
Roles of Homooligomerization and Membrane Association in ATPase and
Proteolytic Activities of FtsH in Vitro†

Yoshinori Akiyama* and Koreaki Ito

Institute for Virus Research, Kyoto UniVersity, Kyoto 606-8507, Japan

ReceiVed January 5, 2001; ReVised Manuscript ReceiVed March 28, 2001

ABSTRACT: Escherichia coliFtsH is a membrane-bound and ATP-dependent protease which degrades
some soluble and integral membrane proteins. The N-terminal region of FtsH mediates membrane
association as well as homooligomeric interaction of this enzyme. Previously, we studied in vivo
functionality of FtsH derivatives, in which the N-terminal membrane region was either deleted (FtsH-
(∆TM)), replaced by a leucine zipper (Zip-FtsH(∆TM)), or replaced by a lactose permease transmembrane
segment (LacY-FtsH). It was indicated that homooligomerization is required for the minimum proteolytic
activity, whereas a transmembrane sequence is required for membrane protein degradation. Here we
characterized these proteins in vitro. Although these mutant enzymes were very low in their activities,
they were significantly stimulated by dimethyl sulfoxide, which enabled us to characterize their activities.
LacY-FtsH degraded both soluble and membrane proteins, but Zip-FtsH(∆TM) only degraded soluble
proteins. These proteins also exhibited significant ATPase activities. However, FtsH(∆TM) remained
inactive both in ATPase and in protease activities even in the presence of dimethyl sulfoxide. The
monomeric FtsH(∆TM) was able to bind ATP and a denatured protein. These results indicate that subunit
association is important for the enzymatic catalysis by FtsH and that the additional presence of the
transmembrane sequence is required for this enzyme to degrade a membrane protein even under detergent-
solubilized conditions.

Escherichia coliFtsH is a membrane-bound metallopro-
tease which contains an AAA ATPase domain (1-3). Its
substrates include both integral membrane proteins and
soluble cytoplasmic proteins (4, 5). FtsH catalyzes processive
degradation of membrane proteins, in which the substrate
protein is probably dislocated to the cytoplasm where the
enzymatic active sites of this enzyme reside (6). As many
other ATP-dependent proteases, FtsH is a multimeric enzyme
(3, 7). Its association with a membrane-bound HflKC
complex is also known (8). HflKC appears to have a
regulatory function against FtsH (8, 9). The N-terminal region
of FtsH is important not only for the membrane association
but also for the homooligomerization and for the association
with HflKC (3, 7, 10).

To study the significance of multimerization and mem-
brane association of FtsH, we either deleted the N-terminal
region totally (FtsH(∆TM)) or replaced it with the leucine
zipper sequence of GCN4 (Zip-FtsH(∆TM)) or with a
transmembrane region from LacY (LacY-FtsH) (3). In vivo
examinations of these FtsH derivatives showed that FtsH-
(∆TM) had no protease function but it was activated against
a cytoplasmic substrate (σ32) by an attachment of the leucine
zipper. However, Zip-FtsH(∆TM) was still inactive against
membrane proteins such as SecY. On the other hand, the

LacY-FtsH hybrid protein degrades both the cytoplasmic and
membrane proteins efficiently. Several lines of evidence
suggested that tethering of LacY-FtsH to the membrane
induces its oligomerization through intrinsic but weak
interaction between the cytoplasmic domain of FtsH. These
in vivo results indicated that (i) homooligomerization is
crucial for the protease function of FtsH and that (ii) a
transmembrane region is required for degradation of mem-
brane proteins.

In the present study, we purified the FtsH derivatives and
investigated their ATPase as well as the protease activities
in vitro. DMSO1 was found to stimulate activities of FtsH,
possibly by stabilizing its structure, and enabled enzymatic
assays of the FtsH derivatives. The results suggest that
oligomerization is required for the ATPase activity and that
a hydrophobic transmembrane region plays a role in degra-
dation of membrane proteins even in detergent extracts.

MATERIALS AND METHODS

Purification of FtsH. Cells of TY024 (ompT::kan, F′lacIq)
(7) carrying pSTD113 (ftsH-his6-myc) (7), pSTD219 (ftsH-
(∆TM)-his6-myc) (3), pSTD348 (lacY-ftsH-his6-myc) (3), or
pSTD430 (zip-ftsH(∆TM)-his6-myc) (3) were grown at 37
°C for 3-6 h in L broth containing 1 mM isopropylâ-D-
thiogalactopyranoside, 1 mM cAMP, and 50µg/mL ampi-
cillin. Membrane and soluble fractions were prepared by
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ultracentrifugation after disruption of cells by a French
pressure cell. FtsH-His6-Myc and LacY-FtsH-His6-Myc were
purified from the membrane fractions, whereas FtsH(∆TM)-
His6-Myc and Zip-FtsH(∆TM)-His6-Myc were purified from
the soluble fraction essentially as described previously (3,
11).

ATPase ActiVity Assay. ATPase activities of the purified
proteins were measured by an enzyme-coupled method
essentially according to Mori et al. (12). The assay mixture
(200µL) typically contained 3µg of a purified enzyme, 51
mM Tris-HCl, pH 8.1, 5 mM MgCl2, 25 µM zinc acetate,
10 mM 2-mercaptoethanol, 30 mM KCl, 1% glycerol, 0.05%
Nonidet P-40, 0.8 mM ATP, 0.25 mM NADH, 2.4 mM
phosphoenolpyruvate, 10 units of pyruvate kinase, and 15
units of lactate dehydrogenase with or without 20% DMSO.
Oxidation of NADH was monitored at 37°C by continuous
measurement of absorbance at 340 nm.

Proteolytic ActiVities of FtsH. In the standard assay of
resorufin-labeled casein degradation, the purified FtsH
derivatives were incubated with the substrate (200µg/mL)
at 37°C in buffer containing 52.8 mM Tris-HCl, pH 8.1, 5
mM MgCl2, 25 µM zinc acetate, 84.8 mM KCl, 2.8%
glycerol, 0.14% Nonidet P-40, 10 mM 2-mercaptoethanol,
5.7 mM imidazole, and 5 mM ATP in the presence or the

absence of 20% DMSO. A portion of each sample was
withdrawn at intervals and mixed with the same volume of
7% trichloroacetic acid. After 10 min or more at room
temperature, samples were centrifuged. The supernatants
were mixed with 1.5 volume of 0.5 M Tris-HCl, pH 8.8,
and absorbance at 574 nm was measured. For the SecY
degradation assay, SecY and the FtsH derivatives were
incubated at 37°C in buffer containing 54 mM Tris-HCl,
pH 8.1, 5 mM MgCl2, 25 µM zinc acetate, 118 mM KCl,
3.9% glycerol, 0.22% Nonidet P-40, 10 mM 2-mercaptoet-
hanol, 7.9 mM imidazole, and 5 mM ATP in the presence
or the absence of 20% DMSO. A portion of each sample
was withdrawn at intervals and mixed with the same volume
of 2× SDS sample buffer (13). Proteins were separated by
15.1% acrylamide-0.12% N,N′-methylenebis(acrylamide)
gel (14) and detected by immunoblotting with anti-SecY
serum (15). Visualization was done by means of an ECL
detection kit (Amersham Pharmacia Biotech) and a Fuji
LAS1000 lumino-image analyzer.

Protease Digestion of FtsH. Trypsin digestion of the FtsH
derivatives was carried out as described previously (16).
Briefly, the purified proteins (0.1 mg/mL) were incubated
with trypsin (5 µg/mL) at 0 °C for 32 min in buffer
containing 50 mM Tris-HCl, pH 8.1, 5 mM MgCl2, 25 µM
zinc acetate, and 10 mM 2-mercaptoethanol in the presence
or the absence of 5 mM nucleotide, either ATP, ATPγS, or
ADP. Samples were mixed with the same volume of 2× SDS
sample buffer containing 2 mM phenylmethanesulfonyl
fluoride, 6 mM p-toluenesulfonyl-L-lysine chloromethyl
ketone hydrochloride, and 2 mM Pefablock (Merck) and
heated at 37°C for 5 min. Subtilisin digestion was carried

FIGURE 1: Purified FtsH-His6-Myc and its derivatives. Ni-NTA
affinity-purified preparations of FtsH-His6-Myc (lane 1, 0.8µg),
LacY-FtsH-His6-Myc (lane 2, 0.4µg), Zip-FtsH(∆TM)-His6-Myc
(lane 3, 0.1µg), and FtsH(∆TM)-His6-Myc (lane 4, 0.5µg) were
separated by 10% SDS-PAGE and visualized by Coomassie
brilliant blue staining. Positions of molecular mass markers (shown
in kDa) are indicated. The dots indicate self-cleaved products of
FtsH-His6-Myc, LacY-FtsH-His6-Myc, and Zip-FtsH(∆TM)-His6-
Myc.

FIGURE 2: ATPase activity of the FtsH derivatives and effects of
DMSO on it. (A) ATPase activity of the FtsH derivatives was
measured in the presence or the absence of 20% DMSO. The
relative values of the ATPase activities to that of FtsH-His6-Myc
in the absence of DMSO are depicted. (B) ATP hydrolysis of FtsH-
His6-Myc at various ATP concentrations was measured in the
presence (closed circles) or the absence (open circles) of 20%
DMSO.

7688 Biochemistry, Vol. 40, No. 25, 2001 Akiyama and Ito



out similarly in the presence of 5 mM ATP using the purified
proteins (0.1 mg/mL) and subtilisin (0.3µg/mL). Proteins
were separated by 10% SDS-PAGE (13) and visualized by
Coomassie brilliant blue staining.

Denatured PhoA Binding Assay.FtsH-His6-Myc (1.4 µg)
or FtsH(∆TM)-His6-Myc (0.96 µg) was incubated withE.
coli alkaline phosphatase (PhoA; 0.16µg), which had been
denatured by the treatment with 6 M urea and 1 M
2-mercaptoethanol (17), at 0 °C for 30 min in buffer
containing 50 mM Tris-HCl, pH 8.8, 5 mM MgCl2, 25 µM
zinc acetate, 60 mM urea, and 20 mM 2-mercaptoethanol.
Then, the sample was applied to a Ni-NTA-agarose spin
column, which was washed twice with 200µL of buffer
containing 10 mM Tris-HCl, pH 8.1, 300 mM KCl, 10%
glycerol, 0.5% Nonidet P-40, 10% glycerol, 20 mM imida-
zole, and 10 mM 2-mercaptoethanol, and eluted with the
same buffer but containing 250 mM imidazole. Proteins in
each fraction were precipitated with 5% trichloroacetic acid
and analyzed by 10% SDS-PAGE followed by immunob-
lotting using anti-FtsH (8) and anti-PhoA (5 Prime 3 Prim,
Inc.).

RESULTS

ATPase ActiVities of the FtsH Mutants and Their Stimula-
tion by DMSO.FtsH-His6-Myc and its derivatives with an

altered N-terminal region, FtsH(∆TM)-His6-Myc, Zip-FtsH-
(∆TM)-His6-Myc, and LacY-FtsH-His6-Myc, were purified
by means of Ni-NTA affinity chromatography (Figure 1).
Zip-FtsH(∆TM)-His6-Myc and LacY-FtsH-His6-Myc under-
went in vivo self-cleavage around the junction between the
N-terminally attached sequences and the cytoplasmic domain,
as described previously (3). Thus, these preparations con-
tained significant fractions of self-cleavage products.

ATPase activities of the FtsH derivatives were much lower
than that of the wild-type FtsH-His6-Myc protein. FtsH-
(∆TM)-His6-Myc, Zip-FtsH(∆TM)-His6-Myc, and LacY-
FtsH-His6-Myc were 30%, 20%, and 55% active, respectively
(Figure 2A). We found that addition of DMSO (20%)
stimulated the ATPase activities of Zip-FtsH(∆TM)-His6-
Myc and LacY-FtsH-His6-Myc about 3.5-fold. The ATPase
activity of wild-type FtsH (FtsH-His6-Myc) was also stimu-
lated by DMSO (Figure 2). On the other hand, DMSO did
not activate FtsH(∆TM)-His6-Myc at all.

The stimulatory effect of DMSO was concentration-
dependent up to about 20% (data not shown), which activated
the ATPase activity of FtsH-His6-Myc 2.5-4-fold (Figure
2). ATPase measurement with varying concentrations of ATP
showed that the half-maximum activity was obtained at 20-
30 µM ATP in the presence of DMSO (Figure 2B, closed
circles), although the exactKm value could not be determined

FIGURE 3: Degradation of resorufin-labeled casein by the FtsH derivatives. FtsH-His6-Myc (20 µg/mL, A), Zip-FtsH(∆TM)-His6-Myc (73
µg/mL, B), FtsH(∆TM)-His6-Myc (65 µg/mL, C), or LacY-FtsH-His6-Myc (47 µg/mL, D) was incubated with resorufin-labeled casein
(200µg/mL) at 37°C in the presence of 5 mM ATP (open circles), 5 mM ATP plus 20% DMSO (closed circles), or 20% DMSO (closed
squares). A portion of the samples were withdrawn at the indicated time points, mixed with the same volume of 7% trichloroacetic acid,
and centrifuged. Absorbance at 574 nm of the supernatant was measured. Relative molar concentrations of the FtsH derivatives used for
the assays are indicated in parentheses.
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because high ATP concentration somehow inhibited the
activity. In the absence of DMSO, the apparentKm value
increased about 10-fold (247µM) (Figure 2B, open circles).

Proteolytic ActiVities of the FtsH DeriVatiVes.Our previous
in vivo results showed that Zip-FtsH(∆TM)-His6-Myc and
LacY-FtsH-His6-Myc were proteolytically active whereas
FtsH(∆TM)-His6-Myc was not (3). We first examined
proteolytic activities of the purified FtsH proteins using
resorufin-labeled casein as a substrate. In the following
assays, 2.5-4-fold more mutant proteins (in molar terms)
were used in comparison to wild-type FtsH. As shown in
Figure 3, FtsH-His6-Myc degraded resorufin-labeled casein
with almost equal efficiencies in the presence and in the
absence of DMSO (Figure 3A). In the absence of DMSO,
the casein-degrading activities were very low for all the three
mutant proteins (Figure 3B-D, open circles). However, Zip-
FtsH(∆TM)-His6-Myc and LacY-FtsH-His6-Myc were mark-
edly activated in the presence of 20% DMSO (Figure 3B,D,
closed circles). In contrast, FtsH(∆TM)-His6-Myc did not
significantly degrade casein even in the presence of DMSO
(Figure 3C, closed circles).

We next examined the proteolytic activities of these FtsH
derivatives against a membrane-bound substrate, SecY

(Figure 4). A purified preparation of SecY was incubated
with the FtsH derivatives, and its degradation was examined
by immunoblotting. The SecY preparation used contained
smaller fragments, SecY(N) and SecY(C), that had been
generated presumably by an OmpP-catalyzed cleavage after
cell disruption (18). We observed a decrease in the intensity
of intact SecY even when SecY alone was incubated at 37
°C, especially in the presence of DMSO (data not shown;
see also Figure 4). This must have been due to the formation
of some SDS-resistant aggregates (16). To monitor the true
proteolysis, we focused on the decrease in the intensities of
SecY(N) and SecY(C), which did not undergo any self-
aggregation. In the absence of DMSO, none of the mutant
proteins exhibited any significant proteolytic activity against
SecY (Figure 4B-D, middle) while wild-type FtsH-His6-
Myc did so significantly (Figure 4A, middle). Although the
DMSO was slightly inhibitory on casein degradation by the
wild-type enzyme (Figure 3A), it markedly stimulated
degradation of SecY by FtsH-His6-Myc (Figure 4A, right).
In the presence of DMSO, LacY-FtsH-His6-Myc degraded
SecY significantly (Figure 4D, right). This degradation was
ATP-dependent (data not shown). However, neither Zip-
FtsH(∆TM)-His6-Myc nor FtsH(∆TM)-His6-Myc was active
against SecY irrespective of the presence or the absence of
DMSO (Figure 4B,C, middle and right).

ATP-Induced Conformational Changes of the FtsH De-
riVatiVes. The above results indicate that FtsH(∆TM)-His6-
Myc is defective both in ATP hydrolysis and in protein
degradation. We examined the ability of the FtsH derivatives
to interact with ATP. ATP binding induces a conformational
change in FtsH-His6-Myc, which can be demonstrated by
the generation of a 33 kDa trypsin-resistant fragment (Figure
5A; 16, 19). The 33 kDa fragment was generated also in the
presence of a nonhydrolyzable ATP analogue (ATPγS) or
ADP (Figure 5A), confirming that hydrolysis of ATP is not
required for this conformation change (16, 19). Similar results
were obtained both with Zip-FtsH(∆TM)-His6-Myc (Figure
5B) and with FtsH(∆TM)-His6-Myc (Figure 5C). These

FIGURE 4: Degradation of SecY by the FtsH derivatives. FtsH-
His6-Myc (14 or 28µg/mL, A), FtsH(∆TM)-His6-Myc (95 µg/mL,
B), Zip-FtsH(∆TM)-His6-Myc (102µg/mL, C), or LacY-FtsH-His6-
Myc (65 µg/mL, D) was incubated with purified SecY (1µg/mL)
at 37°C in the presence or the absence of ATP and 20% DMSO.
A portion of the samples were withdrawn at the indicated time
points and mixed with the same volume of 2× SDS sample buffer.
Proteins were separated by SDS-PAGE and analyzed by immu-
noblotting using anti-SecY antibodies. Relative molar concentrations
of the FtsH derivatives used for the assays are indicated in
parentheses. SecY, SecY(N), and SecY(C) indicate intact SecY,
an N-terminal fragment of SecY, and a C-terminal fragment of
SecY, respectively, present in the preparation used in this experi-
ment.

FIGURE 5: Nucleotide-induced conformational changes in the FtsH
derivatives. FtsH-His6-Myc (A), Zip-FtsH(∆TM)-His6-Myc (B), and
FtsH(∆TM)-His6-Myc (C) were incubated with 5µg/mL trypsin
at 0 °C for 32 min in the presence of the indicated nucleotides (5
mM). The reactions were terminated by mixing the samples with
SDS sample buffer containing protease inhibitors. Proteins were
separated by 10% SDS-PAGE and stained with Coomassie brilliant
blue. An arrowhead indicates a trypsin-resistant 33 kDa fragment.
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results suggest that FtsH(∆TM)-His6-Myc can bind ATP,
although it cannot hydrolyze the bound ATP.

Polypeptide Binding by the Cytoplasmic Domain.FtsH has
an ability to bind a denatured protein in vitro (16). We
examined whether this ability is preserved for FtsH(∆TM)-
His6-Myc (Figure 6). FtsH-His6-Myc or FtsH(∆TM)-His6-
Myc was mixed with alkaline phosphatase that had been
denatured by urea/2-mercaptoethanol treatment. After incu-
bation at 0°C for 30 min, the mixture was subjected to Ni-
NTA affinity isolation. As described previously (16), dena-
tured PhoA was coeluted with FtsH-His6-Myc (lane 5).
FtsH(∆TM)-His6-Myc also brought down a similar amount
of denatured PhoA (lane 10). Without FtsH, essentially no
PhoA was recovered in the imidazole eluate (lane 15). The
lower recovery of PhoA in the absence of FtsH was possibly
due to the formation of aggregates and their nonspecfic
retention in the column, which were prevented by interaction
with FtsH. Thus, the soluble domain of FtsH retains the
denatured protein-binding activity.

DMSO Induces a Conformational Change in FtsH. To
address what kind of structural changes might be induced
by DMSO, we examined subtilisin susceptibility of FtsH-
His6-Myc, FtsH(∆TM)-His6-Myc, and Zip-FtsH(∆TM)-His6-
Myc. We confirmed that proteolytic activity of subtilisin
against resolufin-labeled casein was little affected by 20%
DMSO (Figure 7). FtsH-His6-Myc, FtsH(∆TM)-His6-Myc,
and Zip-FtsH(∆TM)-His6-Myc were treated with subtilisin
at 0 °C for various time periods and analyzed by SDS-
PAGE (Figure 8). It was found that all of these proteins
including monomeric FtsH(∆TM)-His6-Myc become much
more resistant to subtilisin digestion in the presence of 20%
DMSO. These results suggest that DMSO induces some
structural changes in the FtsH polypeptide.

DISCUSSION

In this work, we characterized in vitro activities of the
FtsH derivatives with an altered N-terminal membrane/
oligomerization region, using purified preparations. In the
presence of DMSO, Zip-FtsH(∆TM)-His6-Myc and LacY-
FtsH-His6-Myc had significant proteolytic activity against

casein whereas FtsH(∆TM)-His6-Myc did not. The former
two, but not the latter, were proteolytically active in vivo
(3). FtsH(∆TM)-His6-Myc was also inactive in the ATPase
activity even in the presence of DMSO. Thus, the activities
of these proteins correlate with their oligomeric states; Zip-
FtsH(∆TM)-His6-Myc and LacY-FtsH-His6-Myc are multi-
meric and active whereas FtsH(∆TM)-His6-Myc is mono-
meric and inactive. Makino et al. (19) also reported that a
monomeric MBP-FtsH fusion protein is inactive. We showed
that oligomerization is required for ATP hydrolysis by FtsH.
Karata et al. (20) suggested that the Arg-315 residue in FtsH
is involved in hydrolysis of ATP that is bound to the
neighboring subunit. Our data support their proposal that an
ATPase active site is formed at the subunit interface of the
complex. It is remarkable that the ATP-binding ability was
observed for the cytoplasmic domain, which is presumably
monomeric. Also, FtsH(∆TM)-His6-Myc retains the dena-
tured protein-binding activity. Thus, these binding properties
may be intrinsic to the individual subunit of this enzyme.

Cross-linking experiments suggested that ATP induces
further oligomerization of Zip-FtsH(∆TM)-His6-Myc (un-
published experiments). Since similar results were obtained
using a nonhydrolyzable ATP analogue (unpublished experi-
ments), the oligomerization does not require hydrolysis of
the nucleotides. Our in vivo results that an ATPase-negative
cytoplasmic domain of FtsH can interfere with the function
of an FtsH derivative (3) are consistent with the above
observation.

Recent studies show that energy-dependent proteases
generally have cylinder-like structures (21). Substrates are
thought to be sequestered in the cavity for degradation. FtsH
also may be in a ring-like structure (22). Zip-FtsH(∆TM)-
His6-Myc might oligomerize, at least in the presence of ATP,
to form ATPase active sites as well as a microcompartment
for proteolysis.

Zip-FtsH(∆TM)-His6-Myc, which was defective in vivo
in degradation of membrane-bound substrates such as SecY
and YccA (3), did not degrade SecY even in detergent
extracts. In contrast, LacY-FtsH-His6-Myc degraded mem-
brane proteins both in vivo (3) and in vitro. Given our model
(6) that FtsH induces dislocation of a membrane protein
substrate for the processive degradation, it is conceivable
that the membrane localization of FtsH is required for a

FIGURE 6: Binding of denatured alkaline phosphatase to FtsH-
(∆TM)-His6-Myc. FtsH-His6-Myc (1.4 µg) and FtsH(∆TM)-His6-
Myc (0.96 µg) were mixed with denatured alkaline phosphatase
(0.16 µg). The samples were incubated at 0°C for 30 min and
applied to a Ni-NTA-agarose spin column. After being washed
three times, bound proteins were eluted with buffer containing
imidazole. Flow-through, wash, and eluate fractions were analyzed
by SDS-PAGE followed by immunoblotting using anti-PhoA
(lower part) and anti-FtsH (upper part) antibodies.

FIGURE 7: Effects of DMSO on subtilisin activity. Resorufin-labeled
casein (200µg/mL) was incubated with 1.5µg/mL subtilisin at 0
°C in the presence of 0% (circles), 10% (triangles), or 20% (squares)
DMSO. Degradation of resorufin-labeled casein was assayed as
described in the legend to Figure 3.
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correct positioning of the cytoplasmic domain of FtsH to
enable dislocation and proteolysis. The membrane-spanning
region of FtsH could contribute to the proper interaction
between FtsH and a membrane protein substrate even in
detergent micelles, and some dislocation-like movement
could even take part in the in vitro reaction. Consistent with
these notions, YccA11, a mutant form of YccA which is
refractory to FtsH in vivo, was also not degraded by FtsH
in detergent extracts (9). YccA11 contains only 12 residues
at the N-terminal cytoplasmic region, while presence of more
than 20 amino acid residues is necessary for the initiation
of the FrsH-mediated proteolysis (23).

We found that the proteolytic activity of FtsH was
significantly stimulated by DMSO. It is possible that DMSO
acts on substrates. However, casein degradation by subtilisin

(Figure 7), chymotrypsin, or proteinase K (data not shown
for the latter two) was not significantly enhanced by DMSO.
Instead, DMSO appears to stabilize FtsH, since it increased
the subtilisin resistance of FtsH. It also activated FtsH
ATPase. We propose that DMSO directly affects the
conformation of FtsH. The conformationally activated FtsH
may then oligomerize more readily, resulting in the increased
catalysis of ATP hydrolysis and in the increased proteolysis
of substrates. It was reported that DMSO substantially
increases the ATPase activity of the plasma membrane Ca2+-
ATPase possibly by facilitating oligomerization of the
enzyme (24). DMSO-dependent activation may give a clue
to our understanding of the enzymatic activities of FtsH.
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