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Papain-Catalyzed Reactions at Subzero Temperatures’

Anthony L. Fink* and Kimon J. Angelides

ABSTRACT: As a first step in the investigation of papain ca-
talysis using subzero temperatures to detect, accumulate, and
characterize enzyme-substrate intermediates, we have studied
some potential cryosolvents and carried out preliminary in-
termediate trapping experiments. The effects of subzero
temperatures and aqueous dimethyl sulfoxide solutions on the
papain-catalyzed hydrolysis of N<-carbobenzoxy-L-lysine
p-nitrophenyl ester have been investigated in detail. At 0 °C,
the value of k¢, decreases with increasing dimethy! sulfoxide
concentration, decreasing in proportion to the decreased water
concentration; however, the value of K, increases exponen-
tially. The effect on K., can be accounted for by a combination
of both dielectric and competitive inhibition effects. The Ar-
rhenius plot for the deacylation reaction in 7.65 M (60% v/v)
dimethyl sulfoxide is linear over the temperature range 0 to
—45 °C and extrapolates to a calculated value of k¢, at 25 °C
in excellent agreement with that obtained in the absence of
organic solvent. The pH-rate profile is not substantially per-
turbed by the presence of 7.65 M dimethyl sulfoxide. At —45
°C and below, turnover occurs extremely slowly, and is es-

The rapidity of enzyme-catalyzed reactions and the con-
comitant short life times of intermediates have been a major
problem in studying the dynamic processes which occur during
catalysis. However, knowledge of the existence and structure
of intermediates on the reaction pathway is necessary before
specific details of the mechanism may be successfully resolved.
Much of our current understanding of enzyme mechanisms
has been obtained through the use of kinetically nonspecific
substrates and substrate analogues. However, the fact that
intermediates from such pseudo-substrates can be isolated does
not necessarily indicate that similar intermediates are on the
productive pathway for good substrates. Consequently, a
method using specific substrates which permits the detection
and characterization of intermediates would be very valuable.
We have been developing such a method utilizing subzero
temperatures and fluid solvent systems (Fink, 1973a,b,
1976a,b; Fink and Wildi, 1974; Fink et al., 1976). The po-
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sentially negligible, although acylation is still quite rapid.
Consequently, the acyl enzyme, N*-carbobenzoxy-L-lysyl-
papain, can be readily accumulated and trapped at tempera-
tures below —50 °C. At these low temperatures, under con-
ditions of excess substrate, the amount of p-nitrophenol lib-
erated in the acylation reaction is equivalent to the active-site
normality of the enzyme, indicating a 1:1 stoichiometry in
formation of the acyl enzyme. The effect of dimethy! sulfoxide
up to 7.65 M, on the intrinsic ultraviolet, fluorescence, and
circular dichroic properties of the enzyme shows no evidence
of any solvent-induced structural changes. All experimental
observations are consistent with the conclusion that 7.65 M
dimethyl sulfoxide and subzero temperatures have no delete-
rious effects on papain-catalyzed reactions. A related series
of experiments indicate that aqueous ethanol cryosolvents up
to 13.7 M (80% v/v) are also suitable. Preliminary experiments
at subzero temperatures using N<carbobenzoxy-L-lysine
methyl ester suggest the existence of three enzyme-substrate
intermediates which can be detected and accumulated.

tential of such an approach was first clearly shown by Douzou’s
studies on peroxidase (Douzou et al., 1970). The procedure not
only allows the accumulation of kinetic and thermodynamic
information, which may otherwise be very difficult to obtain,
but also permits the trapped intermediates to be studied by a
variety of chemical and physical techniques to provide details
of their structure.

The methodology is predicated on the following basis. A
drop of 100 °C will decrease the rate of a typical step in an
enzyme-catalyzed reaction by a factor of 10° to 108, Thus, the
rates of individual steps in the overall enzyme-catalyzed re-
action will be decreased to such an extent that, for some, the
reaction will be negligible at such low temperatures. If the free
energies and enthalpies of activation are such that at the very
low temperatures the faster reactions precede the slower ones,
it should be possible to accumulate each intermediate suc-
cessively. The potential of this cryoenzymological approach
for detecting and accumulating intermediates in enzyme-
catalyzed reactions has been demonstrated in recent studies
with a number of enzymes, e.g., peroxidase (Douzou et al.,
1970), chymotrypsin (Fink and Wildi, 1974; Fink, 1976a; Fink
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et al., 1976), elastase (Fink and Ahmed, 1976; Alber et al.,
1976), B-glucosidase (Fink and Good, 1974), 8-galactosidase
(Fink and Angelides, 1975), and bacterial luciferase (Balny
and Hastings, 1975).

In order to preclude problems of rate-limiting enzyme-
substrate diffusion, it is necessary to employ aqueous-organic
solvent systems which are fluid to temperatures in the vicinity
of =100 °C or below. For the low-temperature technique to
provide meaningful mechanistic data, one must show that the
enzyme-catalyzed reaction in aqueous-organic solvent systems
at subzero temperatures involves the same catalytic reaction
pathway as exists under normal conditions. The initial step in
this direction is the demonstration that the catalytic and
structural properties of the enzyme are not perturbed in any
untoward manner by the cryosolvent.

There is considerable evidence indicating that papain-cat-
alyzed hydrolyses of acyl amino acid derivatives involve an
acyl-enzyme intermediate (Lowe and Williams, 1965; Bru-
bacher and Bender, 1966; Glazer and Smith, 1971; Drenth et
al., 1975). There have also been reports that papain-catalyzed
hydrolyses may involve intermediates in addition to the initial
noncovalent Michaelis complex and the acyl enzyme (Lake
and Lowe, 1966; Henry and Kirsch, 1967; Holloway and
Hardman, 1973). The present study was undertaken to find
suitable cryosolvents for carrying out low-temperature inter-
mediate-trapping experiments with papain. Several observa-
tions suggest that papain is fairly resistant to organic sol-
vent-induced denaturation (e.g., Barel and Glazer, 1969). To
avoid complications from transesterification resulting from
nucleophilic competition for the acyl enzyme, a nonalcoholic
solvent system was desirable. In this report, we present evidence
that 7.65 M aqueous dimethyl sulfoxide has no apparent ad-
verse effects on the structure and catalytic properties of papain
and is suitable for subzero temperature studies on the mech-
anism of papain catalysis. A less detailed investigation also
indicates the suitability of aqueous ethanol solvent systems.
Preliminary experiments using low temperatures to allow the
detection and accumulation of intermediates are also re-
ported.

Experimental Procedures

Materials. N*-carbobenzoxy-L-lysine p-nitrophenyl ester
was obtained from Cyclo (Lot D-1308) and recrystallized from
ethanol-acetonitrile, mp 150-151 °C. N*-carbobenzoxy-L-
lysine methyl ester was obtained from Cyclo (Lot N-1710) and
used without further purification. Papain, a crystalline sus-
pension, was obtained from Worthington (Lot No. 35M9%61),
activated with mercaptoethanol, and purified by affinity
chromatography (Blumberg et al., 1970). The active enzyme
was stored at 4 °C. Activity was determined using either a
burst assay with N*-carbobenzoxy-L-tyrosine p-nitrophenyl
ester (Bender et al., 1966) or a kinetic assay with N®-carbo-
benzoxy-L-lysine p-nitrophenyl ester (Bender and Brubacher,
1966). Both gave results in good agreement with each other.
Aqueous organic solvent buffers, enzyme, and substrate so-
lutions were prepared as described previously (Fink, 1973a,
1976a). All experiments were done in the presence of 2.5 X
10> M EDTA'. Dimethyl sulfoxide, reagent grade, from
Mallinckrodt was distilled from calcium hydride under vacuum
at 37 °C, recrystallized at 2 °C, and stored at or below 4 °C.
Cryosolvents were prepared on a v/v basis at 0 °C.

Methods. Kinetic and ultraviolet absorption measurements

! Abbreviations used are: uv, ultraviolet; EDTA, (ethylenedinitrilo)-
tetraacetic acid.

5288

BIOCHEMISTRY, VOL. 15, NO. 24,

1976

FINK AND ANGELIDES

were performed on a Cary Model 118C spectrophotometer.
Fluorescence spectra were obtained on a Perkin Elmer MPF-4
spectrophotometer equipped with a special thermostated
sample-cell holder. Excitation was at 290 nm, unless otherwise
specified. Circular dichroic spectra were obtained with a Jasco
J20 spectropolarimeter equipped with a thermostated brass-
block sample-cell holder. A 1-cm pathlength cell was used in
all cases. The subzero temperature spectrophotometric (ab-
sorption) experiments were carried out in a specially con-
structed double-walled quartz cell, in which the temperature
control (£0.2 °C) was achieved by circulating ethanol from
a Hetofrig Ultra Cryotherm or a Neslab Model LT9 con-
stant-temperature bath.

Spectral measurements at subzero temperatures were per-
formed in the following manner. Appropriate concentrations
of enzyme and substrate were mixed in aqueous organic buffer
solution at 0 °C, taken up into precooled syringes, mounted on
a six-jet tangential mixing block, and cooled immediately to
the desired temperature. The contents were then injected into
the precooled cell in the spectrophotometer using a pneu-
matic-driven plunger. Mixing was both rapid and homogenous,
as determined in tests using dye solutions. To determine & ¢y
and K, either initial velocity or a procedure based on the
complete reaction curve (Bender et al., 1966) was used. In the
experiments with varying concentrations of dimethyl sulfoxide,
both procedures were used and in good agreement with each
other. Tn the experiments to measure k., as a function of
temperature, the following procedure was used. Enzyme and
substrate solution (saturating conditions, i.e., zero-order ki-
netics) were mixed at —45 °C and the temperature was raised
in 5 °C increments. The slope of the resulting straight line was
used to calculate k.. In addition, for determination of k., and
K, at low temperatures, the complete reaction curve was used.
Ultraviolet difference spectra at 0 °C were obtained by the
method of Herskovits (1967). In all spectral experiments, the
temperature was monitored throughout the duration of the
experiment using a thermocouple and digital voltmeter.

The apparent protonic activity, pH* (the apparent pH in
aqueous-organic solutions), was determined using a Radi-
ometer glass electrode and calomel reference electrode at either
0 or 25 °C. Values of pH* at subzero temperatures were ob-
tained from the known temperature dependence of pH* (Hui
Bon Hoa and Douzou, 1973). Buffer systems used were 0.1 M
formate (pH* 3-5), and 0.2 M acetate (pH* 5-7). All aque-
ous-organic solvents were made up to 0.1 M ionic strength
using KCI. The method of Brandts and Lumry (1963) was used
to obtain thermodynamic information on protein denaturation
in 7.65 M dimethy! sulfoxide, pH* 3.5. All measurements were
performed at least in duplicate.

Results

Effect of Dimethyl Sulfoxide on the Catalytic Parameters.
N<«.Carbobenzoxy-L-lysine p-nitrophenyl ester was chosen
as the main substrate for this investigation because, in addition
to being the most specific (kinetically) known substrate, the
deacylation step has been shown to be rate limiting (Bender
and Brubacher, 1966). Papain showed no loss of activity
toward Ne-carbobenzoxy-L-lysine p-nitrophenyl ester after
5 h, relative to controls in aqueous solutions, when incubated
at 4.0 °Cin 7.65 M (60% v/v) dimethyl sulfoxide at pH* 4.0
and 6.1. After 40 h at 4 °C, the dimethyl sulfoxide incubated
enzyme had 949% activity of the control. After 140 h of incu-
bation at —17 and —60 °C, the solvent-treated enzyme had,
respectively, 100 and 104% of the activity of the control.
Gradual loss of activity was observed at 25.0 °C, pH* 6.1 in
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TABLE I! Effect of Dimethyl Sulfoxide on k¢, and K, for the
Papain-Catalyzed Hydrolysis of N*-Carbobenzoxy-L-lysine p-
Nitrophenyl Ester.

[MCZSO] kcata Km
(M) (s7") (M)
0 5.0 1.0X 1073
1.92 4.8 (4.3) 2.5% 1073
3.84 3.2(3.5) 5.6 X 1074
5.12 2.94 (3.0) 1.1 X 1073
6.40 2.54 (2.5) 32X 1073
7.68 2.08 (2.0) 1.0 X 102

¢ Values in parentheses are those calculated based on the decreased
water concentration. Conditions were: pH* 6.1, 0°C, n = 0.1 M, Ey
=55X1077t02.2X107°M,Sg=2.0%X10"3t050X 1072M, 2.5
X 10~ M EDTA.

7.65 M dimethyl sulfoxide, but not at temperatures below 5
°C, in comparison to the time scale of the reactions being in-
vestigated. v

The effect of increasing concentratioris of dimethy! sulfoxide
on k¢ and Kp, for the papain-catalyzed hydrolysis of N2-
carbobenzoxy-L-lysine p-nitrophenyl ester is shown in Table
I. As would be expected, the value of k., decreased in pro-
portion to the decreased water concentration. However, an
exponential increase in K, occurred as the solvent concen-
tration increased. This effect on K, is similar to that previously
observed with chymotrypsin (Fink, 1973a) and trypsin (Fink,
1974a), which we have attributed to a combination of dielectric
and competitive inhibition effects (Fink, 1974b). The data for
K m, which are inconsistent with competitive inhibition alone,
have, therefore, been plotted (Figure 1) in accordance with eq
1 (Clement and Bender, 1963; Mares-Guia and Figueiredo,
1972; Fink, 1974b)

K /Kn® = eAX[1 + ([Me:SO]/Kp)] (1)
in which K,° is the value of Ky, in the absence of dimethyl
sulfoxide, A4 is a constant, X is the difference in the reciprocals
of the dielectric constants with and without dimethyl sulfoxide
at 0 °C (Travers and Douzou, 1974), [Me,SO] is the con-
centration of dimethyl sulfoxide, and Kp is the dissociation
constant for the binding of dimethyl sulfoxide to the active site.
A good fit of the data is obtained when 4 = 3.42 X 103 and Kp
=178 X 1071 Mineql.

The pH* dependence for the papain-catalyzed hydrolysis
of N=-carbobenzoxy-L-lysine p-nitrophenyl ester at 0 °C, 7.65
M dimethyl sulfoxide, was not substantially perturbed from
that in aqueous solution (Bender and Brubacher, 1966). The
values obtained for pX; and pK for k¢, were 4.2 and =8.5,
respectively.

Alternate Cryosolvents. The stability of papain in a number
of other cryosolvents was investigated. For example, when
papain was incubated in 60% (v/v) aqueous N,N’-dimethyl-
formamide at 4 °C, a rapid initial decrease in catalytic activity
was observed (about 10% remaining at 1 h), followed by a
subsequent slow increase to greater than 100% activity of the
control. A detailed explanation of this phenomenon will be
reported elsewhere.

When papain was incubated at 4 °C in 60% (v/v) aqueous
methanol, pH* 6.1, a reduction in catalytic activity to a level
60% that of the control was observed, with a first-order rate
constant of 3.9 X 10~3s~!, In identical experiments using 70%
aqueous methanol, a total loss of activity was observed, the loss
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FIGURE 1: The effect of dimethyl sulfoxide on K, for the papain-cata-
lyzed hydrolysis of N*-carbobenzoxy-L-lysine p-nitrophenyl ester, plotted
according toeq 1.
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FIGURE 2: The Arrhenius plot of kc,, for the papain-catalyzed hydrolysis
of Ne-carbobenzoxy-L-lysine p-nitrophenyl ester. Conditions were 7.65
M dimethyl sulfoxide, pH* 6.1, Eo = 3.0 X 107* M, Sp = 1.0 X 10~3
M.

in activity being first-order with a rate constant of 8.0 X 10~
s~

When papain was incubated in 50, 70, or 80% (v/v) ethanol,
pH* 6.1, no loss in activity after 48 h was observed at —17 °C.
At 4 °C, more than 80% of the catalytic activity was retained
after 48 h at each of these concentrations. The following values
for kcae and K, were obtained at 0 °C, pH* 6.6: for 0%, k¢,
=5.0s"'and K, = 1.0 X 10~5 M; for 20%, 2.2 s~ and 3.3 X
1073 M; for 50%, 2.0s~! and 3.4 X 10~ M; for 60%, 5.1 s~!
and 8.7 X 10~4 M; for 70%, 8.3 s~ ! and 1.2 X 10~3 M and for
80%, 12.0 s~ and 6.5 X 1073 M, respectively.

Effect of Temperature. Figure 2 shows the effect of subzero
temperatures on the deacylation rate of the papain-catalyzed
hydrolysis of N*-carbobenzoxy-L-lysine p-nitrophenyl ester
in 7.65 M dimethyl sulfoxide, pH* 6.1. From the slope of the
Arrhenius plot, a value of £, = 14.6 &+ 0.4 kcal mol~! was
obtained. The value for k¢, 0f 47.4 s~1, obtained by extrapo-
lation to 25 °C and corrected for decreased water concentra-
tion, is in excellent agreement with the value of 44.5 s™!, de-
termined in the absence of dimethyl sulfoxide (Bender and
Brubacher, 1966). No deviations from linearity were observed
in the Arrhenius plot over the temperature range investigated
(0 to —45 °C). At temperatures below —45 °C, the rate of

BIOCHEMISTRY, VOL. 5289

15, NO. 24, 1976



10.0
3.0
8.0
70
8.0 I
50

T

A€ (X 1079

30
2.0
1.0
0.0

T

T

T

-0 0 10 20 30
TEMPERATURE (°C)

FIGURE 3: The thermal denaturation of papain in 7.65 M dimethy!-
sulfoxide, pH* 3.5, Eg = 1.4 X 1075 M.
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FIGURE 4: The effect of dimethyl sulfoxide concentration on the ultra-
violet difference spectrum of papain. (A) Difference spectra for 1.92 and
7.65 M dimethyl sulfoxide. (B) A4575 (4), and AA554 (O), as a function
of solvent concentration. Conditions: pH* 6.1, 0 °C, Eg = 1.0 X 107%
M.

deacylation and turnover became too slow for convenient
measurement. Values of K, were constant, within experi-
mental error, over the range 0 to —20 °C,

Acylation Under Nonturnover Conditions. At temperatures
below —45 °C, the reaction of papain with N%-carboben-
zoxy-L-lysine p-nitrophenyl ester appeared as a first-order
release of p-nitrophenol, corresponding to the formation of the
acyl enzyme. A typical acylation, at =70 °C, pH* 7.0, had a
first-order rate constant of 7.2 X 103 s~ ! for Eg = 1.4 X 10~3
M, S¢ = 1.0 X 1073 M. No subsequent release of p-nitrophenol
was detected over a time period of hours. The amount of p-
nitrophenol liberated in the acylation reaction was 1.2 X 1073
M, in good agreement with the active-site normality of the
enzyme used, 1.4 X 107° M (determined by burst titration at
25 °C, no dimethyl sulfoxide). Similar 1:1 stoichiometry of the
liberated p-nitrophenol to enzyme concentration was observed
in reactions covering a range of temperatures (—40 to —75 °C)
and pH* (4.5 to 7.0), and in 12.0 M aqueous ethanol at —70
°C, pH* 6.6. No deacylation was observed in this latter reac-
tion, for which kgped = 5.6 X 1073s land Eg=1.2X 1075 M
and Sg=1.3X 1073 M.

Effects of Dimethyl Sulfoxide on the Native to Denatured
Transition. Experiments were carried out to investigate the
effect of dimethyl sulfoxide on the denaturation transition of
papain. The unfolding and folding processes were monitored
using the intrinsic near-uv spectral properties of the enzyme.
The process was made completely reversible. As shown in
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the fluorescence emission of papain. Conditions: pH* 6.1, 0°C, Eq= 1.8
X 1076 M. Excitation at 260 (0) and 290 (&) nm.

+240 -

+220
+200
+180 - )
+160 |-
+140

+120 -
+100
+80 - A a
+60 |
+40
+20
00 |-
=20+
-40 -
60+
B8O | o4
0 20 40 60 80
DIMETHYL SULFOXIDE MOLARITY
FIGURE 6: The effect of dimethyl sulfoxide concentration on the circular
dichroism of papain. Conditions: pH* 6.1,0°C, Eq = 1.6 X 1075 M; (Q)
254, (X) 272.(A) 290, and (@) 298 nm.

Bpnrw (deg em® decimote™! X IO'Z)

\

Figure 3, the midpoint of the transition was 12.0 °C at pH*
3.5,7.65 M dimethy! sulfoxide. The enthalpy calculated from
a Van't Hoff plot over the transition region yields a value of
AH?® = 80.0 kcal mol~!.

Effect of Dimethyl Sulfoxide on the Intrinsic Spectral
Properties of Papain. To determine whether the high con-
centrations of organic solvent had any adverse effects on the
structure of the enzyme, the ultraviolet, circular dichroic, and
fluorescent spectra were monitored as a function of increasing
dimethyl sulfoxide concentration. Solvent effects on the ex-
posed residues would be expected to result in linear or smooth
monotonic changes with increasing organic solvent concen-
tration, as observed in Figures 4-6, whereas structural effects,
especially cooperative ones, would be anticipated to result in
distinct deviations in such plots (Chen et al., 1969). Such de-
viations were, indeed, observed at higher dimethy! sulfoxide
concentrations, which also corresponded to loss of catalytic
activity. The small blue shift in Amax for fluorescence emission
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of papain as the dimethyl sulfoxide concentration increased
was also observed when papain was replaced by L-tryptophan
in these experiments, and is ascribed to a viscosity effect. The
effects of increasing methanol and ethanol concentrations on
the intrinsic fluorescence emission of papain were examined
at 0 °C, pH* 6.1, Eg = 1.8 X 107 M. In methanol, a sharp
break in the relative intensity vs. concentration plot was ob-
served at 10 M (50%) when excitation was at 260 nm and
emission monitored at 330 nm. Linear changes in Apax and
relative fluorescence emission intensity were observed as a
function of increasing ethanol concentration to 13.7 M (80%
v/v).

Preliminary Low-Temperature Experiments with N<-
Carbobenzoxy-L-lysine Methy!l Ester. Both the intrinsic flu-
orescence emission and near-uv absorption of papain were used
to monitor the reaction with N*-carbobenzoxy-L-lysine methyl
ester in 7.65 M dimethyl sulfoxide. In addition, the rate of
formation and concentration of the acyl enzyme were followed
by assaying aliquots at —4Q °C with N2-carbobenzoxy-L-lysine
p-nitrophenyl ester, the “burst” of p-nitrophenol liberated
being proportional to the amount of free enzyme present. When
the reaction was monitored in the uv region, the maximum
spectral changes were observed in the vicinity of 276 nm. On
mixing, an initial very rapid decrease occurred, followed by a
subsequent fast decrease in absorbance (kgpsa = 2.2 X 1072
$71,—40.8°C,Eo=10X10"°M, So= 1.0 X 1073 M) (re-
action 2). A further reaction (3) was observed as a slow in-
crease in Ay7g (kobsg = 5.7 X 1073 71, pH* 6.1, —40 °C).
Reaction 2 was found to be pH* independent. Reaction 3 is
tentatively ascribed to acylation, based on the similar rates of
acylation obtained from corresponding experiments monitored
by the p-nitrophenol “burst” technique. Changes in the fluo-
rescence emission were also observed during the course of re-
action of the methyl] ester with papain at subzero tempera-
tures.

Discussion

The experiments reported here were undertaken to dem-
onstrate that the productive catalytic pathway for papain-
catalyzed reactions is not adversely affected by 7.65 M di-
methyl sulfoxide and subzero temperatures. If undesirable
effects were caused by such conditions, they should appear as
changes in both the structural and catalytic properties of the
enzyme. The catalytic parameters, in particular, should be very
sensitive to any adverse effects.

Effect of Dimethyl Sulfoxide on Catalysis. Undoubtedly,
the most sensitive tests for detecting effects on an enzyme are
those involving its catalytic properties. It is well known that
minor structural changes can produce drastic effects on en-
zyme catalysis. It is also apparent that the stability of proteins
in high concentrations of organic solvents is quite temperature
dependent. As can be seen from Figure 3, papain is stable in
the native form at 5 °C (pH* 3.5) but fully denatured at
temperatures above 18 °C.

The large acylation/deacylation rate constant ratio for the
papain-catalyzed hydrolysis of N<®-carbobenzoxy-L-lysine
p-nitrophenyl ester means that ko =~ k3, the deacylation rate
constant in Scheme I (Bender and Brubacher, 1966). Scheme
[ is the minimum reaction pathway for papain catalysis; ES

SCHEME I.
Ks k2 k3
E+SZ=ES— EA —>E+P,
+
P,

BIOCHEMISTRY, VOL. 15, NO. 24, 1976

is the Michaelis complex, EA the acyl enzyme, and Kg the
enzyme-substrate dissociation constant. Since water is a
participant in the deacylation reaction (i.e., k3 = k3'[H,0])
the value of k., should decrease in proportion to the increasing
dimethyl sulfoxide concentrations, as observed (Table I). The
lack of perturbation of pH dependence of kca: in the presence
of the cryosolvent supports the conclusion that the dimethyl
sulfoxide does not affect the deacylation nor the pK of the ion
pair in the active site (Drenth et al., 1975).

Previous studies of the effects of organic solvents on en-
zyme-catalyzed reactions have generally shown an increase
in K and little effect on k., (e.g., Singer, 1962; Clement and
Bender, 1963; Fink, 1973a, 1974a). Various attempts have
been made to correlate these observations with dielectric and
competitive inhibition effects (Clement and Bender, 1963;
Kasserra and Laidler, 1970; Mares-Guia and Figueiredo, 1972;
Fink, 1974b). For N%-carbobenzoxy-L-lysine p-nitrophenyl
ester Kp, = k3Ks/(ky + k3) (for Scheme I) and, thus, the ob-
served increase could be due to an increase in K or a decrease
in k,, or both. An increase in Ks would reflect decreased
binding affinity of the substrate and would be expected, since
the less polar dimethyl sulfoxide will tend to be more strongly
bound in the hydrophobic areas of substrate binding than
water. Such an effect can be overcome by using large substrate
concentrations to saturate the enzyme, with no change in the
reaction mechanism or pathway, and reflects the increasingly
less favorable partitioning of the substrate for the active site,
relative to the bulk solvent, as the cosolvent concentration in-
creases. Solvation of the substrate binding site, undoubtedly,
also plays a significant role. The data for Ky, in the case of
papain are similar to that observed with a-chymotrypsin and
trypsin (Fink, 1974a,b) and can also be accounted for by a
combination of dielectric and competitive inhibition effects by
the organic solvent, as shown in Figure 1. To further support
this conclusion, experiments involving the effect of dimethyl
sulfoxide on the binding of competitive inhibitors to papain are
planned.

Effects of Dimethyl Sulfoxide and Subzero Temperatures
on the Structure of Papain. The native conformation of an
enzyme in solution is a delicate balance of attractive and re-
pulsive interactions involving mainly electrostatic, hydro-
phobic, hydrogen bonding and Van der Waals forces, and in-
cluding competition between solvent and intramolecular
groups. The effects of organic solvents on the structure of the
enzyme are likely to arise from perturbations of these inter-
actions. Little effect on the electrostatic and hydrogen-bond
interactions would be expected under the experimental con-
ditions (Fink, 1976b). However, since hydrophobic interactions
play a major role in maintaining the tertiary structure of pa-
pain, their disruption would have a major impact on the
structure of the enzyme. It seems likely that the combination
of low temperature and high dimethyl sulfoxide concentration
will have only minimal effects on existing hydrophobic inter-
actions in the native enzyme. A more detailed discussion of the
effects of subzero temperatures and organic solvents on protein
structure is presented elsewhere (Fink, 1976b). Several prec-
edents exist to indicate that some proteins are apparently un-
affected by high concentrations of dimethyl! sulfoxide, e.g.,
lysozyme (Hamaguchi, 1964; Fink and Weber, unpublished
results), trypsin (Inagami and Sturtevant, 196Q; Vratsanos,
1960; Lukton et al., 1961; Bettleheim and Senatore, 1964;
Fink, 1974a), chymotrypsin (Fink, 1973a, 1974b), and 3-
galactosidase (Fink and Angelides, 1975; Fink and Magnus-
dottir, in preparation). Additional stabilizing influences include
the presence of substrate and the high enthalpy of activation
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for protein denaturation (Pohl, 1968), both of which will tend
to maintain the native conformation (Fink, 1976b).

The potential of ultraviolet difference spectra, fluorescence
emission, and circular dichroism to detect conformational
changes, as well as solvent perturbations of exposed chromo-
phores, has been well established. The ultraviolet absorption
of dimethyl sulfoxide precludes examination of the spectral
properties of the enzyme in the region below 250 nm. Conse-
quently, the ultraviolet absorption and fluorescence spectra
reflect changes mainly in the tyrosine and tryptophan residues
of the enzyme. Since papain has many such residues
throughout its structure, any substantial change in the struc-
ture should be apparent from such spectral studies. The effects
of increasing dimethyl sulfoxide concentration, as well as
subzero temperatures, on the absorption fluorescence and
circular dichroic spectra of papain (Figures 4-6) are similar
to those observed with chymotrypsin (Fink, 1973a) and trypsin
(Fink, 1974a), and are consistent with solvent effects on the
exposed aromatic residues (Chignell and Gratzer, 1968). Ev-
idence that these studies would show up structural effects is
found in our observations that a sharp break occurs in the
relative fluorescence emission vs. methanol concentration plot
at 10 M (50%) methanol. The linear relationships observed in
Figures 4-6, thus, indicate that major structural changes do
not occur in papain in aqueous dimethyl sulfoxide up to 7.65
M concentration. Additional confirmation for this conclusion
is found in the fluorescence emission data, which indicate no
changes in the tyrosine — tryptophan energy transfer (exci-
tation at 260 nm, emission at 330-340 nm) as a function of
solvent concentration.

Alternative Cryosolvents. Methanol and ethanol-based
cryosolvents have much lower viscosities than dimethyl sulf-
oxide solvent systems, which may be advantageous in many
situations. The alcoholic solvents have the disadvantage that
nucleophilic attack on the acyl enzyme, leading to formation
of an ester product, will increase the deacylation rate, hence,
necessitating lower temperatures to stop the deacylation re-
action. Preliminary investigations indicate that neither
methanol nor N,N’-dimethylformamide provide suitable
cryosolvents for papain. However, ethanol-based systems, up
to 80% (v/v), appear suitable, based on the stability of the
enzyme, and the effects of ethanol on the catalytic parameters
and the intrinsic fluorescence of the enzyme. As in the case
with dimethyl sulfoxide, the increase in K, as a function of
increasing ethanol concentration is exponential, yielding a
linear log K, vs. concentration plot. Presumably, the same
underlying phenomena, a combination of competitive inhibi-
tion and dielectric effects, are responsible. The effect of ethanol
on k., is more complex than simply due to the decreased water
concentration and increased nucleophilicity of ethanol. Such
anomalous effects have previously been attributed to binding
of alcohols to papain (Fink and Bender, 1969).

Subzero Temperature Experiments with N*-Carboben-
zoxy-L-lysine p-Nitropheny! Ester. The linear Arrhenius plot
for deacylation under substrate-saturating conditions indicates
no change in the rate-determining step or adverse structural
effects occurring in the accessible temperature range below
0 °C. Additional evidence supporting the premise that subzero
temperatures and 7.65 M dimethyl sulfoxide have no signifi-
cant effect on at least the deacylation step is the excellent
agreement between the values of k3 obtained at 25 °C in the
absence of organic solvent and that calculated from the data
of Figure 2.

The advantages of using subzero temperatures to allow the
detection and accumulation of an enzyme-substrate inter-
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mediate are readily apparent in the experiments carried out
below —45 °C. Under these non-steady-state, nonturnover
conditions, the acylation reaction appears as a first-order re-
lease of p-nitrophenol and the acyl-enzyme concentration is
stoichiometric with that of the enzyme. The procedure is, thus,
admirably suited for producing substantial yields of metastable
acyl papains. We are currently using this approach to make
crystalline specific acyl papains which will be suitable for x-ray
crystallographic studies, analogous to our recent studies on
crystalline acyl enzymes of the serine proteases (Fink and
Ahmed, 1976).

The results of our preliminary studies of the reaction of
papain with V*carbobenzoxy-L-lysine methyl ester in the —70
to —15 °C range suggest that revision of Scheme I to include
an intermediate between ES and EA will be necessary. A more
detailed report will be given shortly.

On the basis of the results obtained in this investigation, we
are confident that the mechanism of catalysis by papain in 7.65
M dimethy] sulfoxide at subzero temperatures is essentially
the same as that in the absence of the solvent and at ambient
temperatures.
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Two Functional States of Sarcoplasmic Reticulum ATPase’

Giuseppe Inesi,* Joel A. Cohen, and Carol R. Coan

ABSTRACT: The “total” ATPase activity of rabbit sarco-
plasmic reticulum (SR) vesicles includes a Ca2*-independent
component (“basic) and a Ca?*-dependent component
(“extra”). Only the “extra” ATPase is coupled to Ca2*
transport. These activities can be measured under conditions
in which the observed rates approximate maximal velocities.
The “basic”” ATPase is predominant in one of the various SR
fractions obtained by prolonged density-gradient centrifuga-
tion of SR preparations already purified by repeated differ-
ential centrifugations and extractions at high ionic strength.
This fraction (low density, high cholesterol) has a protein
composition nearly identical with that of other SR fractions
in which the “extra” ATPase is predominant. In these other
fractions the ratio of “extra” to “basic”” ATPase activities is
temperature dependent, being approximately 9.0 at 40 °C and
0.5 at 4 °C. In all the fractions and at all temperatures studied,
similar steady-state levels of phosphorylated SR protein are
obtained in the presence of ATP and Ca2?*. Furthermore, in

Vesicular fragments of sarcoplasmic reticulum (SR)! provide
an isolated membrane system specifically differentiated for
ATP-dependent calcium transport (Ebashi, 1964; Hasselbach,
1964; Weber, 1966). In the absence of Ca2*, rabbit SR vesicles
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Pacific, San Francisco, California 94115. Received June 26, 1976. Sup-
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! Abbreviations used: SR, sarcoplasmic reticulum; “extra” and “basic”
ATPase activity, the Ca?*-dependent and Ca2*-independent components
of ““total” ATPase activity, respectively; Mops, morpholinopropanesul-
fonate; EGTA, ethylene glycol bis(8-aminoethyl ether)-/V,N’-tetraace-
tate.
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all cases the “basic” (Ca?*-independent) ATPase acquires
total Ca%* dependence upon addition of the nonionic detergent
Triton X-100. This detergent also transforms the complex
substrate dependence of the SR ATPase into a simple depen-
dence, displaying a single value for the apparent X,,. The ex-
perimental findings indicate that the ATPase of rabbit SR
exists in two distinct functional states (E; and E,), only one
of which (E;) is coupled to Ca2* transport. The E; = E;
equilibrium is temperature-dependent and entropy-driven,
indicative of its relation to the physical state of the ATPase
protein in its membrane environment. The nonlinearity of
Arrhenius plots of Ca2*-dependent (“extra”) ATPase activity
and Ca?* transport is explained in terms of simultaneous
contributions from both the free energy of activation of enzyme
catalysis and the free energy of conversion of E; to E,. Thermal
equilibrium between the two functional states is drastically
altered by factors which affect membrane structure and local
viscosity.

display an ATPase activity (“basic” activity) which markedly
increases on addition of Ca?* (“total” activity). The difference
between “total” and “basic” activities is known as the “extra”
or Ca2*-dependent ATPase. Only this “extra” ATPase is
coupled to Ca2* transport (Hasselbach, 1964).

We now find that the ratio of Ca2*-dependent to Ca®*-
independent activities varies in SR fractions of different den-
sities but identical protein composition. Furthermore, this ratio
is highly temperature dependent. In all cases, Ca2*-indepen-
dent ATPase acquires Ca?* dependence in the presence of the
detergent Triton X-100. These and other experiments de-
scribed below indicate that the ATPase of rabbit SR resides
in thermal equilibrium between two distinct functional states,
only one state being coupled to Ca?* transport. Conversion of
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