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SUMMARY

A soluble purified form of Micrococcus lysodeikticus ATPase (form B,
from strain B, active, trypsin-stimulated) was stimulated 100 % by trypsin and this
stimulation was inhibited by preincubation of the protease with phenyl methyl sul-
phonylfluoride. This form of the enzyme was also stimulated 125-150 ¢/ by filtration
on Sephadex G-200. Analysis by sodium dodecyl sulphate-gel electrophoresis showed
that stimulation of this form of M. lysodeikticus ATPase was always accompanied by
the disappearance of a subunit of mol. wt. 25000 (¢ subunit). It suggests that this
subunit is the natural inhibitor of M. lysodeikticus ATPase. In the case of ATPase
stimulation by trypsin, a partial and limited degradation of the « subunit was also
observed. The interaction between the ¢ subunit and the rest of the ATPase complex
was reversibly affected by pH, suggesting its non-covalent nature.

INTRODUCTION

The adenosine triphosphatase or ATPase of Micrococcus lysodeikticus resem-
bles those of mitochondria and chloroplasts in its molecular properties and latency
when bound to the membrane [1-5]. The latency might be related to the aerobic
character of the microorganism and can be directed to prevent the hydrolysis of ATP
produced by respiration [2, 4]. The latency was overcome by mild proteolysis of the
membrane-bound ATPase [2] and this suggested the existence of an inhibitor of this
bacterial ATPase similar to that of mitochondrial [6] and chloroplast [7] ATPases.
Crude “‘shock-wash” soluble preparations of M. lysodeikticus ATPase assayed with
8 mM ATP/Ca?" (1:1) showed a 50-100 %/ stimulation of their activity depending
upon the ratio of protease to enzyme used [1, 2, 8, 9] but the purified ATPase from
the original strain NCTC 2665 was only slightly stimulated by trypsin, i.e., 24 % [10]
or not stimulated at all [1, 8]. Andreu et al. [1, 8] were thus unable to find a direct
correlation between the presence of defined y and 8 subunits and a component(s) of
relative mobility 1.0 and the enzyme stimulation by trypsin. However, some workers
[10, 11] assumed that the stimulation by trypsin was due to the presence of three
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undefined minor subunits, the major and more stable of which was probably related to
the ¢ subunit of Andreu et al. [1, 8].

We have reported recently [9] the isolation from a sub-strain of M. [ysodeikti-
cus of a soluble, highly purified form of the ATPase, that could be stimulated by
trypsin to 100 9 of its basal activity. This ATPase preparation was a suitable system to
study the molecular mechanisms of trypsin stimulation. When compared with the
unstimulated forms of the enzyme, this form referred to hereafter as B,; (from strain
B, active, trypsin-stimulated) had an additional subunit (¢) and a multiplicity of «
subunit(s) differing in size and/or charge [9].

This paper presents indirect but conclusive experiments on the identification of
the ¢ subunit as the natural inhibitor of M. lysodeikticus ATPase. The interaction of
the ¢ subunit with the rest of the ATPase complex appears to be disrupted by Sephadex
filtration, as occurred with the specific inhibitor of the mitochondrial ATPase [12] and
by pH. The analysis of the molecular transformations induced by trypsin during
ATPase stimulation confirmed the involvement of the & subunit in the inhibition of
the ATPase and suggested a possible transformation of the « subunit as a requirement
for maximal activity. These results, while extending the homologies between this
bacterial ATPase and those of energy-transducing organelles, also point to a very
subtle control of the hydrolytic activity of this bacterial ATPase.

MATERIALS AND METHODS

The growth characteristics and membrane preparation of M. lysodeikticus
PNB (strain B) have been described elsewhere [9]. Preparations of form B,; of
M. lIysodeikticus ATPase were obtained by preparative gel electrophoresis [9].
They were stimulated by trypsin up to 1009 and had basal specific activities at 37 °C
(8 mM ATP/Ca®*, pH 7.5) ranging from 2 to 5 umol P, - min~' - mg protein™'.
The standard assay of ATPase activity was carried out as previously described [1, 2, 9].
Where stated, trypsin (Calbiochem) was used at the concentrations indicated in the
legends of the figures. The stock solution in ethanol of the protease inhibitor, phenyl
methyl sulphonylfluoride (Serva Feinbiochemica), was 20 mM. Aliquots of this
solution were added to the aqueous incubation mixtures to give a final concentration
of 0.4 mM in all cases. Gel electrophoresis (Tris glycine, pH 8.54-0.2) was carried
out in refrigerated (4 °C) gels (12x0.6 cm) as already reported [1]. Protein was
estimated by the method of Lowry etal. [13] or from the £, ,'%* = 6.96 at 276 nm
determined previously [14].

RESULTS AND DISCUSSION

The optimal molar ratio of trypsin to ATPase that gave maximum stimulation
(100 %) in 5 min at 37 °C was 3/1 (i.e., a 1/5 ratio on a weight basis). The protease
treatment was performed in the presence of 8 mM ATP/Ca’* to protect the ATPase
from extensive proteolysis. If the trypsin solution was preincubated with phenyl methyl
sulphonylfluoride, the inhibited protease was no longer able to stimulate the ATPase
activity (Fig. 1). On the other hand, the reactivated protease, obtained after spon-
taneous hydrolysis of its complex with the inhibitor (half-life 90 min), was again able
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Fig. 1. Inhibition of trypsin-stimulation of M. lysodeikticus ATPase by preincubation of trypsin
with phenyl methyl sulphonylfluoride. Trypsin (15 ug in 200 ul of 30 mM Tris/HCl, pH 7.5) was
incubated with 0.4 mM phenyl methyl sulphonylfluoride for different times as indicated on the
abscissa axis and then an aliquot of the mixture (3 ug protease/15 ug ATPase) was added to the
standard assay of ATPase activity (@ — @); &—A represents the original basal ATPase activity and
(> --( the level of ATPase activity induced by non-inhibited trypsin. For details of the ATPase
assay see the text and refs. 1, 2 and 9.

to stimulate the ATPase activity. Therefore, trypsin stimulation resulted from a
proteolytic effect.

Analysis by sodium dodecyl sulphate-gel electrophoresis of form B 41 stimulated
by trypsin under the optimum conditions deduced from Fig. 1, i.e. incubated with
3-fold molar excess of trypsin in the presence of 8§ mM ATP/Ca?*, did not allow
any clear conclusion to be drawn. It showed a great amount of low molecular weight
material together with a marked destruction of a and & subunits. This indicated that
the concentration of trypsin required to stimulate rapidly the ATPase was high and its
proteolytic effect was seemingly too extensive during the experiment. Clearer results
were obtained when the stimulation of form B,; of M. Iysodeikticus ATPase was
induced by preincubating the enzyme in the absence of substrate with a lower trypsin
concentration (trypsin/ATPase = 1/500, w/w). Under these conditions, maximum
ATPase activity was obtained after 45 min incubation with the protease. This treat-
ment destroyed almost completely subunit ¢ (mol. wt. 25000) but left subunit &
unchanged (Fig. 2). Tt is worth noting that the « subunit was also degraded to give a
main band that overlapped with subunit § and a new band of relative mobility 0.85.
This transformation of the & subunit was perhaps necessary for maximum ATPase
activity and must be different from that previously observed following inactivation of
the enzyme [9, 14]. Other anaiytical methods besides dodecyl sulphate-gel electro-
phoresis would be required to characterize the different types of subunit a.

We knew from previous work [1, 2] that ATPase purification by Sephadex
filtration yielded always unstimulated forms of M. lysodeikticus ATPase. Therefore,
form B,t (9 mg) purified by preparative gel electrophoresis was filtered through a
column of Sephadex G 200 (¥, = 150 ml; V; = 445 ml) packed and eluted with
30 mM Tris/HCI (pH 8.0). We obtained a non-stimulated form B,, whose specific
activity and dodecyl sulphate-subunit pattern are shown in Fig. 3 together with those
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Fig. 2. Scans of sodium dodecyl sulphate electrophoretic patterns of form B,y of M. lysodeikticus
ATPase following its stimulation by trypsin as a function of time. Samples (100 sl of 30 mM Tris/
HCI, pH 7.5) containing 35 ug ATPase were incubated with 0.07 ug trypsin at 37 °C for different
times. Aliquots (6 ug) were used for measuring ATPase activity and the rest of the samples subjected
to dodecyl sulphate-gel electrophoresis. Lower scan, 0 min incubation with trypsin; middle, after
30 min treatment with trypsin; upper, after 45 min treatment. The last sample had the maximum
ATPase activity. Electrophoresis was carried out over the whole length of the gels to facilitate the
separation of the low molecular weight components.

of the original form B, (a). As can be seen, the ¢ subunit was the common subunit
lacking in the forms non-stimulated by trypsin. The components of relative mobility
1.0 were absent in the fresh preparation and appeared in the older preparation without
noticeable change in the catalytic properties of the enzyme. Thus, these low molecular
weight components did not arise from subunit ¢, i.e., as a result of its degradation,
and did not bear any relationship to the latency of the enzyme.

We also were aware from previous work that alkaline pH may induce the
Joss of trypsin stimulation [9]. When a form B, (spec. act. (pH 8.0) 6 umol P;- min ™!
- mg protein~'; stimulated by trypsin to 10 umol P; - min~" - mg™") stored in 30 mM
Tris/HCI pH 8.0 was exposed for 2 h to 30 mM Trls/HCl pH 9.1, it lost completely
the trypsin stimulation and increased the activity up to 15 yumol P, - min~* - mg~
This increase was higher than usual (see above and Fig. 3) because of the effect of
alkaline pH [14]. If the pH was re-adjusted to a value close to 8, a 50-60 %/ decrease in
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Fig. 3. Sodium dodecyl sulphate-electrophoretic patterns of trypsin-stimulated form B, and non-
stimulated form B, of M. lysodeikticus ATPase and comparison of their specific activities. Form
B,y was obtained by preparative gel electrophoresis [9], and form B, by gel filtration of form B,y
(see the text). ATPase activity was measured using the standard assay [l, 2, 9] with 8 mM ATP/Ca?*
as substrate, 6-10 ptg of purified enzyme with or without trypsin (1.5-2 yg) after 3 min incubation
at 37 °C. (a) form B,r; (b) form B, freshly isolated; (c) form B4 after | week at 0 "C. Samples for
electrophoresis contained 35-40 ug protein. ATPase activities were as follows (ymol - min~' - mg
protein~1):

Fraction: a b c

= Trypsin 10.0 13.5 13.3
- Trypsin 5.0 13.6 13.4
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ATPase activity and a 25 9 stimulation by trypsin were again observed. In other
experiments the enzyme was only exposed to pH 9.1 for 5-10 min. In this case on
returning to pH 8.0 the initial stimulation was fully recovered. Similar results were
obtained by increasing the ionic strength (to about 0.3 — 0.4 M) at pH 8.0.

The easiest interpretation for this reversible loss of stimulation would be to
assume that protein and inhibitor are involved in an association-dissociation equili-
brium, the position of which is determined to a great extent by polar interactions.
These interactions should be sharply affected by changes in the pH or the ionic
strength of the medium. A weak, noncovalent interaction between inhibitor and pro-
tein was also suggested by the facility of their separation by gel filtration (see above).
However, reassociation could not be attempted in this case because the dissociated
inhibitor adhered very strongly to the Sephadex column and could not be eluted.
Purification of the inhibitor by methods similar to those used in the case of mitochon-
drial ATPase [6] also failed. The difficulty probably arose, as in the case of chloroplast
ATPase [7], from the hydrophobic character of the inhibitor.

All this indirect but conclusive evidence supports for the first time the existence
of a natural inhibitor in M. Iysodeikticus ATPase. This inhibitor seems to be a subunit
of mol. wt about 25 000 (&) which clearly differs from the y and J subunits and low
molecular weight components as defined by Andreu et al. [I, 8]. It also proves that
the assumption that several minor subunits were involved in the latency of M. /yso-
deikticus ATPase [10, 11] was not totally correct. Previous work from Nieuwenhuis
et al. [15] and from our laboratory [16] also suggested the existence of a natural
inhibitor of Escherichia coli ATPase. This would strengthen the similarities between
organelle and bacterial energy-transducing ATPases. It would therefore be reasonable
to refer to the soluble, purified bacterial ATPases as BF | factors [5].
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