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Determination of the Distribution of Sodium and Potassium Ion Activated
Adenosinetriphosphatase among the Various Oligomers Formed in Solutions of

Nonionic Detergents’

William S. Craig*

ABSTRACT: Sodium and potassium ion activated adenosine-
triphosphatase [(Na* + K*)-ATPase] can be dispersed from
the membrane-bound state, with the stable retention of the
capacity to display (Na* + K*)-ATPase activity, by treatment
with solutions of a homogeneous, nonionic detergent, octa-
ethylene glycol dodecyl ether. The dispersed enzyme is in-
capable of turnover, however, in solutions where the free de-
tergent concentration is above the critical micelle concentra-
tion. Treatment of solutions of this enzyme with the cross-
linking reagent glutaraldehyde results in the quantitative,
covalent coupling of the a- and 8-polypeptides. The various
covalent products formed, when visualized on sodium dodecyl

Tle two polypeptide chains, designated « and 8, that con-
stitute sodium and potassium ion activated adenosinetri-
phosphatase [(Na* + K*)-ATPase]! have been shown to exist
in an equimolar ratio in purified preparations of the enzyme
and to be part of the same molecular complex because they
can be cross-linked quantitatively to form a unique covalent
heterodimer, -3 (Kyte, 1972; Liang & Winter, 1977; Craig
& Kyte, 1980). An earlier report from this laboratory (Craig
& Kyte, 1980) estimated the protein molecular weight of this
af3 unit to be 177000 £ 13 000, but this is a somewhat con-
troversial value (Peterson & Hokin, 1981). Other cross-linking
results have suggested that an «, complex may be present in
the native structure of the enzyme (Kyte, 1975; Giotta, 1976;
Liang & Winter, 1977). In these cases, however, quantitative
cross-linking was never achieved, nor was the problem of
random collisional cross-linking within the membrane (Kyte,
1981) addressed satisfactorily, leaving in doubt the question
of the oligomeric state of the enzyme within the membrane.

There are reports that the treatment of membrane-bound
{Na* + K*)-ATPase with certain nonionic detergents results
in the formation of apparently discrete, soluble complexes that
have the capacity to display ATPase activity. The protein
molecular weights of these complexes have been estimated to
be 380000 £ 21000 in solutions of Lubrol WX (Hastings &
Reynolds, 1979) and either 256000 £ 23 000 (Esmann et al.,
1980) or 170000 % 9000 (Brotherus et al., 1981) in solutions
of octaethylene glycol dodecyl ether (C,;E;). In addition, the
protein portions of complexes formed in solutions of Triton
X-100 or digitonin have been reported to have molecular
weights of 140000 (Clarke, 1975) and 190000 % 24000
(Winter & Moss, 1979), respectively, although the enzyme

* From the Department of Chemistry, D-006, University of California,
San Diego, La Jolla, California 92093. Received November 24, 1981.
This research was supported by Grants HL-17879, GM-07169, and
AM-07233 from the National Institutes of Health, Grant PCM78-24284
from the National Science Foundation, and Grant-in-Aid AHA 81-1003
from the American Heart Association, all of which provide support to
the laboratory of Jack Kyte.

* Address correspondence to this author at the Department of Bio-
chemistry, Dartmouth College, Hanover, NH 03755,

sulfate~polyacrylamide gels, are integral oligomers of the
asymmetric unit {(@3) of the enzyme. The noncovalent oli-
gomers from which these products are derived can be separated
on sucrose gradients based on differences in their respective
sedimentation coefficients, but these sedimentation coefficients
are highly dependent on the concentration of detergent in the
gradient. Furthermore, the cross-linking assay reveals that
changes in the aggregation state of the enzyme occur as de-
tergent;protein ratios are varied or when the enzyme is added
to the ATPase assay. These observations suggest that earlier
conclusions about the oligomers of this enzyme present in
detergent solution were significantly in error.

is inactivated by each of these detergents. All of the molecular
weights determined in the presence of these detergents depend
on evaluations in which very substantial corrections are nec-
essary in order to derive the final molecular weights from the
hydrodynamic properties, a fact that may explain why values
that must be simple, integral multiples of a unique number
lying between 140000 and 180000 display such discrepancy.

This report describes several properties of (Na* + K*)-
ATPase when it is dissolved in solutions of the nonionic, ho-
mogeneous detergent C,,E;. For clarification of disagreements
about the composition of solutions of this enzyme and this
detergent (Esmann et al., 1980; Brotherus et al., 1981), a
cross-linking assay has been used that can assess accurately
the proportion of each quaternary complex present in any given
sample (Hermann et al., 1981) and can detect with high
sensitivity the changes brought about by variations of the
solution.

Experimental Procedures

Materials. Octaethylene glycol dodecyl ether (C,,Ez) was
obtained commercially from Nikkol Chemical Co. or was
purified from Brij 36T by a combination of high-pressure liquid
chromatography and conventional column chromatography
on silica gel. The Brij detergents 36T, 58, 56, and 78 and
Lubrol WX were purchased from Sigma Chemical Co.
Glutaraldehyde was obtained from Polysciences and was a gift
of Dr. K. Tokuyasu, University of California, San Diego.
Sedimentation velocity standards used for sucrose gradients,
listed with their sources and sedimentation coefficients, were
as follows: bovine serum albumin (Pentex), 4.6 S; human
transferrin (gift of Paul Saltman, University of California, San
Diego), 6.1 S; rabbit muscle lactate dehydrogenase (Sigma),
7.2 S; bovine catalase (Sigma), 11.2 S; and aspartate trans-
carbamylase (gift of H. K. Schachman, University of Cali-

! Abbreviations: (Na* + K*)-ATPase, sodium and potassium ion
activated adenosinetriphosphatase; C;;Es, octaethylene glycol dodecyl
ether (3,6,9,12,15,18,21,24-octaoxahexatriacontan-1-ol); NaDodSO,,
sodium dodecyl sulfate.
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fornia, Berkeley), 11.7 S. Bovine serum albumin, ovalbumin
(Sigma Chemical Co.), and phosphorylase a (gift of James
Stull, University of California, San Diego) were used as po-
lypeptide standards for gel electrophoresis.

Enzyme and Enzymatic Assay. Purified (Nat + K*)-
ATPase was prepared by published procedures from canine
renal medulla by incubating a microsomal preparation with
sodium dodecyl sulfate (NaDodSO,) and isolating membrane
fragments of a particular density on a discontinuous sucrose
gradient (Jorgensen, 1974; Munson, 1981). The usual specific
activity of the purified, membrane-bound enzyme was
900-1100 umol of P; (mg of protein)™ h~!, and NaDodSO,
gels of the preparation contained only the & and 3 subunits
of (Na* + K*)-ATPase.

The method of assay for strophanthidin-sensitive (Na* +
K*)-ATPase activity has been described (Kyte, 1971). It was
modified to eliminate interference from nonionic detergents
during the formation of the phosphate-molybdate complex by
the method of Peterson (1978). Enzyme dispersed in detergent
was assayed by direct addition either into detergent-free
medium such that the diluted detergent concentration was
below its critical micelle concentration or into assay medium
containing added detergent. Product formation was consist-
ently linear over the reaction period of the assay. Protein
determination was by the Lowry method whose extinction
coefficients were determined by quantitative amino acid
analysis as previously described (Kyte, 1971).

Polyacrylamide Gel Electrophoresis. NaDodSO,~-poly-
acrylamide gels were prepared with 3.6% acrylamide and 0.1%
methylenebis(acrylamide) according to Weber & Osborn
(1969). Samples were prepared by the addition of an amount
of 20% NaDodSO, sufficient to provide at least a 5-fold weight
excess over protein, incubated 12 h at 22 °C, and submitted
to electrophoresis. Gels were stained and destained and then
scanned, and peak areas were integrated as previously de-
scribed (Craig & Kyte, 1980). Noncovalent bovine serum
albumin polymers were formed by denaturing 2-3 uL of a 100
mg ml™! solution of the protein with an equal volume of 20%
NaDodSO,. The volume was then raised to 50 uL by the
addition of 0.1% NaDodSQ,, and the sample was submitted
to electrophoresis.

Preparation of Supernatant—C ,Eg (Na* + K*)-ATPase.
Purified, membrane-bound (Na* + K*)-ATPase (4 mg mL™!
in 20 mM histidinium chloride or 30 mM imidazolium chlo-
ride, pH 7.0) is diluted at room temperature (22 °C) into 20
mM histidinium chloride or 30 mM imidazolium chloride, pH
7.0, such that the final concentrations are 1 mg mL™! protein,
0.1 M KCl, and 10% glycerol, and the total, initial C;,Eq
concentration is 5.6 mM (mg of protein mL™!)"! unless oth-
erwise stated. This corresponds to a detergent:protein weight
ratio of 3 mg of detergent (mg of protein)™!. Samples are then
submitted to centrifugation at 100000g for 90 min at room
temperature in a Beckman Airfuge to remove undissolved
membranes. The pelleted material tends to be flocculent, and
for this reason, samples larger than 0.5 mL are placed on a
30% sucrose cushion and submitted to centrifugation at
150000g for 90 min at 12 °C in a type Ti-60 Beckman rotor.
The clear supernate is removed from above the cloudy interface
and then assayed for (Na* + K*)-ATPase activity [1000-1300
umol of P; (mg of protein)~! h™!] and protein concentration
(0.5-0.7 mg mL™!). Since much of the detergent is lost with
the pellet, the notation <5.6 mM C,,Eg has been adopted when
referring to the detergent concentration in the supernate.

Cross-Linking of Supernatant—C,E; Enzyme. Superna-
tant~C,,E; enzyme is prepared in 30 mM imidazolium chlo-
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ride. Cross-linking is initiated by the addition of 0.1 volume
of 80 mM glutaraldehyde, the incubation proceeds for 45 min
at room temperature, and the reaction is quenched with 0.1
volume of 0.6 M glycine, pH 9.0. After 5 min, 20% Na-
DodSO, [>5 mg of NaDodSQ, (mg of protein)~!] is added
to denature the polypeptides, and the sample is incubated at
room temperature for 12 h before being submitted to Na-
DodSO, ~polyacrylamide gel electrophoresis.

In some experiments, the protein concentration was varied
over the range 0.05-0.5 mg mL™! by diluting supernatant-
C ;B4 enzyme (0.5 mg mL™! protein and <5.6 mM C,,E;) with
1 mM C,,E,, incubating 15 min at room temperature, and
cross-linking with 8 mM glutaraldehyde. In separate exper-
iments, glutaraldehyde concentration was varied between 2
and 16 mM, incubation time between 5 and 90 min, and
temperature of incubation between 10 and 30 °C. The re-
action was quenched, and samples were denatured and sub-
jected to electrophoresis.

Cross-linking was also performed under conditions where
the enzyme had been determined to be turning over by prior
dilution of a 50-uL sample of supernatant—C,,E; enzyme (0.2
mg of protein mL™') into 0.3 mL of 30 mM imidazolium
chloride, pH 7.1, prepared such that the final concentrations
would be 3 mM MgATP, 100 mM NacCl, and 20 mM KCL
After a 5-min incubation at 22 °C, the samples to be analyzed
were cross-linked and submitted to electrophoresis. Duplicate
samples, lacking glutaraldehyde, were assayed for enzymatic
activity, simultaneously.

Separation of Oligomers on Sucrose Gradients Containing
Detergent. Samples (100 uL) of supernatant-C,Eq (Na*t +
K*)-ATPase at protein concentrations of either 5.8, 2.6, or
1.6 mg mL"!, all prepared with 7.4 umol of C,,E; (mg of
protein)~!, were loaded onto 5-20% sucrose gradients (3.6 mL)
containing 30 mM imidazolium chloride, pH 7.0, and 2, 9, or
16 mM C,,E,, respectively. The gradients (path length 5.5
cm) were submitted to centrifugation at 55000 rpm in an SW
60 rotor at 15 °C for 5.5, 6, or 6.5 h, respectively. After
centrifugation, the bottoms of the tubes were punctured,
fractions (approximately 100 uL) were collected, and each
fraction was reacted with 8 mM glutaraldehyde for 60 min
at room temperature. After the reaction was quenched with
glycine, the polypeptides were denatured for electrophoresis
with NaDodSO,. The stained gels were scanned at 550 nm,
and the relative amount of each polymer in each fraction was
determined by calculating the area of its cross-linked product
on each gel. The positions of the sedimentation velocity
standards in companion gradients were determined by
measuring 4,g of individual fractions. In the case of lactate
dehydrogenase and catalase, the positions were verified by
assaying for the appropriate enzymatic activity either by the
decrease in 434, of a solution of 2 mM sodium pyruvate and
150 uM NADH or by hydrogen peroxide consumption de-
termined by titration with permanganate, respectively.

Results

Activity of (Na* + K*)-ATPase Dispersed in C\,E;. Pu-
rified, membrane-bound (Na* + K*)-ATPase, at constant
protein concentration, was mixed with increasing amounts of
C,,Es, and undissolved membranes were removed by centri-
fugation. Aliquots of the supernates were diluted into de-
tergent-free assay medium to determine strophanthidin-sen-
sitive (Na* + K*)-ATPase activity under conditions where
the amount of detergent carried over into the assay remained
below the critical micelle concentration. From the results
plotted in Figure 1, it can be seen that the enzyme retains the
ability to display activity after it has been dispersed at high
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FIGURE 1: Total and supernatant activity as a function of C,E;
concentration. Purified membrane-bound (Na* + K*)-ATPase was
added to a solution that had been prepared so that the final con-
centrations would be 20 mM histidinium chloride, pH 7.0, 0.1 M KCl,
10% glycerol, 1.0 mg of protein mL™?, and C,,E; concentration as
indicated. After a 10-min incubation, samples were submitted to
centrifugation at 22 °C and 100000g for 90 min. The supernates were
removed and assayed for (Na* + K*)-ATPase activity in a deter-
gent-free medium. Samples removed prior to centrifugation were
assayed in an identical manner and represent total activity (@) relative
to that for a mixture with no C;,E;. The activities of the supernates
(0) are plotted as percent of the activity in the total mixture.
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FIGURE 2; (Nat + K*)-ATPase activity in the presence of increasing
concentrations of C;,Es. Supernatant—C,,Eg enzyme (5 pL of 0.5
mg of protein mL™! and <5.6 mM C,,E,) was added to 0.5 mL of
assay medium containing 30 mM histidinium chloride, pH 6.8, 3 mM
MgATP, 100 mM NaCl, 20 mM KCI, and the indicated concen-
trations of additional C,,Es. The mixtures were incubated for 6 min
at 37 °C, and the ATPase reaction was quenched with NaDodSO,.
The activities are plotted as percent of the maximum specific activity
of 920 umol of P, mg™' h™! found in the mixture containing 40 uM
added Cleg.

detergent concentrations even though it no longer sediments
at 100000g over 90 min. In addition, the enzyme showed no
detectable (<8%) loss of activity when assayed over 24, 48,
or 100 h of storage at 22 °C. Therefore, in C,,E;g, the enzyme
exists as a stable supernatant complex or complexes capable
of displaying activity upon dilution.

This supernatant—C,,Eg enzyme was diluted into assay
media containing several concentrations of C,;,E; in order to
test the effect of free detergent concentration on activity
(Figure 2). Although (Na* + K*)-ATPase activity is slightly
increased by low levels of detergent, as the free detergent
concentration is increased above the critical micelle concen-
tration of 90 uM (Helenius et al., 1979), the enzyme activity
decreases to zero. This result suggests that, although activity
can be obtained when the detergent is sufficiently diluted, the
enzyme is nonetheless incapable of turnover in the presence
Of micellar C]zEg.

VOL. 21, NO. 11, 1982 2669

—

ABSORBANCE 559
.
E

43 2

FIGURE 3: Scans of NaDodSO,—polyacrylamide gels of (Na* +
K*)-ATPase cross-linked with glutaraldehyde in C,,E; solution (A)
and in the membrane-bound form (B). A sample of supernatant—C;,Eg
enzyme (50 uL of 0.6 mg of protein mL™! and <5.6 mM C,,E;) was
cross-linked with 8 mM glutaraldehyde for 45 min at 22 °C. After
the addition of glycine to quench the reaction, the enzyme was de-
natured with NaDodSO, and submitted to electrophoresis on a 3.6%
polyacrylamide gel. The gel was stained and scanned at 550 nm. An
equal amount of enzyme in the membrane-bound form was cross-linked
identically and also submitted to electrophoresis. The normal mi-
gratory positions of the a-polypeptide and 8-polypeptide are indicated.
The positions of the new products observed on the gel are indicated
by the arrows labeled 1, 2, 3, and 4. The direction of electrophoresis
is from left to right with the upper left arrow marking the top of the
gels.

Aggregation State of (Na* + K*)-ATPase Dissolved in
C\,E;: Determination by Cross-Linking Assay. For assess-
ment of the aggregation state of this supernatant—-C,,E; en-
zyme, a 50-uL sample, containing 0.5 mg of protein mL™},
<5.6 mM C,,E;, 30 mM imidazolium chloride, pH 7.1, 0.1
M KCl, and 10% glycerol, was reacted with 8 mM glutar-
aldehyde for 60 min at 22 °C. The reaction was quenched
with glycine and the sample submitted to NaDodSO~poly-
acrylamide gel electrophoresis (Figure 3A). The normal
migration positions of the - and 8-polypeptides are indicated
in the figure, and it can be seen that these polypeptides have
been completely removed from their respective positions on
the gel while new components of lower electrophoretic mobility
have appeared.

Several experiments were performed on other samples of
supernatant-C,,E; enzyme prepared in the same manner to
explore the effects of variations in the cross-linking assay, such
as time, temperature, and the concentrations of the protein
and the glutaraldehyde, on the patterns observed upon sub-
sequent electrophoresis. No changes in the amounts of the
various covalent oligomers were observed with increases in the
glutaraldehyde concentration beyond 8 mM (Table I). The
time of reaction was varied, halting the cross-linking by ad-
dition of a 5-fold molar excess of glycine. It was found that,
at 22 °C and 8 mM glutaraldehyde, 45 min of reaction was
sufficient to produce a static electrophoretic gel pattern. The
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Table I: Effect of Experimental Conditions on Relative Amounts
of Covalent Oligomers Observed with Glutaraldehyde
Cross-Linking

Table II: Staining Ratio of a-Polypeptide to §-Polypeptide asa
Function of the Extent of Cross-Linking to Exclusively
an a-8 Heterodimer®

integrated area?

exptl conditions® af  (af), (eB); (aB)y
1.5 mM glutaraldehyde® 21 13 3 f
6 mM glutaraldehyde € 30 22 13 7
8 mM glutaraldehyde® 34 27 18 14

12 mM glutaraldehyde® 30 27 19 16
16 mM glutaraldehyde® 31 28 19 15

10°C (90 min)¢ 40 30 15 9
15 °C (60 min)¢ 43 29 16 8
22°C (45 min)¢ 39 30 16 10
30 °C (45 min)¢ 37 28 17 8
0.5 mg mL™! protein® 41 33 25 f
0.25 mg mL"! protein® 46 33 21 f
0.125 mg mL™* protein® 43 32 14 f
0.071 mg mL™! protein® 51 35 14 f
0.05 mg mL"! protein® 47 35 18 f

¢ Percent of total staining on the gel. b Three separate experi-
ments (c~¢) are reported. ¢ Reaction time was 60 min at 22 °C.

Parentheses indicate the time of reaction with 8 mM glutaralde-
hyde. ¢ Reaction time was 60 min at 22 °C and with 8 mM glu-
taraldehyde. / No measurable tetramer.

cross-linking assay, based on these results, is routinely per-
formed for 45 min at 22 °C with a final glutaraldehyde
concentration of 8 mM, It was also found that the electro-
phoretic pattern was independent of temperature within the
range tested, 10-30 °C (Table I), an adjustment only being
necessary to provide longer incubation periods at temperatures
below 22 °C. If the concentration of protein is varied over
a factor of 10, the cross-linking pattern is unchanged (Table
). This observation rules out participation of intermolecular
collisions in the cross-linking reaction and demonstrates the
absence of a concentration-dependent interconversion of the
macromolecular complexes present in the solution over the time
of the assay. Furthermore, when membrane-bound enzyme
is cross-linked under identical conditions, none of the covalent
products is capable of entering the NaDodSO~polyacrylamide
gel upon electrophoresis (Figure 3B). This demonstrates that
the glutaraldehyde is a sufficiently reactive cross-linking agent
to interlink all of the neighbors in a given hydrodynamic
particle. Taken together, these observations indicate that the
glutaraldehyde cross-linking assay provides an accurate catalog
of macromolecular complexes that are present in a given de-
tergent solution prior to the addition of the glutaraldehyde.

The smallest product of the cross-linking reaction, compo-
nent 1 on Figure 3A, is a covalent heterodimer formed from
one - and one §-polypeptide and therefore was derived from
a monomer of the asymmetric unit of the enzyme. Component
1 possesses the same relative electrophoretic mobility (0.44)
on 3.6% NaDodSO,—polyacrylamide gels as the a-8 hetero-
dimer formed during the reaction of cupric phenanthroline with
(Nat + K*)-ATPase dispersed in deoxycholate (Craig &
Kyte, 1980). Furthermore, component 1, like the cupric
phenanthroline product, demonstrates positive staining for
carbohydrate with the periodic acid—Schiff stain (Kyte, 1972).
Finally, when reaction conditions were varied such that the
cross-linking of « and 8 yielded component 1 as the only
significant covalent product observed on gels (Table II), the
remaining unreacted amounts of « and § maintained a con-
stant staining ratio to one another (Craig & Kyte, 1980).

The larger components, 2-4, observed on the gel scan in
Figure 3A, are covalent products from the higher noncovalent
oligomers of the o8 asymmetric unit. The mobilities of the
consecutive, noncovalent polymers of bovine serum albumin

cross-linking® (%) «/8
32 2.23
42 2.21
55 2.52
60 2.30

mean: 2.32:0.12

¢ The addition of 30 mM glycine to the cross-linking mixture as
well as short reaction times (2, 5, 15, and 30 min) resulted in the
a-B heterodimer being the only major covalent product. ? Esti-
mated from the amount of the a-polypeptide remaining un-cross-
linked on the gel.

Table III: Oligomer Content of Previously Reported Preparations
of (Na* + K*)-ATPase in Detergent Solutions®

mg of
detergent/ integrated area®
mg of
detergent protein a8 (aB), (aB), (a-f), (a-B),
Lubrol WX¢ 15 12 24 14 22 22
C,E? 2 25 28 23 20 !
C,E:*® 2.7 54 24 17 4 f

@ Conditions reported earlier were duplicated. ¥ Percent of
total staining on the gel. € Hastings & Reynolds (1979).
d Esmann et al. (1980). € Brotherus et al. (1981). f No mea-
surable pentamer.

were determined by denaturing a 100 mg mL™! solution with
NaDodSO, and submitting it to gel electrophoresis under
conditions identical with those used for cross-linked enzyme
samples. The logarithms of the relative mobilities of the serum
albumin polymers were plotted against their equivalent Stokes
radii (Fish et al., 1970; Neville, 1971) to yield a linear rela-
tionship (Ugel et al., 1971) from which values for the equiv-
alent Stokes radii of the unknown polymers, and hence their
apparent polymer length, could be interpolated. The apparent
polymer lengths of components 2, 3, and 4 are 1.9, 2.8, and
3.7 times, respectively, the apparent polymer length of com-
ponent 1, the a-3 heterodimer, Furthermore, all of the products
of the cross-linking reaction show positive staining for car-
bohydrate. In summary, these results indicate that components
1, 2, 3, and 4, displayed on the gel scan in Figure 3A, represent
the covalent complexes a-8, (a-8),, (a-8);, and (a-f),, re-
spectively, produced during the cross-linking reaction from the
noncovalent complexes a8, (aB),, (af)3, and (af), existing
in the initial solution and that the areas on the NaDod-
SO,-polyacrylamide gel (Figure 3A) are directly proportional
to their relative weight concentrations in the initial solution.?

The aggregation state of (Na* + K*)-ATPase dissolved
under a variety of conditions in detergents other than C;,Eg
can also be assessed with the cross-linking assay. The results
in Table III represent data taken from scans of cross-linked
samples derived from solutions prepared in the same manner
as those examined in earlier experiments performed elsewhere
(Hastings & Reynolds, 1979; Esmann et al., 1980; Brotherus
et al., 1981). It had been claimed that these three preparations
are monodisperse solutions containing dimer, dimer, and
monomer, respectively. It can be seen, however, that each
actually contains a rather complex mixture of different oli-
gomers. The values are presented in Table III as the per-

2 From here on, monomer, dimer, trimer, and tetramer will refer to
the oligomers of the asymmetric unit, a8, ()3, (28),, and (aB),, re-
spectively. The symbol «-3 will designate covalent oligomers and a8,
noncovalent.
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FIGURE 4: Scans of NaDodSO,-polyacrylamide gels of superna-
tant—C,,Es enzyme treated with increasing concentrations of C,,E;g.
A sample of supernatant—C,,Fg enzyme (50 uL of 0.6 mg of protein
mL"! and <5.6 mM C,,E;) was added to 0.1 mL of a solution con-
taining 20 mM imidazolium chloride, pH 7.1, and C;,E; such that
the final additional detergent concentration was 0 (B), 0.5 (C), 5.0
(D), or 50 mM (E). After incubation at 22 °C for 10 min, the samples
were cross-linked with glutaraldehyde, denatured, and submitted to
electrophoresis. Gel A is a control sample of supernatant—-C,,E;q
enzyme cross-linked without prior dilution. The direction of elec-
trophoresis is from left to right, and the arrow marks the top of the
gel.

centage of total staining area on the assay gel although in one
preparation (Brotherus et al., 1981) a considerable amount
of cross-linked material was unable to enter the 3.6% poly-
acrylamide gel. In addition, preparations of enzyme dispersed
in deoxycholate, 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate, Triton X-100, or the Brij
detergents 36T, 56, 58, or 78 all exhibit mixtures of these same
oligomers when examined by this quantitative cross-linking
assay. In a number of examinations of the effects of these
detergents, the relative amounts of each species changed as
the type and concentration of the detergent were varied (data
not shown), but no monodisperse, enzymatically active complex
has yet been observed.

Effect of C,,Eg Concentration on the Distribution of Oli-
gomers. Supernatant—C,,E; enzyme was diluted into solutions
containing increasing concentrations of detergent. After 10
min, at room temperature, the samples were cross-linked with
glutaraldehyde, denatured, and submitted to gel electropho-
resis. Scans of stained gels are shown in Figure 4. It can
be seen that when supernatant—C,,E; enzyme is diluted into
buffer alone there is no significant change in the relative
amounts of each oligomer present (Figure 4A,B), with mo-
nomer constituting 40-50% of the total protein as stated earlier
(Table I). As the detergent:protein ratio is increased, the
amount of monomer increases while the level of the higher
oligomers decreases (Figure 4C-E). At a higher de-
tergent:protein ratio of 50, monomer comprises over 70% of
the total protein while trimer and tetramer have entirely
disappeared (Figure 4E). It should be pointed out, however,
that even at these high detergent concentrations where ATPase
activity has been lost, the dimer has not disappeared entirely
and still constitutes nearly 30% of the total protein.
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Results very similar to those described above were obtained
when membrane-bound enzyme was treated directly with in-
creasing amounts of C,;,E; up to a detergent:protein ratio of
55, undispersed membrane was removed by centrifugation, and
supernates were assayed by cross-linking (data not shown).

Separation of o8 Oligomers. When a sample of superna-
tant-C,,Eg enzyme is subjected to centrifugation through a
5-20% sucrose gradient containing 16 mM C;;E;, the oli-
gomers can be separated on the basis of their sedimentation
coefficients. Individual fractions obtained from such a sucrose
gradient were assayed for the distribution of oligomers by
treatment with 8 mM glutaraldehyde for 60 min at 22 °C.
After the reaction was quenched and the polypeptides were
denatured, samples of cross-linked fractions were submitted
to polyacrylamide gel electrophoresis. Scans of the stained
gels allowed a quantitative determination to be made of the
amount of each oligomer present in each fraction. Results

.from several experiments of this type are presented in Figure

5 along with the positions in each of the gradients of several
sedimentation velocity standards run concurrently with the
supernatant—C,,Eg enzyme sample. In Figure 5C, it can be
seen that monomer, dimer, trimer, and tetramer have separated
from each other when the supernatant-C,,Eg enzyme is sed-
imented through a sucrose gradient containing a large excess
of C,Eg (16 mM). A comparison with the standards yields
sedimentation coefficients of 6.5 S for monomer, 10 S for
dimer, 12 S for trimer, and 14 S for tetramer.’ Since they
can be separated, this result provides independent evidence for
the existence of the complexes that the cross-linking assay
stated were present in the original supernatant—C,;,E; enzyme.
Furthermore, when supernatant—C,,Eg enzyme is cross-linked
prior to centrifugation on the sucrose gradient rather than after
centrifugation, the distribution and relative amounts of the
various complexes are very similar (data not shown). These
results, taken together, suggest that the complexes observed
in supernatant—C,,E; enzyme are discrete and stable entities.

When the C,,E; concentration in the gradient is decreased,
the molecular complexes are less well resolved (Figure 5B).
This is due to alterations in the sedimentation coefficients of
monomer, dimer, and trimer, which are all shifted to within
the range of 6—10 S. Upon a further decrease in the con-
centration of detergent in the gradient (Figure 5A), the ap-
parent sedimentation coefficients of monomer, dimer, and
trimer become indistinguishable from each other (7 £ 1 S).

Aggregation State during Enzyme Turnover. A sample of
supernatant—-C,E; enzyme containing monomer, dimer,
trimer, and tetramer was submitted to the cross-linking assay
after addition to the enzymatic assay medium: 3 mM Mg-
ATP, 100 mM NaCl, 20 mM KCl, and 30 mM imidazolium
chloride, pH 7.1. The sample was submitted to electrophoresis,
and a scan of the stained gel is shown in Figure 6B. It can
be seen that under the same conditions where the enzyme was
actively turning over in a companion tube (116 umol of P; mg™
h7! at 22 °C) the majority of the protein had aggregated to
oligomers greater in size than that of a tetramer so that the
majority (70%) of the products of the cross-linking assay could
not enter the 3.6% polyacrylamide gel. As a control, an
identical sample of supernatant—C,,E; enzyme was diluted into
buffer alone, and little aggregation occurred (Table I, Figure
6A). Therefore, even though the enzyme is dispersed to small

3 A small quantity of an additional complex is observed that sediments
between monomer and dimer. This complex is probably a slightly altered
form of dimer since the cross-linked products of both the dimer and the
undefined complex possess similar electrophoretic mobilities on NaDod-
SO, gels (data not shown).
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FIGURE 5: Separation of supernatant—C,,E; enzyme on linear sucrose
gradients containing C;,E;. Samples (100 uL) of (Na* + K*)-ATPase
dissolved in solutions of C,,Eg [7.4 umol of C,,E, (mg of protein)~]
were clarified by centrifugation and submitted to a second centrifu-
gation through 5-20% linear sucrose gradients containing C,,E; as
noted. Fractions collected from the gradients were analyzed for the
presence of the various complexes, monomer, dimer, trimer, and
tetramer, with the glutaraldehyde cross-linking assay. Stained Na-
DodSO,—polyacrylamide gels of each of the cross-linked fractions were
scanned in order to quantify the amount of each complex present in
the individual fractions. Indicated in the graphs is the absolute staining
area of the covalent complexes a-8 (O), (a-8), (&), (a-8); (O), and
(a-B8)4 (®) present in each fraction assayed. The amount of protein
added to each gradient, the C,;Eg concentration in each gradient, and
the time of each run, respectively, were the following: (A) 0.58 m_%
of (Na* + K*)-ATPase, 2 mM C,,Eq, 5.5 h; (B) 0.26 mg of (Na
+ K*)-ATPase, 6 mM C,E;, 6 h; (C) 0.16 mg of (Na* + K*)-
ATPase, 16 mM C,Egq, 6.5 h. The recovered volume from each
gradient was 3.7 mL, and the bottoms are to the left. The positions
of sedimentation standards for each of the three experiments were
determined from companion gradients and are indicated on the graphs
by the upper arrows. The standards used were bovine serum albumin
(4.7 S), human transferrin (6.1 S), lactate dehydrogenase (7.2 S),
and aspartate transcarbamylase (11.7 S) in that order from right to
left. Additionally, bovine catalase (11.3 S) was used as a standard
for the gradient shown in (C).

oligomers by the detergent, it reaggregates upon enzymatic
assay.

Discussion

The glutaraldehyde cross-linking assay accurately deter-
mines the aggregation state of (Na* + K*)-ATPase as it exists
in detergent solution. Conditions can be found in which the
reaction produces a static, reproducible pattern of covalent
products, which can be visualized on NaDodSOQO,—polyacryl-
amide gels, and increases in the concentration of glutar-
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FIGURE 6: Scans of NaDodSO,—polyacrylamide gels of superna-
tant—C,,E; enzyme cross-linked in the presence (B) or absence (A)
of assay substrates. Two samples of supernatant—C,,Eg enzyme (50
1L of 0.2 mg of protein mL~') were diluted either into buffer alone
or into assay medium, respectively. After a 5-min incubation, the
samples were cross-linked and submitted to NaDodSO,—polyacryl-
amide gel electrophoresis. The direction of electrophoresis is from
left to right with the arrow marking the tops of the gels.
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aldehyde or incubation time, or variation in the protein con-
centration, produce no additional changes in the electrophoretic
pattern (Table I). Furthermore, when the un-cross-linked,
supernatant enzyme preparation is subjected to centrifugation
on a sucrose gradient, monomers, dimers, trimers, and tet-
ramers of the asymmetric unit can be separated from one
another, and each gives the expected, covalent product when
fractions from the gradient are assayed by cross-linking (Figure
5C). This demonstrates that predictions, based on conclusions
from the cross-linking assay, are fulfilled in an experiment.
Finally, further evidence for the validity of this assay is the
observation that membrane-bound enzyme is completely
cross-linked into complexes of such large size that they are
incapable of entering a 3.6% NaDodSO,~polyacrylamide gel
upon electrophoresis. Presumably, these large structures are
formed from random intermolecular collisions of molecules
confined at very high concentration within the two dimensions
of the bilayer (Kyte, 1981).

In a recent report, the usefulness of a glutaraldehyde
cross-linking assay was demonstrated convincingly in exper-
iments on solutions of a soluble protein, lactate dehydrogenase
(Hermann et al., 1981). The results presented there permitted
direct comparisons to be made between rates of enzymatic
reactivation and rates of oligomer formation. Furthermore,
the requisite tests to prove the assay valid were performed as
rigorously then as they are here, and the conclusions reached
were the same, namely, that the quantitative cross-linking assay
can provide accurate, sensitive, and reliable assessments of the
distribution of the noncovalent oligomeric structures in a given
sample. In the present study, lower glutaraldehyde concen-
trations were used to reduce excess reagent and avoid elaborate
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quenching procedures; nonetheless, the results and conclusions
are as valid.

Several experimental observations address the question of
whether or not interconversions can occur between the non-
covalent protein complexes formed when (Na* + K*)-ATPase
is dispersed in a nonionic detergent solution. As indicated in
Table I, protein concentration can be varied over a 10-fold
range without affecting the relative concentrations of the
complexes. Furthermore, in Figure 4, it can be seen that it
is only variation in the detergent:protein ratio that brings about
a conversion of one complex to another. Hence, while there
are changes effected by variations in the detergent:protein
ratio, there is no evidence that interconversions exist that are
dependent on protein concentration. No evidence for time-
dependent changes was ever observed either. The 10 min
between the addition of enzyme into excess detergent and the
initiation of the cross-linking reaction, as in the experiment
in Figure 4, is sufficient for the system to reach an unchanging
composition. All subsequent cross-linking experiments per-
formed in this laboratory have supported this conclusion.
Lastly, the complexes, monomer, dimer, and trimer, can be
separated on sucrose gradients containing detergent when they
are submitted to centrifugation for 6 h (Figure 5). From this
latter result alone, it can be concluded that the system of
noncovalent complexes added to the gradient has reached a
state that does not change in response to variations in the
concentration of any of the species over the time of the ex-
periment. Therefore, the set of complexes formed in the
nonionic detergent solution does not appear to be altered by
changes in protein concentration or variations in time. Al-
though this is in itself interesting, the question of whether or
not any time-dependent or concentration-dependent changes
could be observed under other circumstances neither is relevant
to the conclusions now to be drawn nor was it explored in
detail.

Several earlier experiments, which address the question of
the minimum functional unit of (Na* + K*)-ATPase, can be
evaluated more critically in light of the observations presented
here. Efforts to determine whether the native, active (Na*
+ K*)-ATPase is a monomer or a dimer have generally in-
volved two approaches. Techniques such as radiation inac-
tivation (Kepner & Macey, 1968; Ellory et al., 1979), ligand
binding stoichiometry (Perrone et al., 1975; Jergensen, 1977;
Petersen et al., 1978), and chemical cross-linking (Kyte, 1975;
Giotta, 1976; Liang & Winter, 1977) have been employed to
determine either protein mass (active site)™! or subunit asso-
ciations in membrane-bound preparations of the enzyme. The
difficulties and inadequacies of these methods have been
discussed previously (Craig & Kyte, 1980; Kyte, 1981), and
it is clear that, although these approaches have been provoc-
ative, they are incapable of answering the question.

On the other hand, the enzyme can be released from the
membrane by the bile salts, deoxycholate and cholate (Kyte,
1971; Goldin, 1977), and several nonionic detergents (Hokin
et al., 1973; Hastings & Reynolds, 1979; Esmann et al., 1980;
Brotherus et al., 1981). With certain detergents, there are
rather narrow limits within which unstable but soluble forms
of (Na* + K*)-ATPase can be produced (Kyte, 1971;
Brotherus et al., 1979). Nevertheless, examples of enzy-
matically stable, soluble preparations formed during treatment
of membranes with several nonionic detergents have recently
been described (Hokin et al,, 1973; Hastings & Reynolds,
1979; Esmann et al., 1980; Brotherus et al., 1981). It is with
these latter detergents that the formation of apparently dis-
crete, multimeric complexes of (Na* + K*)-ATPase, which
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are said to possess apparent protein molecular weights of
380000 £ 21000 in Lubrol WX (Hastings & Reynolds, 1979)
and 256 000 £ 23000 in C,E; (Esmann et al., 1980), has been
reported. These values were calculated from hydrodynamic
properties of the complexes of protein, detergent, carbohydrate,
and phospholipid present in these solutions and are significantly
larger than the 140000-180000 molecular weight expected
for a monodisperse monomer. On the other hand, the prep-
aration, in C,,Eg, of a complex, capable of regaining activity,
with an apparent protein molecular weight of 170000 £ 9000,
estimated from hydrodynamic properties, has also been de-
scribed (Brotherus et al., 1981).

An examination of the results presented in Table III suggests
that the differences in the protein molecular weights calculated
from the hydrodynamic properties of preparations of (Na* +
K*)-ATPase dissolved in the various detergents do not result
from differences in the type of oligomer, monomer, or dimer
actually present in the solution. On the contrary, they pre-
sumably reflect differences in the weight-average molecular
weights of the complicated mixtures of the various complexes
formed under these different conditions. Single, discrete,
monodisperse complexes are never present regardless of the
detergent concentration (Figure 4), and it must be assumed
that the techniques of ultracentrifugation commonly employed
are incapable of detecting this fact. On the other hand, the
glutaraldehyde cross-linking assay can clearly resolve each
oligomer of the enzyme, can detect all complexes present, and
can display the proportion of each (Hermann et al., 1981).

Another question, which has not been adequately addressed,
is what the quaternary structure of the soluble (Na* +
K*)-ATPase is when it is actually turning over in an enzymatic
assay. A chemical cross-linking assay has advantages that
permit it to make such a determination. As Figure 6 dem-
onstrates, it is possible to assess the aggregation state of the
enzyme in the presence of substrates provided none are strong
nucleophiles. In this manner, the aggregation state of func-
tioning complexes can be determined, something all previous
experiments have failed to do. The results suggest that rather
striking changes in the relative proportions of the various
oligomers occur upon addition of substrates, and they bring
into question (Kyte, 1981) earlier claims that active-transport
enzymes can function as monomers (Mgller et al., 1980;
Brotherus et al., 1981). It can be concluded that the issue of
whether the functional unit of (Na* + K*)-ATPase is a mo-
nomer or a dimer has not yet been resolved.
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Increased Level of Translatable Collagenase Messenger Ribonucleic Acid
in Rabbit Synovial Fibroblasts Treated with Phorbol Myristate Acetate or
Crystals of Monosodium Urate Monohydrate'

Constance E. Brinckerhoff,* Robert H. Gross, Hideaki Nagase, Lynn Sheldon, Robert C. Jackson,

and Edward D. Harris, Jr.

ABSTRACT: We studied mechanisms governing production of
the neutral proteinase collagenase by synovial cells. We used
a model system of monolayer cultures of rabbit synovial fi-
broblasts stimulated to produce collagenase by treatment with
phorbol myristate acetate or crystals of monosodium urate
monohydrate. mRNAs from these and untreated cells were
translated in a wheat germ cell-free system. Collagenase was
not present in the culture medium or in the in vitro translation
products of mRNA from untreated cells but was present in

Synovial cells taken from patients with rheumatoid arthritis
are known to synthesize and secrete large quantities of the
neutral proteinase collagenase. The importance of this enzyme
in mediating collagenolysis in rheumatoid disease is well es-
tablished (Harris & Krane, 1974; Harris, 1978, 1981), but
mechanisms controlling collagenase production are unclear.

We have developed a model system for rheumatoid syno-
vium in which monolayer cultures of rabbit synovial fibroblasts
can be stimulated experimentally to produce large amounts
of collagenase. Untreated cultures secrete negligible amounts
of this enzyme, but treatments with membrane active agents
such as poly(ethylene glycol) (Brinckerhoff & Harris, 1978)
or cytochalasin B (Harris et al., 1975), phagocytosis of in-
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both the medium and translation products of stimulated cells,
as analyzed by gel electrophoresis and immunoprecipitation
with monospecific antibody. Induction of collagenase was
prevented by treatment of the cells with a-amanitin (2 ug/
mL), an inhibitor of mRNA synthesis. We have concluded
that the induction of collagenase synthesis by either phorbol
myristate acetate or urate crystals is due to an increased level
of translatable mRNA.

soluble debris (Werb & Reynolds, 1975), and a factor secreted
by mononuclear cells (Dayer et al., 1976, 1978) are all capable
of inducing collagenase synthesis. Two additional and potent
inducers of collagenase are crystals of monosodium urate
monohydrate (McMillan et al., 1981) and the tumor promoter
phorbol myristate acetate (PMA) (Brinckerhoff et al., 1979).

No mechanism for collagenase induction by any of these
stimuli has been postulated, although we previously measured
a series of intracellular events occurring after addition of PMA
(Brinckerhoff et al., 1979). In response to PMA, intracellular
cyclic AMP levels increased temporarily at 10 min, followed
by a transient decrease in DNA synthesis (maximum effect
at 9-12 h), a rise in the PGE, level in culture medium (starting
at 12-24 h), and a rise in collagenase activity that was de-
tectable in the culture medium at about 24 h.

Since collagenase is not stored in cells after synthesis (Valle
& Bauer, 1979), the 24-h lag period appeared to represent the
time during which active cytoplasmic collagenase mRNA was
produced. This could be the result of immediate synthesis of
collagenase mRNA (in response to PMA or urate crystals)
that remained in a translationally inactive form until 20-24
h, or it may represent the time needed for functionally active
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