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FtsH (HfIB) is a conserved, highly specific, ATP-dependent protease for which a number of substrates are
known. The enzyme participates in the phage A\ lysis-lysogeny decision by degrading the lambda CII tran-
scriptional activator and by its response to inhibition by the N CIII gene product. In order to gain further
insight into the mechanism of the enzymatic activity of FtsH (HfIB), we identified the peptides generated
following proteolysis of the phage N CII protein. It was found that FtsH (HfIB) acts as an endopeptidase
degrading CII into small peptides with limited amino acid specificity at the cleavage site. 3-Casein, an
unstructured substrate, is also degraded by FtsH (HflB), suggesting that protein structure may play a minor
role in determining the products of proteolysis. The majority of the peptides produced were 13 to 20 residues

long.

Degradation of regulatory proteins by ATP-dependent pro-
teases is an important mechanism for the rapid control of gene
activity in all organisms. In bacteria, proteolysis acts on key
regulatory transcription factors which regulate the heat shock
response, stationary-phase and SOS stress responses, capsular
polysaccharide biosynthesis, and the control of the lysis-lysog-
eny decision of phage \ (12, 14, 27).

FtsH, a membrane-bound Zn?* metalloprotease, which was
originally identified as an AfIB mutation (high-frequency lyso-
genization by phage M), is highly conserved in all organisms, is
the only known essential protease in Escherichia coli, and does
not participate in cell division (28, 35). The name FtsH was
coined before the discovery of a second mutation in the fis/
gene, in the strain carrying the temperature-sensitive ftsH mu-
tation, that is responsible for cell filamentation (7). Following
infection by bacteriophage N, the N CII regulatory protein,
which activates transcription of the CI repressor from the pE
promoter, is rapidly degraded by FtsH (18, 20, 30, 32). The A
CIII peptide extends the half-life of CII, thereby prolonging CI
repressor synthesis, which in turn promotes the lysogenic path-
way (4, 21).

In higher organisms, FtsH orthologs are found in mitochon-
dria and chloroplasts. It was suggested that in yeast mitochon-
dria FtsH plays a key role in maintaining membrane integrity,
possessing an ATP-dependent chaperone-like activity and a
protease activity that degrades unassembled membrane com-
ponents (5, 25). Similar roles have been suggested for FtsH in
E. coli (2, 3). Recently, mutations in the gene coding for
paraplegin, a human ortholog of FtsH, were demonstrated to
be responsible for hereditary spastic paraplegia (9). The mu-
tations lead to mitochondrial defects, suggesting that paraple-
gin is a nucleus-encoded mitochondrial protein (9, 11).

FtsH belongs to a large class of ATPase-containing proteins
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belonging to the AAA protein superfamily (ATPases associ-
ated with different cellular activities), which is characterized by
a highly conserved domain of 230 to 250 amino acid residues
that contains an ATP binding consensus and ATPase activity
(8, 10). These proteins are found in all organisms and play
essential roles in the cell cycle, vesicular transport in the Golgi
complex, mitochondrial assembly, proteasomes, and cellular
metalloproteases. The crystal structure of the N-ethylmaleim-
ide-sensitive fusion protein (NSF) D2 hexameric AAA motif
has been determined recently (24, 37).

FtsH is a highly discriminatory protease; the number of
known substrates is rather small and includes the heat shock
sigma factor o2, phage \ CII, CIIIL, and Xis proteins, SecY,
YccA, subunit a of the membrane-embedded FO part of the
H™"-ATPase proteins, and SsrA tagged proteins (1, 15, 16, 20,
23, 32, 34). However, little is known about the mechanism by
which these substrates are selected. It was proposed that a
different process is used by FtsH to select soluble and mem-
brane-bound substrates (19). Nothing is known about the pro-
teolytic products generated by FtsH and the amino acid spec-
ificity of FtsH surrounding the cleavage sites.

In this study we monitored the degradation of purified CII in
vitro by glutathione S-transferase (GST)-FtsH. We utilized
reverse-phase high-performance liquid chromatography (HPLC)
and electrospray mass spectrometry (MS) to identify peptide
products larger than 3 amino acid residues that were produced
by FtsH proteolysis. It was found that CII degradation by FtsH
is processive and that only small peptides, 4 to 26 residues long,
could be identified. Our results suggest that FtsH can hydro-
lyze peptide bonds with limited specificity at the cleavage sites.

MATERIALS AND METHODS

Strains. Strain A9286 is a derivative of BL21(DE3) (33) carrying plasmid
pET-CII. Strain A8926 is a derivative of W3110 carrying sfhC zad-220::Tnl0
AftsH3::kan (28, 29). Strain A9241 is strain A2097 (22) carrying plasmid pLCITH6.

Plasmids. Plasmid pET-CII, which carries the cII gene fused to a His, tag at
the region corresponding to the N terminus, was derived from pET-15b (Nova-
gen). In this plasmid a thrombin cleavage site is engineered between the His, and
CII sequences. The PCR product of the cII gene was inserted between the Ndel
and BamHI restriction sites. The oligonucleotides used for the PCR were 5'-C
GAATTCAACCACACCTA-3" and 5'-CGGGATCCTCAGAACTCCATCTG
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G-3'. Plasmid pLCII-H6 was constructed by inserting a PCR product carrying the
cIT gene fused to the His, sequence at the region corresponding to the C
terminus between the Ndel and HindIII restriction sites of plasmid pTG44 (a A
pL expression plasmid from our collection). The oligonucleotides used for the
PCR were 5'-GGGCATCAAATTAAACCAC-3' and 5'-AACCAAGCTTAGT
GGTGATGGTGATGGTG-3', and pHG326 (from our collection) was used as
the template. Plasmid pGST-FtsH was constructed by fusion of the FtsH gene
with the first 9 bp deleted to pGEX-2T by insertion of a Bg/lI-EcoRT PCR
fragment of FtsH into the BamHI-EcoRI sites of the vector. This plasmid was
introduced into a strain in which FtsH had been deleted (A8926) to generate
strain A9390. The sequences of all inserts were confirmed by DNA sequencing.

Protein purification. Hiss-CII, expressed in strain A9286 following 3 h of
isopropyl-B-p-thiogalactopyranoside (IPTG) induction at 37°C, was bound to
Ni-nitrilotriacetic acid (NTA) beads (Qiagen RA 97008). This protein was eluted
by thrombin cleavage to generate CII. To obtain CII protein carrying additional
residues at the amino terminus, His-CII protein was eluted with 500 mM
imidazole in 20 mM Tris (pH 8.0)-150 mM NaCl. To obtain CII protein carrying
additional residues at the carboxy terminus, CII-Hisq, expressed in strain A9241
following a 30-min heat induction at 42°C, was bound to Ni-NTA beads and
obtained by elution with 500 mM imidazole in 20 mM Tris (pH 6.8)-300 mM
NaCl.

GST-FtsH, expressed in strain A9390 following induction by IPTG, was puri-
fied (about 90%) by binding to glutathione (GSH)-agarose beads followed by
elution with GSH. A detailed description of the expression and properties of the
GST-FtsH protein fusion will be presented elsewhere.

Proteolysis experiments. Degradation reactions were performed as previously
described (32). For the addition of “Complete” inhibitor mix (Boehringer Mann-
heim), a tablet was dissolved in 1 ml, and 0.5 pl was added to the reaction
mixture. For the identification of peptides following proteolysis of CII, the
proteolysis reactions were carried out at 42°C with 50 pmol of CII and 10 pmol
of GST-FtsH.

Liquid chromatography and MS. The peptides produced by FtsH proteolysis
were resolved by reverse-phase HPLC on a 1- by 150-mm Vydac C,g column with
a linear gradient of 4 to 65% (1%/min) acetonitrile in 0.025% trifluoroacetic acid
(TFA), at a flow rate of 40 ml/min. The MS analysis was done in the positive-ion
mode using repetitively a full MS scan followed by an MS-MS experiment
(collision-induced fragmentation) on the most abundant ion of the MS scan. The
MS and MS-MS data from the run were compared to the simulated proteolysis
and fragmentation of the substrates by using Sequest software (J. Eng and J.
Yates, University of Washington).

RESULTS

Purification and characterization of CII protein. For rapid
and simple purification of CII, the cII gene was cloned into
pET15b (Novagen) expressing a Hisg-CII protein fusion in
which 6 histidines were added to the N terminus (see Materials
and Methods). Soluble CII protein was purified by binding to
agarose-Ni beads and released from the beads by thrombin
cleavage (Fig. 1A). This highly purified CII protein was rapidly
degraded by FtsH (data not shown). Degradation of CII is
absolutely dependent on the presence of ATP and is partially
inhibited by the addition of o-phenanthroline (Fig. 1B). As
expected, no inhibition was observed in the presence of a
protease inhibitor cocktail that is known to inhibit a large
variety of serine, aspartate, and cysteine proteases. We esti-
mated, based on circular dichroism (CD) measurements, that
ClIlI in this preparation is highly structured and is made of 65%
a helix, which is similar to the predicted a-helical content of
about 70% (31).

Peptides recovered following proteolysis of CII. The degra-
dation of CII by FtsH in vitro leads to the disappearance of the
full-length protein. No intermediates or partially cleaved pro-
teins were ever observed by gel electrophoresis (see also ref-
erences 20 and 32). These results suggest that, once initiated,
proteolysis by FtsH is rapid and complete and that substrate
recognition may be the rate-limiting step. Attempts to obtain
degradation intermediates by increasing the ratio of CII to
FtsH or by diluting FtsH, a condition known to reduce enzyme
activity (T. Ogura, personal communication), proved unsuc-
cessful. No degradation of CII was obtained in the absence of
ATP.

To identify CII degradation products, the reaction products
were separated by reverse-phase HPLC and analyzed by elec-
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FIG. 1. Purification of CII protein. (A) Wild-type CII (10 wg), His,-CII (5
ng), and CII-Hisg (5 pg) were resolved by SDS-PAGE and stained with Coo-
massie brilliant blue. Wild-type CII carries 3 additional residues, GSH, at the N
terminus (M,,, 11,337); Hiss-CII carries 20 additional residues, MGSSHHHH
HHSSGLVPRGSH, at the N terminus (M,,, 13,219) and CII-His, carries 12
additional residues, EFIEGRHHHHHH. at the C terminus (M,,, 12,610). (B)
Analysis of FtsH protease activity, its dependence on ATP, and the effect of
inhibitors. Reactions were carried under standard conditions for 60 min. Lane 1,
CII alone; lane 2, reaction in the absence of ATP; lane 3, complete reaction; lane
4, reaction in the presence of 10 mM o-phenanthroline; lane 5, reaction in the
presence of the inhibitor mix Complete (Boehringer Mannheim).

trospray MS analysis (liquid chromatography and MS [LC-
MS]). Peptides larger than 3 residues were identified by their
mass/charge ratio followed by collision-induced fragmentation
(MS-MS). Peptides consisting of more than 4 residues that
were found following complete digestion of CII in three inde-
pendent experiments are shown in Fig. 2. These peptides ac-
count for most of CIL. The peptides cluster in groups with
minor differences at the N or C terminus. Only seven peptides
were shorter than 10 residues, and about 65% (15 of 23) were
13 to 19 residues long (Fig. 3). We do not know why the
N-terminal peptide was not obtained. Interestingly, for many
of the peptides (10 of 23), the N-terminal residue is located in
the highly hydrophobic region LLAVLEW. However, no ob-
vious cleavage site consensus could be found.

We attempted to test whether degradation by FtsH may
proceed from the N or C terminus of CII by the addition of
amino acid residues at either end. Two CII proteins, Hisq-CII
and CII-His,, were purified (Fig. 1) and analyzed. The addition
of His, at the N terminus was found to reduce the rate of
degradation from about 1 to 2 min (half-life [¢,,,]) under our
standard conditions to 20 to 40 min. However, this increase in
stability had a minor effect on the nature of the peptides
recovered following proteolysis (Fig. 2 and 3). The addition of
His, to the C-terminal end had an even stronger stabilization
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FIG. 2. Map of the peptides identified following CII proteolysis. The results of degradation of CII, Hise-CII, and CII-His, are shown. The peptides obtained from
three independent experiments for each substrate are shown below the CII amino acid sequence. The number of experiments in which each peptide was observed is
given in parentheses. Asterisks above the CII sequence mark intervals of 10 residues, and the letter H denotes regions predicted to form « helices (PHD program).

effect (t,,, = 60 to 90 min). The composition of the peptides
recovered following proteolysis of this protein was also af-
fected; about half of the peptides identified, including peptides
from the N terminus, were not found following the degradation
of wild-type CII or Hiss-CII (Fig. 2 and 3). In addition, a
number of peptides that were present in the degradation prod-
ucts of wild-type CII or His,-CII were absent following degra-
dation of CII-His,. The addition of 20 amino acid residues to
the N terminus had only a minor effect on the collection of

peptides recovered. In contrast, about two-thirds of the pep-
tides recovered following the addition of 12 residues to the C
terminus were new and were not found in reactions with CII.
Our results, especially with CII-His, as a substrate, suggest the
presence of five major clusters for cleavage by FtsH. Although
the rate of degradation of the tagged CII proteins was greatly
reduced, no intermediate, partially degraded proteins were
observed. It appears that the addition of amino acid tails at
either end of CII drastically reduces the affinity to FtsH.
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FIG. 3. Size distribution of CII peptides. The histogram shows a plot of the
data presented in Fig. 2. Filled bars, CII; shaded bars, Hiss-CII; stippled bars,
CII-His.

FtsH degrades B-casein. In search of additional substrates,
we found that purified FtsH is capable of degrading B-casein.
This protein is known to be present as a noncompact, largely
unstructured protein that is highly modified at the N-terminal
region by methylation and phosphorylation (17). The proteol-
ysis of B-casein is ATP dependent and is inhibited by the Zn**
chelator o-phenanthroline (data not shown). The rate of pro-
teolysis of B-casein is similar to that of CII (Fig. 4). In contrast,
we found that FtsH is unable to degrade bovine serum albumin
(BSA) in vitro.

remaining

Protein

%

0 20 40 60 80 100 120
Time (min)

FIG. 4. Proteolysis of B-casein by FtsH. In vitro kinetic degradation of B-ca-
sein (40 pmol), CII (68 pmol), and BSA (30 pmol) by GST-FtsH (14 pmol) was
carried out at 42°C, and samples were taken at 30, 60, and 120 min. The proteins
were resolved by SDS-PAGE (4 to 20% polyacrylamide), visualized by Coomas-
sie staining, and quantitated as described in Materials and Methods. Squares,
BSA; triangles, B-casein; circles, CIIL.
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Peptides recovered following proteolysis of [3-casein. As was
found with CII, no degradation intermediates of P-casein
could be detected by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The modifications present in
the N-terminal region of B-casein make the identification of
the peptide by electrospray MS difficult. We therefore focused
on identifying the peptides generated from the nonmodified C
terminus following cleavage by FtsH. The general profile of the
peptides obtained is similar to that found with CII, with pep-
tide clustering and with no obvious cleavage site consensus
(Fig. 5). The size distribution of the peptides obtained is sim-
ilar to that obtained with CII; most peptides were found to be
16 to 20 residues long (Fig. 6). About half of the peptides
resulted from cleavage in the highly hydrophobic region
AFLLY.

DISCUSSION

Electron microscopy revealed that purified FtsH forms ring-
shaped structures with a diameter of 6 to 7 nm, suggesting that
the active site is hidden in the central cavity (32). This orga-
nization of ATP-dependent proteases was also shown for
ClpA/ClpP, HslU/HslV, and the 26S proteasome (see refer-
ences 6 and 26 for an overview). The active site may be acces-
sible via a narrow channel that prevents accidental protein
degradation. The role of the ATPase activity in the degrada-
tion of proteins is not known. Its activity is probably utilized in
providing the energy needed for conformational changes of the
protease and for substrate unfolding to allow the passage of
polypeptides into the catalytic chamber (6, 13).

The experiments described in this report were directed to
the detailed analysis of FtsH digestion products. Our inability
to obtain degradation intermediates may suggest that the rate-
limiting step in proteolysis is the formation of substrate-en-
zyme complexes. Accordingly, rapid and complete proteolysis
proceeds once degradation is initiated. The generation of pep-
tides common to the CII and B-casein substrates substantiates
the hypothesis that FtsH is an endopeptidase. For some un-
known reason, the addition of tails containing His, greatly
stabilized CII against degradation by FtsH. Unfortunately, no
information on the proteolysis of other substrates by FtsH is
available. It is also possible that the peptide distribution found
following proteolysis is determined by the rate of the peptides’
escape from the enzyme.

The identification of peptides following proteolysis by FtsH
leads to a number of findings, set forth below.

(i) Proteolysis does not appear to be random. A number of
restricted sites for degradation were observed.

(ii) Many of the peptides identified appear as clusters where
the cleavage sites are separated by 1, 2, or 3 residues. This
phenomenon is found at both the N and C termini of CII
derivatives and was observed in all reactions, suggesting either
a degree of relaxation of the cleavage sites or that the enzyme
“chews” on the ends of the peptides by an auxiliary secondary
activity. Similar clusters were found in the analysis of the deg-
radation products of 20-residue-long peptides (our unpub-
lished results).

(iii) The sites of cleavage do not reveal a consensus se-
quence. Hydrophobic residues are found to be the preferred
residues at the P1 site (the residue N-terminal to the cleavage
site). This is especially evident in the LLAVL cluster in CII and
the AFLLY cluster in B-casein. It is possible that the presence
of hydrophobic residues at the peptide improves the stability of
these peptides vis-a-vis secondary proteolytic events.

(iv) Cleavage sites in CII were found within regions pre-
dicted to form « helices and also at the ends of the predicted
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ESQSLTLTDVENLHELPLPLLQSWMHQPHQPLPPTVMFPPQSVLSLSQSKVLPVPOQKAVPYPORDMPIQAFLLYQEPVLGPVRGPFPIIV

SQSLTLTDVENLHLPLPLL (2)
SQSLTLTDVENLHLPLPLLQ (1)
SLTLTDVENLHLPLPLL (1)

SLTLTDVENLHLPLPLLQ (2)

MHQPHQPLPPTVMFPPQSVL (3)

SLSQSKVLPVPQK (1)

KVLPVPQKAVPYP (1)
KVLPVPQKAVPYPQRDMPIQA (1)

AVPYPQRDMPIQAFLLY (1)

FLLY (1)
LLYQEPVLGPVRGPFPIIV (1)
LYQEPVLGPVRGPFPIIV (3)
YQEPVLGPVRGPFPIIV (2)
QEPVLGPVRGPFPIIV (2)

FIG. 5. Map of the peptides identified following B-casein proteolysis. The amino acid sequence of the C-terminal domain of B-casein from residue 136 to residue
224 is shown at the top. The peptides obtained from three independent experiments are shown below the B-casein amino acid sequence. The number of experiments
in which each peptide was observed is given in parentheses. Asterisks above the B-casein sequence mark intervals of 10 residues.

helical stretches, making it difficult to determine the impor-
tance of the secondary and tertiary structures in determining
the preferential sites of cleavage. It is possible that CII, like
B-casein, is highly unstructured during enzymatic cleavage.

(v) We have previously found that chemical cross-linking of
CII produces a collection of monomers, dimers, trimers, and
tetramers. Following incubation with FtsH, the monomers and
dimers were degraded, the trimeric form was partially de-
graded, and the tetrameric form was fully stable (31).

It is not known what determines the size distribution of the
peptides produced by FtsH. For both CII and B-casein, the
most prevalent size is 16 to 20 residues, suggesting that peptide
size is determined mainly by the enzyme. Proteolysis may be
viewed as a process that occurs when the substrate is threaded
through the enzyme cavity. Alternatively, it is possible that
peptide size is determined by a “molecular ruler” which re-
flects the distance between catalytic sites within the enzyme
complex. Such a model has been previously suggested for the
proteasome (36). The oligomeric state of FtsH has not been
established. However, based on the hexameric form of the
highly related AAA domain (the NSF D2 hexameric AAA
motif [24, 37]), it is possible that the protease active site of
FtsH exists as a hexamer. Proteolysis may be viewed as a
concerted reaction at six catalytic sites taking place after the
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FIG. 6. Size distribution of B-casein peptides. The histogram shows a plot of
the data presented in Fig. 5.

substrate enters the catalytic cavity. Both models account for
the peptide size distribution and for the low degree of neigh-
boring-peptide overlaps observed in this work. Additional ex-
perimental data are required to distinguish between these
models for FtsH activity.
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