrased (Figure 9). The limiting 
value was also dependent on salt concentration. 

In the case of both enzymes, however, for all phosphate 
concentrations the stability reached a limiting value at a certain 
temperature dependingon the salt concentration, with a higher 
temperature for higher concentrations. K-phosphate was a 
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better stabilizer than KC1, and there was no loss in the activities 
of haldolase as well as hGAPDH in 0.6 M K-phosphate 
concentration at 25 OC. 
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in the range of KC1 concentrations above 2 M. The preliminary 
results from these studies have clearly indicated that hGAPDH 
contains loosely packed subunits and the protein begins 
unfolding when KCl concentrations are lowered (Ebel et al., 
1991; unpublished data). 

Two quenchers, iodide and acrylamide, were used to probe 
the degree of exposure and the nature of the microenvironment 
of tryptophyl residues. Further proof that the inactive forms 
of enzymes after incubation with low salt concentrations were 
extensively unfolded was obtained by the use of these 
quenchers. 

The effect of I- quenching on hGAPDH is less pronounced 
(in comparison to haldolase) in 3 M KCl. Also, the blue 
emission maximum of the former protein (332 nm) would 
suggest that the tryptophyl residues of hGAPDH are more 
buried in 3 M salt and inaccessible to the quencher. 

In 1 M KCl solution (though the counterion concentration 
is still high), the unfolding of the protein has taken place as 
indicated by the greater percentages of fluorophore available 
to the quencher in both cases. In 0.4 M KC1, however, all the 
fluorophores are available to the quencher. While the 
tryptophyl fluorescence was only partially available to the 
quencher in 3 and 1 M KC1, all of it was available in 0.4 KC1, 
confirming greater unfolding of the proteins in dilute salt 
solutions. 

Fluorescence quenching of the two proteins was also 
observed in the presence of the polar uncharged quencher 
acrylamide which quenches predominantly by collisional 
quenching (Eftink & Ghiron, 1976). The straight-line 
relationship of the Stern-Volmer plot in the case of hGAPDH 
indicated that the heterogeneously emitting population of 
tryptophyls was accessible to this quencher. The efficiency 
of this quencher is apparent from the quenching constants 
indicated in Table I. In contrast, the nonlinear and upward- 
curving relationship for haldolase of the acrylamide quenching 
suggested that the quencher cannot reach all the fluorophores 
in this protein (Eftink & Ghiron, 1976). This could probably 
be due to the compact nature of haldolase as suggested here. 

Some influence of the local charge around tryptophan was 
obtained from the results of pH variation on the peak 
fluorescence intensity of haldolase and hGAPDH in 3 and 
0.4 M KCl, in the presence and absence of quenchers. In the 
case of haldolase in 3 M KCl, a drop in fluorescence around 
pH 6.0 may be due to the protonation of histidine residue(s) 
of that pKa (Edelhoch et al., 1967). The unchanged emission 
maximum for the two proteins in 3 M KC1, in the entire pH 
range used, suggested no exposure of their tryptophyls to the 
solvent. However, lower yields of fluorescence were obtained 
for the two proteins at acidic pHs. The protein structure 
could be more open due to repulsive forces as it becomes more 
positively charged. At acidic pHs, the fluorescence intensities 
of the two enzymes were more or less similar in the two KCl 
concentrations used. 

In the case of haldolase in low salt solution at  acidic pHs, 
the blue emission maximum indicated that most of the 
tryptophyls were still confined to a hydrophobic environment. 
The red shifts in emission maxima and the drop in fluorescence 
intensity for haldolase above neutral pH suggested that the 
enzyme extensively unfolded at higher pHs. For hGAPDH 
in dilute salt solutions from pHs above 4.0, there was a gradual 
red shift in emission maxima with decreasing fluorescence 
intensities. 

In salt solutions, the charges fully exposed to the solvent 
may be expected to be well screened (Lanyi, 197 1). However, 
at acidic pHs, the increased quenching of haldolase and 

DISCUSSION 

The compactness of folding of polypeptide chain@) in 
solvents is an individual property of proteins (Privalov, 1979). 
The nonhalophilic proteins that function in the absence of salt 
are precipitated out and cease to function in concentrated salt 
solutions. In the absence of salt, halophilic proteins from 
halobacteria undergo structural changes that are reflected by 
changes in various parameters, e.g., sedimentation coefficient 
(Hubbard & Miller, 1970; Holmes & Halvarson, 1965), 
mainly due to the loss of unbound water (Zaccai et al., 1989) 
measured by various methods. It is known that some of the 
interactions that are ordinarily involved in the stabilization 
of proteins structure are weaker in halophilic systems whereas 
others are stronger because of the presence of salt (Lanyi, 
1971). 

The deleterious effects of lowering the KCl concentration 
on the structures of haldolase and hGAPDH were seen in our 
experiments, and these could be correlated to the loss of enzyme 
activity under similar conditions. The quenching of fluores- 
cence accompanied by a shift of the emission maximum to 
longer wavelength was indicative of unfolding of the protein 
molecule (Chen, 1967; Altekar, 1977a,b). The degree of 
quenching for haldolase was more pronounced as compared 
to hGAPDH. Though fluorescence shifts (from 338 or 332 
nm to 350 nm) in both cases were indicative of exposure of 
tryptophan to the solvent (Van Duuren, 1961), those for 
hGAPDH appeared as soon as the KC1 concentration was 
reduced below 3 M, while those for haldolase were apparent 
only after the concentration of 0.4 M was reached. The 
unfolding of haldolase was not gradual, and the exposure of 
tryptophan to the solvent was rather abrupt as indicated by 
the sudden shift of the emission maximum to 350 nm in 0.4 
M KC1. These results perhaps show weak and strong effects 
on protein structure in dilute salt solutions. These differences 
in the shift of the emission maximum and hence unfolding 
between the two proteins may be a reflection of their subunit 
associations. The interactions between the subunits of 
haldolase appear to be stronger than those of hGAPDH. 
Proteins assume random-coil configurations in concentrated 
Gdn.HC1 solution (Tanford, 1988), and Kronman and Holmes 
(1 97 1) have shown that denaturation of proteins in Gdn.HC1 
resulted in an increase in fluorescence accompanied by a shift 
in the fluorescence maximum to 350 nm. However, in the 
case of halophilic MDH in Gdn-HC1 though a shift of the 
emission maximum to 350 nm indicated protein denaturation, 
the fluorescence was quenched (Hecht & Jaenicke, 1989). 
Our results also indicated that in the case of halophilicproteins 
in Gdn.HC1 the fluorescence was quenched upon denaturation. 
The shift of the emission maximum to 350 nm was a clear 
indication of the denaturation of halophilic proteins. The 
fluorescence spectra of haldolase in Gdn.HC1 and 0.4 M KC1 
were similar, and the changes were over in 30 min. Those of 
hGAPDH in 0.4 M KCl showed a similar fluorescence yield 
as in Gdn-HC1 only after 3 h. The fluorescence quenching 
and inactivation of haldolase are more rapid in 0.4 M KC1 as 
compared to thoseof hGAPDH. This confirms that hGAPDH 
retains its stability and structure in dilute KC1 for a much 
longer time as compared to the other enzyme. We are studying 
the neutron scattering and hydrodynamic properties of 
hGAPDH at different KC1 concentrations. A constant value 
of 32 A was obtained as the radius of gyration for hGAPDH, 
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is susceptible to Gdn-HC1 above 100 mM concentrations, 
though Gdn.HC1 in moderate concentrations was shown to 
activate hMDH (Hecht & Jaenicke, 1989). 

The stability of haldolase and hGAPDH in a given set of 
conditions was estimated after 24-h incubation in these 
conditions by measuring the residual activity of the enzymes 
in the standard buffer. Fluorescence measurements indicated 
that the loss of enzyme activity was correlated to enzyme 
unfolding. Since the activity measurements were carried out 
at higher salt concentrations, the stability (or residual activity) 
measurements were essentially the measurements of the 
reversible or irreversible rate of unfolding of the proteins in 
the given conditions. The nature of the forces which act as 
barriers to the forces that disrupt the protein structure could 
be understood from the data shown in Figures 9 and 10. The 
data show that forces that stabilize the structure of hGAPDH 
in KCl and potassium phosphate are different. Since similar 
results were obtained in the case of the stability of hMDH in 
KC1 and potassium phosphate, our results are comparable to 
the protein-hydrated model proposed by Zaccai et al. (1989) 
and Zaccai and Eisenberg (1990). 

In the presence of KCl, hGAPDH stability continued to 
increase linearly with decreasing temperature, similar to the 
behavior of hMDH in different salts (Zaccai et al., 1989). 
From measurements of the activity and stability of the enzyme 
in KC1 (weakly “salting out”), MgC12 (“salting in”), and 
potassium phosphate (“salting out”) neutron-scattering and 
quasi-elastic light-scattering experiments, Zaccai et al. sug- 
gested that hMDH formed a well-structured network involving 
ions and the main stabilization mechanism was due to the 
formation of hydrate bonds between the protein and hydrated 
salt ions. Specific amounts of ions and water bound to the 
enzyme were lost upon unfolding of the molecule (Zaccai et 
al., 1986a,b). The enriched acidic amino acid content of 
hMDH suggested a possible mechanism, Le., participation of 
carboxyl side chains of the acidic residues in the formation 
of the hydration network. From our data presented here and 
unpublished data with Zaccai’s group, it appears that a protein- 
hydrated salt stabilization model is applicable for hGAPDH 
in KC1 solutions. It has been shown that there is a large 
favorable enthalpic contribution to the free energy for the 
subunit assembly of yeast GAPDH (Ruan & Weber, 1989). 
This supports the hypothesis that the stability of hGAPDH, 
in KC1, may involve subunit assembly. The stability of 
hGAPDH in potassium phosphate does not show a linear 
dependence on temperature, but reaches the saturation limit 
upon lowering the temperature which is suggestive of a “salting- 
out” type of mechanism that occurs with nonhalophilic proteins 
(Privalov, 1979). Therefore, in potassium phosphate, hGAP- 
DH appears to be stabilized due to hydrophobic interactions, 
as in the case of hMDH or nonhalophilic proteins (Zaccai et 
al., 1989). 

Qualitatively similar results were obtained for haldolase 
stabilization in potassium phosphate. Thus, the saturation 
limit of the stability of haldolase reached upon lowering the 
temperature is suggestive of a “salting-out” type of mechanism 
discussed for hMDH and hGAPDH as well as for nonhalophilic 
proteins (Privalov, 1979). 

The stability of haldolase in KCl, in contrast to hGAPDH 
(and hMDH), did not show a linear dependence on temper- 
ature, but reached saturation limits at lower temperatures, 
the results being qualitatively similar to those obtained for 
the enzyme in potassium phosphate. This indicated that 
haldolase may be stabilized in KCl by the “salting-out” type 
mechanism, since KC1 is a weakly “salting-out” type of salt. 

hGAPDH in 3 M KC1 indicated that the charge-dependent 
effects were expressed even at high salt concentrations. 

The increase in quenching by I- with decreasing pH for 
both enzymes is probably due to the additional quenching 
resulting from the protonation of carboxyl groups located near 
tryptophan residues (Cowgill, 1967). Emission spectral shifts 
and/or quantum yield changes have continued to prove useful 
as empirical measures of conformational changes induced by 
pH and several other parameters. Thus, information on the 
nature of the local charge around tryptophyls has been obtained 
for several proteins (Lehrer, 1971; Pelley & Horowitz, 1976; 
Colona et al., 1978; Das & Vithayathil, 1978). 

It has been suggested by Lanyi (1971) that in the case of 
some halophilic proteins, charge-dependent effects prevail 
despite the presence of overwhelming concentrations of 
counterions in the surrounding solvent. The possibility of 
electrostatic screening in a protein will depend on its per- 
meability to the solvent. If the solvent is permeable, elec- 
trostatic interactions are shielded above 0.2 M, whereas if the 
solvent is impermeable they are not shielded even at higher 
salt concentrations. In concentrated salt solutions, thevolume 
of the protein decreases, which will also result in decreased 
charge screening (Lanyi, 1971). The exhibition of narrow 
pH optima for activity in high salt concentrations by aspartate 
transcarbamylase (Liebl et al., 1969) and polynucleotide 
phosphorylase (Peterkin & Fitt, 1971) are examples of the 
prevalence of charge-dependent effects in these enzymes at 
high salt concentrations (Lanyi, 1971). 

Additional information on haldolase conformation was 
obtained in the presence of DHAP and phosphate ions, that 
are known to affect rabbit muscle aldolase. Rabbit muscle 
aldolase binds to substrates, viz., DHAP, GAP, and FDP, and 
substrate analogs, erythrose 4-phosphate and Pi (Rose & 
Connell, 1969). These compounds quenched enzyme fluo- 
rescence and gave protection against the action of trypsin, 
suggesting that the interactions were at specific sites of the 
enzyme (Rose & Connell, 1969). Low concentrations of 
DHAP had a similar effect as millimolar phosphate ions on 
haldolase fluorescence with no appreciable change in enzyme 
conformation. However, at concentrations above 1 mM 
DHAP, the red shift in the emission maximum indicated that 
binding of the substrate to haldolase resulted in the exposure 
of tryptophyls to the solvent. The higher values of fluorescence 
obtained suggested a conformational change in haldolase, and 
the affected tryptophyls could be near or away from the active 
site. In the case of rabbit muscle aldolase, binding of arabinito 
1,5-diphosphate was shown to cause a similar exposure of 
tryptophyls to the solvent (Gowder et al., 1973). 

The hyperbolic nature of the activation of haldolase by the 
addition of arsenate, pyrophosphate, and phosphate (Figure 
8) indicates that it is not an allostericeffect, nor did the addition 
of these anions result in changes in the responses of the enzyme 
to KCl. According to the fluorescence data (Figure 7), these 
anions did not alter the buried and exposed tryptophyls; hence, 
the overall enzyme conformation apparently remained un- 
altered. Therefore, the anion activation of the enzyme may 
be due to local residue interactions or minor conformational 
changes, restricted to the enzyme active site. In certain 
halophilic enzymes, however, specific residue interactions were 
shown to result in changes in theoverall structureof theenzyme 
molecule (Lieberman & Lanyi, 1972). 

The chaotropic ions I-, Clod-, Br-, N03-, and SCN- did 
not affect enzyme activity. In the case of nonhalophilic 
proteins, chaotropic ions are known to cause protein unfolding 
as shown by fluorescence studies (Altekar, 1977a). hAldolase 
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We have previously reported that hGAPDH has a higher 
content of acidic amino acids. Thus, being negatively charged, 
it also expresses faster migration rates on gels in the presence 
of anionic detergents (Krishnan & Altekar, 1990). Our earlier 
work has shown that haldolase, unlike many halophilic proteins, 
is not a particularly acidic protein. It migrates equally well 
on gels in the presence of anionic and cationic detergents and 
is comprised of 10 subunits of 27 kDa each (Krishnan & 
Altekar, 1991). It was suggested that the lack of an excess 
of acidic amino acid residues in the case of this decameric 
halophilic protein would result in less interactions of its subunits 
with the solvent as compared to the acidic hGAPDH. From 
the time-dependent inactivation studies of the two enzymes 
in 0.4 M KC1, it was apparent that the two enzymes were 
inactivated at different rates, that of hGAPDH being 
comparatively slow. Also, the monitoring of fluorescence 
changes of the two proteins as a function of salt and pH 
indicates that hGAPDH denaturation occurs more slowly and 
gradually as compared to haldolase. This would be somewhat 
expected, if hGAPDH fits the protein-hydrated model, and 
formed a network with water and ions. The stabilization forces 
important for haldolase stability in KC1 solutions would be 
the hydrophobic interactions to hold its 10 subunits together. 
This is supported by its somewhat higher content of borderline 
hydrophobic amino acids. It would appear that the acidic 
groups in the protein have a less significant role in the 
maintenance of haldolase structure at higher KCl concen- 
trations. Nevertheless, the halophilic nature of the enzyme 
suggests that certain areas of the protein would share the 
structural characteristics of halophilic proteins. 
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