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REFERENCE TO A PHOSPHATASE FROM ACHOLEPLASMA LAIDLAWII

STELLAN HJERTEN
Institute of Biochemistry, University of Uppsala, Biomedical Center, P.O. Box 576, S-751 23 Uppsala (Sweden)

(Received June 27th, 1983)

Key words: Denaturation; Renaturation; Membrane protein; Phosphatase; SDS solubilization; SDS electrophoresis; (A. laidlawii)

It may be easier to renature SDS-denatured hydrophobic proteins than to renature SDS-denatured
water-soluble proteins. This paper presents some support for this hypothesis in the form of literature reports
and an experiment of our own with an intrinsic membrane protein (a phosphatase from Acholeplasma
laidlawii), that could be completely renatured, to judge from the restored activity, which was equal to (or
higher than) that of the untreated enzyme. If this hypothesis is correct it might be possible to devise general
methods to reverse the SDS denaturation of hydrophobic membrane proteins. This would be a breakthrough
in the purification of at least some membrane proteins, because the high-resolving polyacrylamide gel
electrophoresis in SDS could then be used to prepare membrane proteins in a native state. The method used
for the renaturation of the SDS-denatured, entirely inactive, phosphatase comprised removal of SDS with
the aid of conventional dialysis against a buffer containing the neutral, very efficient and non ultraviolet
light-absorbing detergent G3707. For renaturation of the enzyme following an SDS-electrophoresis in
polyacrylamide the gel was immersed in the same buffer for several hours; by staining for phosphatase the
enzyme could easily be localized in the gel in the form of a yellow band, coinciding with a protein zone.

Introduction

Unexpectedly few intrinsic membrane proteins
have been purified to homogeneity in spite of great
efforts from many researchers in different disci-
plines. The reason for this low output is not that
existing separation methods have too low a resolv-
ing power, but the difficulty to find agents (deter-
gents) that not only solubilize the membrane but
also split complexes (native or artificial) between
different membrane proteins without denaturing
them, since any attempt to isolate a protein will
fail if the protein is not in free form but associated
with other proteins. One should also consider that
if a detergent has the ability to solubilize proteins
in a carrier-free medium, it need not necessarily
retain this ability in the presence of a chromato-
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graphic or electrophoretic bed; instead, aggregates
may be formed [1]. SDS is probably the most
powerful detergent in the sense that it in general
splits very efficiently protein complexes and pre-
vents the formation of aggregates of proteins. From
this point of view SDS is the detergent of choice
for purification of membrane proteins. However, a
consequence of the strong solubilizing property is
its denaturing power. Therefore, if fractionations
are to be performed in the presence of SDS (which
is highly desirable for the reasons mentioned), one
must find methods to renature the membrane pro-
teins. Fortunately, it seems to be easier to renature
intrinsic membrane proteins than water-soluble
proteins. This view is supported by literature data
(see Discussion) and by the experiment described
herein, which was undertaken to investigate



whether the activity of a hydrophobic membrane
protein, a phosphatase from Acholeplasma laid-
lawii, could be completely recovered after solubili-
zation in SDS. This would provide additional sup-
port for the hypothesis that it may be relatively
easy to renature membrane proteins after SDS
treatment. In addition we were interested in the
purification of this particular enzyme by SDS elec-
trophoresis since many other fractionation meth-
ods used have failed.

Materials and Methods

QAE-Sephadex AS50 was obtained from Phar-
macia Fine Chemicals, Uppsala, Sweden; p-
nitrophenylphosphate from Sigma, Saint Louis,
U.S.A.; sodium dodecyl sulfate (SDS) from Merck,
Darmstadt, F.R.G.; Tris from Labkemi AB,
Stockholm, Sweden; Tween 20 and G3707 (neutral
detergents) from Atlas Chemie, Everberg, Bel-
gium; the dialysis bag (Visking; diam. 3.5 cm) had
an exclusion limit corresponding to proteins of
molecular weights around 10000 and was bought
from Kebo-Grave, Stockholm, Sweden.

The culturing of Acholeplasma laidlawii and the
preparation of the plasma membranes were done
essentially as described by Razin et al. [2]. A crude
preparation of p-nitrophenylphosphatase was ob-
tained as follows. About 2 ml of a suspension of
the membranes (approx. 30 mg protein/ml) was
mixed with 2 ml of 0.1 M Tris-HCI, pH 8.0,
containing 5% Tween 20. After 2 h at room tem-
perature the suspension was centrifuged for 30
min at 130000 X g. Most of the membrane pro-
teins (but less than 5% of the phosphatase activity)
were found in the supernatant. The pellet was
extracted with stirring for 1 h at room temperature
with 4 ml of water, containing 0.5% G3707, a
neutral detergent the structure of which is given in
Ref. 3. After centrifugation most of the phos-
phatase activity was found in the supernatant,
which was used as sample in the studies presented
in this paper.

The phosphatase activity was assayed as de-
scribed by Ne’eman et al. [4]. As a measure of the
activity we have used the absorption at 420 nm
after incubation with p-nitrophenylphosphate for
30 min at 37°C. To determine the distribution of
phosphatase activity among the protein bands fol-
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lowing polyacrylamide gel electrophoresis we used
a very accurate, previously published method [5].

Experiments and Results

Removal of SDS (in the absence of proteins) by
dialysis ,

The removal of SDS should proceed sufficiently
slowly that the protein molecules have time to
return to their native conformation [6]. For that
reason we have used a dialysis procedure. In pre-
experiments performed at room temperature we
first determined the rate at which SDS passes the
dialysis membrane both in the absence and pres-
ence of G3707. The procedures were as follows. 10
ml of 0.01 M Tris-HAc, pH 8.0, containing 0.01 M
SDS, was transferred to a dialysis bag. The dialysis
was carried out against 500 ml of the same buffer
without SDS. One-ml aliquots were taken from the
dialysis bag 0, 1, 3, 5, and 20 h after the start of
the dialysis and analyzed for the content of SDS
by addition of 37 mg of KCl. The degree of the
opalescence formed is a measure of the concentra-
tion of the dodecyl sulfate, since potassium dode-
cyl sulfate is very poorly soluble in water [7]. The
opalescence was estimated by ‘absorption’ mea-
surements in a spectrophotometer at 450 nm. The
relation between the concentration of SDS in the
dialysis bag and the ‘absorption’ was obtained
from a standard curve. In a parallel experiment
the buffer outside the dialysis bag contained also 2
g of QAE-Sephadex for a more efficient removal
of the dodecyl sulfate.

From the results shown in Fig. 1a, it is evident
that most of the SDS dialyses out within 25 h,
particularly when an anion exchanger was in-
cluded in the outer solution. In the latter case the
dodecyl sulfate concentration in the dialysis bag
reached the limit for detection by the method used
which is about 2-107* M dodecyl sulfate (the
sensitivity can, however, be increased by increas-
ing the amount of KCl added).

Fig. 1b shows another preexperiment where
(G3707 was present not only in the sample in the
dialysis bag but also in the solution outside the
bag. The experimental conditions were similar to
those described in the next section. The sample,
which did not contain protein, consisted of 10 ml
of 0.05 M Tris-HC], pH 8.0, containing 0.5% (w/v)
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Fig. 1. (a) Removal of dodecyl sulfate (in the absence of
proteins) by dialysis against a buffer with (® ®) and
without (O Q) an anion exchanger. ‘As,’ is a measure
of the concentration of dodecyl sulfate in the dialysis bag. The
SDS concentration was measured by the KC] method (see text).
(b) Removal of dodecyl sulfate (in the absence of proteins) by
dialysis against a G3707-containing buffer. The SDS concentra-
tion in the dialysis bag was measured by the basic fuchsin
method [8].

G3707 and 0.01 M SDS. The G3707-containing
dialysis buffer was replaced by a fresh one after 25
and 50 h. For the determination of SDS in the
dialysis bag the above very simple KC] method did
not work satisfactorily, probably because SDS now
formed mixed micelles with G3707. Therefore we
turned to the more sensitive, but also more labori-
ous basic fuchsin method [8]. An aliquot of the
retentate was diluted 100-fold with water in order
for the concentration to fall below the critical
micelle concentrations for the SDS-micelles, the
G3707-micelles and the mixed micelles and to get
most of SDS in free form. Under these conditions

the SDS concentration determined by the fuchsin
method very closely represented the total SDS
concentration in the dialysis bag (when the re-
tentate was dilute with 0.5% G3707 (w/v) instead
of water the method gave too low SDS values
probably due to the fact that SDS then formed
mixed micelles with G3707).

For the SDS determinations we used 1 ml of
the 100-fold diluted aliquots, which were treated
according to the procedues described in Ref. 8 (the
aliquots were withdrawn occasionally during a
period of 90 h). The water phase was not aspirated
off until the opalescence in the chloroform phase
disappeared which took 30-60 min after the tubes
had been brought from the 60°C water bath to
another water bath of room temperature. The re-
sult 1s shown in Fig. 1b.

Renaturation of an SDS-denatured membrane pro-
tein, a phosphatase from Acholeplasma laidlawii,
following removal of SDS by dialysis

About 1.8 ml of the G3707 extract was mixed
with 0.2 ml of 0.05 M Tris-HCI pH 8.0, containing
0.5% (w/v) G3707; 100 pnl was used for measure-
ment of the phosphatase activity, which corre-
sponded to A,,, = 3.8. Another 1.8-ml portion of
the G3707 extract was then mixed with 0.2 ml of
0.1 M SDS. This mixture, which had no phos-
phatase activity, was dialyzed for 16 h at room

Phosphatose Activity (A%S)
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Fig. 2. Renaturation of the phosphate activity by removal of
SDS with the aid of dialysis against a buffer containing the
neutral detergent G3707. As shown, after dialysis for about
twelve days there was no further increase in activity (the
restored activity was higher than that of the non-SDS treated
enzyme).



temperature against 500 ml of 0.05 M Tris-HCI,
pH 8.0, containing 0.5 % (w/v) G3707. The dialy-
sis was then continued in the cold (+4°C) at the
same time as the G3707-containing dialysis buffer
was replaced by a fresh one (the temperature at
the start of the dialysis cannot be as low as +4°C
as SDS then will precipitate (9)). Aliquots (100 pl)
were removed periodically from the dialysis bag
during a period of about 20 days, and were as-
sayed for p-nitrophenylphosphatase activity. The
result is shown in Fig. 2, where the activity is seen
to become maximal after about 12 days.

Renaturation and localization of the phosphatase
following a polyacrylamide gel electrophoresis in
SDS

The electrophoresis chamber consisted of a
quartz tube of the dimensions 4 mm (i.d.) X 100
mm. The run was performed in a polyacrylamide
gel of the composition T = 4%; C = 5% (for defini-
tion of these parameters, see Ref. 10). As buffer
we used 0.05 M Tris-HCl, pH 8.0, containing 0.01
M SDS, and as sample 75 pl of the crude G3707
extract. The duration of the run was 90 min at a
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Fig. 3. Renaturation and localization of the phosphatase fol-
lowing a polyacrylamide gel electrophoresis in SDS. After an
SDS electrophoresis, the polyacrylamide gel was immersed in a
buffer containing the neutral detergent G3707, for removal of
SDS and renaturation of the enzyme. The enzyme was then
localized by a method described previously [5]. As shown, the
enzyme activity could be restored and the activity peak corre-
sponded to one of the protein peaks.
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voltage of 80 volts (4 mA). The gel was taken out
of the glass tube and immersed in 0.05 M Tris-HCl,
pH 8.0, containing 0.5% (w/v) G3707, for removal
of SDS and an attempt at renaturation. After 16 h
with stirring the gel rod was tested for phosphatase
activity by a method which correlated the activity
pattern with the ultraviolet light pattern. This
method [5] has the advantage of showing whether
an activity peak coincides with an ultraviolet light
peak. This information is important in order to get
an idea of the homogeneity of the enzyme. The
pattern obtained (Fig. 3) shows that (1) the en-
zyme could be renatured after electrophoresis in
SDS and that (2) the activity peak corresponded to
one of the protein peaks. When the experiment
was repeated but with the difference that the gel
rod was immersed in 0.05 M Tris-HCl, pH 8.8
(without G3707) no activity was observed.

Discussion

Intrinsic membrane proteins (in contrast to
water-soluble proteins), are in their native state
partly surrounded by lipids. Since lipids resemble
detergents in the sense that they consist of a
hydrophilic part and a hydrophobic part, one might
expect that the conformation of membrane pro-
teins would be less affected by detergents than are
water-soluble proteins. Or in other words: hydro-
phobic (membrane) proteins should be less suscep-
tible to denaturation by detergents (or organic
solvents) than are ordinary water-soluble proteins
(and the risk of denaturation should be smaller the
larger the hydrophobic (and the smaller the hydro-
philic) segment(s) of the protein). I will now refer
to some experiments (taken from literature) which
support this hypothesis.

1. A C,s-isoprenoid alcohol phosphokinase from
the membrane of Staphylococcus aureus (one of the
most hydrophobic proteins known), is active also
in the presence of SDS and is not denatured by
organic solvents [11]. To the best of my knowledge
no experiments have been reported in which an
ordinary water-soluble protein was active in SDS.

2. Neuraminidase of influenza B virus (LEE
strain) was not inactivated upon disruption of the
virus particles by SDS and subsequent electro-
phoresis in SDS [12]. The activity was also re-
tained after an ether treatment of the virus {13,14].
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3. For the hydrophobic protein cytochrome b
Robinson and Tanford [15] state: “It is probable
than even the binding of SDS to the hydrophobic
domain of cytochrome b, is a process of this kind,
occuring without denaturation of the protein, in-
stead of the cooperative binding with denaturation
commonly observed for water-soluble proteins.”

4. Helenius and Simons [16] have in a review
article on solubilization of membranes drawn at-
tention to the finding that phospholipase Al of
Escherichia coli membranes [17] and another phos-
phatase than that described herein; namely, an
alkaline phosphatase from liver cell plasma mem-
branes [18], are resistant to the denaturing action
of SDS.

5. Molecular weights of membrane proteins
estimated by SDS electrophoresis are often erro-
neous when water-soluble proteins are used as
standards [19,20,36]. This can be explained by
assuming that water-soluble proteins are more
completely denatured than are membrane proteins
in an SDS milieu.

6. Albumin (which resembles membrane pro-
teins in the sense that it has hydrophobic surface
patches capable of binding amphiphilic com-
pounds, for instance fatty acids) was not detecta-
bly denatured after solubilization in aqueous al-
cohol solutions containing trichloroacetic acid [21].

7. Rhodopsin was not denatured after solubili-
zation in ether or hexane [22].

Electrophoresis in polyacrylamide gels in the
presence of SDS might be the most high-resolving
existing method for the analysis of membrane
proteins. It could therefore also be a very powerful
method for the preparation of pure membrane
proteins in a native state if the proteins could be
renatured following a run. The experiments de-
scribed herein and the literature data discussed
should be seen against this background and in
view of the fact that we have developed a series of
methods for the recovery of proteins from gel
slices following SDS electrophoresis [23-26].

As a model protein in the renaturation experi-
ment described herein I chose an enzyme, since its
activity can be taken as a measure of the degree of
denaturation (and renaturation). The enzyme
selected was a p-nitrophenylphosphatase from
Acholeplasma laidlawii, because this enzyme seems
to be very hydrophobic to judge from its poor

solubility in the detergent Tween 20 (which
solubilizes almost all other membrane proteins
from this organism). In addition, this enzyme has
a low molecular weight (around 25000) to judge
from an SDS electrophoresis, and therefore proba-
bly does not consist of subunits, which should
facilitate the attempts at renaturation following an
SDS-treatment.

In this paper I have described the use of simple
conventional dialysis for removal of SDS. Other
methods can certainly be used as well (for ins-
tance, that of Clarke, described in Ref. 27), pro-
vided that SDS can be replaced by a non-denatur-
ing detergent that can keep the protein in solution,
for instance, Triton X-100, G3707, octyl glycoside,
or deoxycholate. Triton X-100 has the unfortunate
drawback of a strong ultraviolet light absorption,
which often is disturbing in preparative fractiona-
tion studies and in analytical runs of the type
shown in Fig. 3. The non-denaturing detergent
need not have so high a solubilizing power as SDS,
since after fractionation in SDS the protein is pure
or contains probably only few contaminants, which
means that the risk that the protein of interest may
form complexes with other proteins no longer ex-
ists or is at least greatly reduced. If the protein is
homogeneous following the purification tn SDS it
may even be kept in solution without transferring
it into a non-denaturing detergent solution. The
reason for this is probably that the non-polar
patches of a membrane protein associate hydro-
phobically to form well defined complexes (in the
absence of other proteins), for instace tetramers or
pentamers. There are several examples of mem-
brane proteins that are soluble in the absence of
detergents [16,28-30].

A comparison between Fig. la and Fig. 1b
shows that the removal of SDS from the dialysis
bag is a slower process when the dialysate contains
G3707. The reason is that SDS forms mixed
micelles with G3707 and that these micelles are
too large to pass the dialysis membrane (G3707
must be present on both sides of the dialysis
membrane in the renaturation experiments to keep
the protein in solution).

Fig. 2 shows that complete renaturation of the
phosphatase activity by simple dialysis proceeds
very slowly, which may be a prerequisite for effi-
cient refolding [6]. Maximum activity is not ob-



tained until after about twelve days. It is also
interesting to note that the restored activity (A4,
=5.2) after this period of time is even higher than
that of the starting solution (A4 ,,, = 3.8). The rea-
son for this has not been investigated. It indicates,
however, that the renaturation method is efficient
for the enzyme studied. This and other techniques
can probably be used with advantage also for
other membrane proteins. As mentioned above it
may possibly be an advantage to remove SDS
slowly when the aim of an experiment is complete
renaturation. However, a high phosphatase activ-
ity was restored following polyacrylamide gel elec-
trophoresis in SDS when the gel was immersed in
a (3707 solution for only one hour (the activity
was detected by the method outlined in Fig. 3).
The primary reason for the inclusion of the
neutral detergent G3707 in the dialysis or extrac-
tion buffers is that we wanted to prevent the
enzyme from precipitating in the dialysis bag (or
in the polyacrylamide gel) when the SDS con-
centration decreased. For instance, if the proten
forms a precipitate in the gel we cannot utilize the
recently introduced method to recover it from a
gel slice (see Ref. 26, Fig. 1, where such a recovery
of the phosphatase is shown). One should observe
that Fig. 1b refers to the total concentration of
SDS in the dialysis bag, i.e. to the concentration of
SDS in the form of free SDS moleciles, SDS
micelles and mixed SDS-G3707 micelles. From
this figure one cannot deduce the amount of SDS
bound to protein although it is obvious that the
concentration of this bound SDS is much lower
than the total SDS concentration. This amount
involves both SDS directly bound to the protein
and indirectly via G3707 (for instance in the form
of mixed micelles). The indirectly bound SDS is
not denaturing while the directly bound is (at least
when present in relatively large amounts) and
therefore of some interest from the view point of
renaturation. The amount of the directly bound
SDS is, however, extremely difficult to determine
and therefore also the rate at which it is released
from the protein. It is not unlikely that this rate is
higher in the presence of G3707 than in its ab-
sence (at least in the beginning of the dialysis)
since one can expect bound SDS to be efficiently
displaced by the harmless G3707 [16], in the same
way as SDS is displaced by Triton X-100 from the
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minor glycoprotein of erythrocytes [31]. Due to
this displacement effect the amount of SDS di-
rectly bound to protein may be very low after the
renaturation.

Fig. 3 does not indicate any heterogeneity of
the enzyme, since the activity peak follows a pro-
tein peak. However, more homogeneity tests are
required to establish the degree of purity of the
enzyme.

I pointed out in the Introduction that it is of
fundamental importance to find methods for re-
naturation of membrane proteins following SDS
treatment. However, there is also an interest in
renaturation of SDS-denatured water -soluble pro-
teins, which is reflected in several papers on this
topic [6,27,32--34). However, it might be difficult
to apply these methods (introduced for water-solu-
ble proteins) to renaturation of hydrophobic mem-
brane proteins, because the experimental condi-
tions often are such that one can expect membrane
proteins to form aggregates or precipitates upon
the removal of SDS. Examples of such conditions
are: the use of supporting media (ion exchangers),
which we have recently shown may cause aggrega-
tion {1,35]; steps involving precipitation of pro-
teins with organic solvents; the absence of any
other detergent to replace the SDS (with one ex-
ception [27]), because no detergent is necessary to
keep a water-soluble protein in solution.
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