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ABSTRACT An Escherichia coli protease designated Tsp
(tail-specific protease) has been purified, and its gene has been
cloned and sequenced. Tsp specifically degrades a variant of the
N-terminal domain of A repressor in which the five C-terminal
residues, which are polar in wild type, have been replaced by
nonpolar residues. This substrate specificity in vitro parallels
the previously reported selective degradation in vivo of N-ter-
minal-domain variants with nonpolar C-terminal residues. The
gene sequence and N-terminal protein sequence of Tsp predict
a protein of 660 amino acids. The deduced protein sequence of
Tsp shows no significant homology to known protease se-
quences but does show sequence similarity to the human and
bovine interphotoreceptor retinoid-binding proteins, which
bind hydrophobic ligands.

Within cells, different proteins are degraded with half-lives
ranging from minutes to days (1). This heterogeneity implies
that intracellular degradation is selective, but the mecha-
nisms of this selectivity are incompletely understood. The
C-terminal sequences of some proteins can have dramatic
effects on their rates of degradation in Escherichia coli (2, 3).
For example, the wild-type N-terminal domain of A repressor
(residues 1-102) has the polar C-terminal amino acid se-
quence RSEYE102 and has a half-life in vivo of >10 hr. The
rapidly degraded "#105" variant of this protein has the
hydrophobic C-terminal sequence WVAAA102 and has a
half-life of 15 min (3). To identify possible cellular compo-
nent(s) responsible for the degradation of proteins with
destabilizing C termini, we have purified an E. coli activity
that specifically degrades the #105 variant but not the
wild-type N-terminal domain. This activity resides in a single,
purified polypeptide (Tsp, for tail-specific protease). We
have cloned and sequenced the tsp gene.* Based on sequence
comparisons, Tsp shows similarities to the human and bovine
interphotoreceptor retinoid-binding proteins (IRBPs) but
does not resemble any proteases in the protein sequence data
base.

MATERIALS AND METHODS
Assays for Tsp Activity. Tsp activity in crude lysates and

column fractions was assayed by measuring the degradation
of 35S-labeled substrates (either the #105 variant or the
wild-type N-terminal domain of A repressor) to products
soluble in 10% (wt/vol) trichloroacetic acid (3). Reaction
mixtures contained _9000 cpm of 35S-labeled substrate, a
sample of the E. coli fraction in lysis buffer or column buffer,
and 0.02% Nonidet P-40 in a volume of 50 p1. Reaction
mixtures were incubated at 370C for 1 or 2 hr and were
processed as described (3).

In more purified fractions, degradation was assayed by the
appearance of substrate digestion products following SDS/
PAGE. Wild-type or #105 protein (2 ,ug), which was purified
by the method ofLim and Sauer (4), was mixed with a sample
in a 10-1LI reaction volume. Reaction mixtures were incubated
at 370C for 3-6 hr and were stopped by boiling for 3 min in
Laemmli sample buffer (5). Samples were electrophoresed in
SDS/16.5% polyacrylamide gels with the Tricine buffer sys-
tem (6), and the gels were stained with Coomassie blue R250.

Purification of Tsp from Strain X90. E. coli strain X90 [ara
A(lac-pro) nalA argEam rif thi-l/F' lacIQ lac+ pro'] cells
were grown at 37TC to an OD6w of -2.0 in 24.5 liters of LB
broth. The cells were harvested and were lysed by sonica-
tion. Nucleic acids and membranes were precipitated with
0.1% polyethyleneimine, the preparation was centrifuged at
16,000 x g for 30 min, and a 40-80% (saturation) ammonium
sulfate cut of the supernatant was collected.
The 40-80% pellet was resuspended in 100 mM sodium

phosphate (pH 7), adjusted to 1 M ammonium sulfate, and
loaded onto a phenyl-Sepharose CL-4B column (Pharmacia).
The column was washed with loading buffer and developed
with a linear gradient from 1 M to 0 M ammonium sulfate in
100 mM sodium phosphate (pH 7). In some purifications, Tsp
activity was eluted at -0.5 M ammonium sulfate; in others,
Tsp was eluted throughout the column profile. Fractions
containing Tsp activity were pooled, and protein was pre-
cipitated with ammonium sulfate. The pellet was resus-
pended in 10 mM Tris (pH 8.2) and dialyzed against the same
buffer. This material was loaded onto a DEAE-Sephacel
column (Pharmacia), which was washed with 10mM Tris (pH
8.2). Tsp activity was eluted in the flow-through and wash
fractions, which were combined and loaded onto a Bio-Rex
70 column (Bio-Rad). The column was developed with a
linear gradient from 25 to 500 mM KCl. Tsp activity was
eluted at =250mM KCl, and fractions containing this activity
were pooled. As a final purification step, portions of the
Bio-Rex 70 pool were concentrated in an Amicon Centricon
30 microconcentrator and were electrophoresed in a 7.5%
Laemmli gel (5). The gel was stained with KCI, and the
-82-kDa band was excised and electroeluted from the gel
slices.

Protein Sequencing. Protein sequencing was performed by
sequential Edman degradation using an automated gas-phase
sequenator. Aliquots of Bio-Rex 70 column fractions con-
taining Tsp were precipitated with 10% trichloroacetic acid
and electrophoresed in a 7.5% Laemmli gel. Protein was
electroblotted from the gel onto ProBlott membrane (Applied
Biosystems), and the Coomassie-stained Tsp band was ex-
cised and sequenced. To obtain internal amino acid se-
quence, Tsp was electrophoresed as described above, the
protein was blotted onto nitrocellulose, and the Ponceau

Abbreviations: IPTG, isopropyl 3-D-thiogalactopyranoside; IRBP,
interphotoreceptor retinoid-binding protein.
*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M75634).
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S-stained Tsp bands were excised. Tsp was digested with
trypsin, fragments were separated by HPLC on a C18 column,
and a 26-amino acid tryptic peptide was sequenced.

Cloning and Sequencing of tsp. Two codon-biased oligonu-
cleotide probes, T and N, were designed to encode the 26
amino acids of the sequenced tryptic peptide and the 15
N-terminal residues of Tsp, respectively. Probe T was la-
beled with [y-32P]ATP and T4 polynucleotide kinase and was
hybridized to a nylon membrane containing plaque-lifted
DNA from the Kohara phage library (7) as described (8).
Overlapping Kohara phage 335 (15D5) and 336 (19H3)
showed strong hybridization to the probe.
Kohara phage 335 DNA (-0.5 ,tg) was digested to com-

pletion with individual restriction enzymes, electrophoresed
in a 0.7% agarose gel, and transferred to a GeneScreenPlus
nylon membrane (NEN). The 3-kilobase EcoRI fragment
showed strong hybridization to both 32P-labeled probes T and
N (8). This fragment, which contains the tsp gene, was
gel-purified from agarose with Geneclean II (Bio 101, La
Jolla, CA) and ligated to pBluescript KS(+) (Stratagene) that
had been linearized with EcoRI. Plasmids pKS6-1w and
pKS7-la contain the tsp gene running with and against the lac
promoter of pBluescript KS(+), respectively. DNA sequenc-
ing (9) of both strands of the EcoRI insert, except for regions
encoding the htpX gene (10), was performed with the single-
stranded forms of pKS6-lw and pKS7-la.

Purification of Tsp from an Overproducing Strain. X90/
pKS6-lw cells were grown at 37°C to an OD6N of -1.5 in 10
liters of LB broth, and Tsp expression was induced by the
addition of isopropyl j3-D-thiogalactopyranoside (IPTG) to 1
mM. After an additional 3 hr, the cells were harvested and
lysed by sonication. The sonicate was centrifuged at 37,000
x g for 20 min to remove cell debris, dialyzed against 10 mM
Tris (pH 8.2), and loaded onto a DEAE-Sephacel column.
The column was washed with 10 mM Tris (pH 8.2) and
developed with steps containing 50 mM, 100 mM, and 150
mM KCI. Fractions containing Tsp were identified by gel
electrophoresis, pooled, dialyzed against 10 mM Tris, pH
8.2/25 mM KCI, and loaded onto a Bio-Rex 70 column. The
column was washed with 10mM Tris, pH 8.2/25 mM KCl and
developed with a linear gradient from 25 mM to 500 mM KCI.
Fractions containing Tsp activity were pooled, concentrated
100-fold, and chromatographed on a Superose 6 FPLC col-
umn. Tsp was eluted in a single, symmetric peak. For
molecular weight determination, Tsp (10 ,ug) was chromato-
graphed on a Sephacryl S-200 column.

Inhibition Assays. Tsp (0.2 ,ug) was incubated for 20 min at
room temperature with an inhibitor or metal cation in 46.5 ,ul
of buffer containing 10 mM Tris (pH 8.0) and 10 mM KCI.
Unlabeled #105 (1 ,ug) and 35S-labeled #105 (9000 cpm) were
added, bringing the total volume to 50 jl. The reaction
mixture was incubated at 37°C for 30 min, and the trichloro-
acetic acid-soluble fraction was prepared as described (3).
The activity was calculated relative to a control of solvent
(water or ethanol) alone.
Tsp Induction and Osmotic Shock Procedure. X90/

pKS6-lw cells were grown in LB broth at 37°C to an OD600
of -1.0, and lac promoter-mediated transcription was in-
duced in one of two cultures by adding IPTG to 1 mM. After
an additional 2.5 hr, cells were harvested and osmotic shock
fractions (periplasmic fractions) were prepared essentially as
described (11) for cells in late exponential phase. The re-
maining cytoplasmic/membrane fraction and the initial
whole cell preparation were boiled in Laemmli sample buffer
prior to electrophoresis of the fractions in 7.5% Laemmli
gels.

Pulse-Chase Experiment. X90/pKS6-lw cells were grown
as described (3) and were induced with IPTG for 20 min. Cells
were pulse-labeled for 15 sec with L-[35S]methionine, excess
unlabeled L-methionine was added, and samples were taken

*4:

FIG. 1. Specific degradation of the #105 variant ofthe N-terminal
domain of A repressor by Tsp. Reaction mixtures were incubated at
370C for6 hr, and cleavage of the #105 or wild-type (WT) protein was
assayed by gel electrophoresis. Lane 1, Tsp purified from strain X90;
lane 2, protein standards (molecular mass in kilodaltons indicated at
left); lanes 3 and 5, control reactions of #105 or WT (no Tsp added);
lanes 4 and 6, reactions of #105 or WT with Tsp.

at 0, 20, 50, 120, 270, and 600 sec of the chase period. Lysates
were prepared and electrophoresed in a 7.5% Laemmli gel.

Sequence Comparisons. In data-base searches, the BLAST
(12) service at the National Center for Biotechnology Infor-
mation was used to search for proteins with similarities to the
Tsp sequence. The BESTFIT program of the Genetics Com-
puter Group's sequence-analysis software package (13) was
used to compare the Tsp sequence with protease active-site
sequences (14).

RESULTS
Identification of Tsp and Cloning of the tsp Gene. A prote-

olytic activity that degrades the #105 variant of the N-ter-
minal domain of A repressor was purified from E. coli X90.
This activity was designated Tsp, for tail-specific protease.
As shown in Fig. 1, Tsp is specific in that it cleaves the #105
protein into multiple fragments (lane 4) but does not cleave
the wild-type protein (lane 6). The degradation of #105 does
not require addition of ATP, metal ions, or other obvious
cofactors.

In SDS/polyacrylamide gels, Tsp appears to correspond to
a single polypeptide of -82 kDa (Fig. 1). Sequential Edman
degradation of intact Tsp gave the sequence NH2-
VEDITRADQIPVLKE. Sequencing of an internal tryptic
fragment of Tsp yielded the sequence NH2-VGVLDIPG-
FYVGLTDDVKVQLQKLEK-COOH. These two se-
quences were used to design oligonucleotide probes that were
used to screen a Kohara phage library (7) and to locate the tsp
gene on the phage clones. A 3-kilobase EcoRI fragment of
Kohara phage 335, which maps to -40.3 min on the E. coli
chromosome, contained the tsp gene.
DNA Sequence of tsp. The DNA sequence of the tsp gene

and its flanking regions was determined (Fig. 2). The N-ter-
minal sequence of Tsp is encoded by the DNA sequence
starting at nucleotide 135. From this point, an open reading
frame extends for 660 codons before terminating with a TAA
codon at base 2115. This open reading frame also codes for
the 26-residue sequence determined for the internal tryptic
fragment of Tsp. The molecular mass calculated for the
660-residue protein is 74,323 Da. This is in reasonable agree-
ment with the -82-kDa value estimated from SDS/PAGE.
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GAATTCGGGTATrCTTTGATTGTGCGCGCAGAACAcCTGITGTTCTGC A GGAGGCCGGGCCAGGCCATGAACAT TTTTTAGGCTTACCGCGTAGCTGGCTCT TTGCAATAGCAG
(Q) (T) (F) (A) V E D I T R A D Q I P V L K F E T Q H A T V S X R V T S R F T R S H Y R

GCCAGACCTTCGCTGTAGAGATATCACG TA AA TA CACAG TC AG A GCGCTCAC TTCTCATTATC
Q F D L D Q A F S A K I F D R Y L N L L D Y S H N V L L A S D V E Q F A K K K T

GCCAG;TTCGACCTCG.ATCAGGCATTTTCGGCCAAAAT(CTTTGACCGCTACCTGAATCTGCTCGATTACAGCAACTCTCGC&CACTAC GC4~GAAAAAGAAAA
3 L G D L L R S G K L D V r Y D L Y N L A Q K R R F E R Y Q Y A L S V L L K P M

CCGAGTTAGGCGATGAACTGCGTTCAGGCAAACTCGA(GTTTTCTACGATCTCTACAATCATO0GCGAAAGCGcCGTTTTGAGCGTTACCArTACCTTTGTCGGTACTGGAAAAGCCGA
D F T G N D T Y N L D R S K A P N P K N E A E L N A L W D S K V K F D 3 L S L K

GCCCTGGCCGAAAAACGAGGCTGAGTTGAACGCOCTGTGGGACAGTAA1fKCAAT!'CGAGAGP AAGC TGA
L T G K T D K E I R E T L T R R Y K F A I R R L A Q T N S E D V F S L A M T A F

AGCTGACAGGAAAACGGATAAAGAAATTu3GTGbAI1CCTCGACTCGCCGCTACAAATTTGCCATTCGTC TCTGGCGCAACCCAACAGCGAAGATGTTTTCTCGCTGGCAATGACGGCGT
A R E I D P H T N Y L S P R N T E Q F N T E N S L S L E G I G A V L Q N D D D Y

TTGCGCGTGAAATCGAYCCGCATACCAACTATCTTTC(CCCGCGTA&TACCCGAACAGTTCA&CA AGTCTCGCrGCGCAATGG&TGATGACT
T V I N S M V A G G P A A K S K A I S V G D K I V G V G Q T G K P M V D V I G W

ACACCGTTATCAATTCG TGGTGGCAGGTCGGTiCCAGCGAAGAGTAAAGCTATCAGCG0TTGGGCCGATGGTTG&CGTGATTGGCT
R L D D V V A L I K G P K G S K V R L E I L P A G K G T K T R T V T L T R E R I

GGCGCTGAGATGTGEGCCPiAA GG GAGGCAG TAAGTPCGTCr A PT~AC_~TACTGTAACGTTGACCCO GTGACGTA
R L E D R A V K M S V K T V G K E K V G V L D I P G F Y V G L T D D V K V Q L Q

TT=ICWGAGCCGCGG GTT CGGTAAGACCOTCGGTAAAGAGAAAGTCGGC0TGCTGGAiTATTCCGGGCTTCTATGTGGOTTTGACAGACG&TSTCAAAGTCAACTGC
K L E K Q N V S S V I I D L R S N G G G A L T E A V S L S G L F I P A G P I V Q

GGCGGT0GGGCGTTAACTGAAGCCGTATCGCTCTCCGGTCTGTTTATTCCTGCGGGTcCCATTGTTC
V R D N N G K V R E D S D T D G Q V F Y K G P L V V L V D R F S A S A S E I F A

AGGTCCGCGATAACGTGCBTGAAGMTACCGACGGGACAGGTTTTCTATAAAGGCGCTGGTGGTGCTGGTTGACCGCTTCAGTGCTTCGGCTTCAGAAATCTTTG
A A N Q D Y G R A L V V G E P T F G K G T V Q Q Y R S L N R I Y D Q M L R P E W

CCGCGGCJATOCAGGAGTACGGTCGCTGCGTTGTTTGGGTAACCGAC CGATTGGTAATGGCACCGTTCAGCAATACXGTTCATTGAACCGTATTTACGATCAG&TGTTACGTCCTGAAT
P A L G S V Q Y T I Q K F Y R V N G G S T Q R K G V T P D I I M P T G N E E T E

GGCCAGCGCTGGGTTCTGTGCAGTACACGATCCAGAAATTCTATGCGTTAA CGGCGGCAGTACGCAACGTAAAGGCGTAACGCCAGACATCATCATGCCGACGGGTAATGAAGAAACGG
T G E K FE D N A L P W D S I D A A T Y V K S G D L T A F E P E L L K E H N A R

AAACGGGTGAGAAATTCGAAGATAACGCGCTGCCGTGGGATAGCATTGATGCCGCGACTTATGTGAAATCAGGA.GATTTAACGGCCTTTGAACCGGAGCTGCTGAAGGAACATAATGCGC
I A K D P E F Q N I M K D I A R F N A N K D K R N I V S L N Y A V R E K E N N E

GTATCGCGAAAGATCCTGGTTCCAGAACATCATGAAGGATATCGCGCGCTTCAACGCTATGAAGGACAAGCGCAATATCGTTTCTCTGAATTACGCTGTGCGTGAGAAAGAGAATAATG
D D A T R L A R L N E R F K R E G K P E L K K L D D L P K D Y Q E P D P Y L D E

AAGATGATGCGACGCGTCTGGCGCGTTTGAACG&ACGCTTTAAACGCGAAGGTAAACCGGAGTTGAAGAAACrGGATGTrCTACCGAAAGATTACCAGGAGCCGGATCCTTATCTGG&ATG
T V N I A L D L A K L E K A R P A E Q P A P V K stopAGACGGTGAASA ~~~~~CAGACCCGCGGAACAACCCGCTCCCGTrCAAGTAATAT TAACrA GCG

FIG. 2. Nucleotide sequence of the tsp gene and predicted amino acid sequence. Numbers refer to the nucleotide sequence, beginning at
the EcoRI site. Amino acid symbols in parentheses represent a potential presequence. The underlined sequence is a potential transcription
terminator.

The start point of protein synthesis for Tsp is uncertain.
Neither the GTA codon for the N-terminal valine nor the
preceding GCT codon is a known translational start codon.
There are ATG codons 20 and 22 codons upstream of the
N-terminal valine codon. Each is preceded by a potential
Shine-Dalgarno sequence (AGGN7ATG in the first case and
GGAGGNjjATG in the second). Translational initiation at
either of these ATG codons would give rise to sequences that
resemble signal sequences (15). Based on comparison with E.
coli promoter consensus sequences, a promoter for tsp
transcription could not be identified. After the TAA termi-
nation codon, there is an inverted repeat followed by a run of
thymidines that probably acts as a Rho-independent tran-
scription terminator. The DNA sequence directly following
this region corresponds to the sequence of the beginning of
the heat shock gene htpX (10).

Overexpression, Purification, and Properties of Tsp. The tsp
gene was placed under the control of the lac promoter in
plasmid pKS6-lw. When the lac promoter is induced, X90
cells carrying pKS6-1w overexpress an -82-kDa protein
(Fig. 3, compare lanes 2 and 3). Moreover, lysates of such
cells show at least a 5-fold increase in degradation of 35S-
labeled #105 protein as compared with X90 cells carrying the
plasmid vector alone. We purified the -82-kDa protein from
X90/pKS6-lw cells (Fig. 3, lane 1). In protease assays like
those shown in Fig. 1 and by SDS/PAGE, this material was
indistinguishable from the Tsp that was purified in smaller
quantities from X90 cells.
The effect of inhibitors and metal cations on Tsp activity is

shown in Table 1. None ofthe inhibitors significantly affected
Tsp activity. Cysteine protease inhibitors were not studied
because Tsp contains no cysteine. Stimulation ofTsp activity
was seen with MnC12, CoCl2, and CaCl2 and inhibition was
seen with FeC13, CUSO4, and ZnSO4.

In gel filtration chromatography, Tsp has an apparent
molecular mass of -68 kDa. Comparison of this estimate with
the -82 kDa obtained by SDS/PAGE and the -74 kDa
calculated from the predicted protein sequence indicates that
Tsp is a monomer in solution. Because the molecular mass of
Tsp determined by gel filtration was lower than the expected
74 kDa, we used laser desorption time-of-flight mass spec-

trometry to determine whether the purified Tsp might be
processed by proteolytic cleavage of C-terminal residues.
The molecular mass ofTsp determined by mass spectrometry
was 75 kDa, indicating that such C-terminal processing is
unlikely to occur.

Since the DNA sequence near the beginning of the tsp gene
encodes a potential signal sequence, which is not present in
the purified protein, Tsp may be secreted. To examine this
possibility, we performed a cellular fractionation experiment.
Tsp was found in both the periplasmic and cytoplasmic/
membrane fractions of X90/pKS6-lw cells (Fig. 3, lanes 5
and 7). The periplasmic location of at least some of the Tsp
is consistent with the presence of a signal sequence. It should
be noted that these fractionation results may have been
affected by Tsp overproduction and that more detailed stud-
ies are needed to examine Tsp localization. To test whether
Tsp is synthesized with a signal peptide that is later removed,
we performed a pulse-chase experiment (data not shown).
Following 15 sec of pulse-labeling, Tsp was present as an
-82-kDa band in an SDS/polyacrylamide gel. Precursor
forms were not evident and no changes in the quantity or
mobility of this band were observed during a 10-min chase.
Although this result suggests that Tsp is not processed
following synthesis, the possibilities that processing occurs
extremely rapidly or that precursor and mature forms might
have the same mobility in SDS/polyacrylamide gels cannot
be excluded.

DISCUSSION
We have described the purification of an E. coli protease,
designated Tsp, and the cloning and sequencing of its gene.
Tsp degrades the #105 protein, which has a nonpolar se-
quence (WVAAA) at its C terminus, but does not degrade the
wild-type N-terminal domain of A repressor, which has polar
residues (RSEYE) at its C terminus. The substrate specificity
of Tsp in vitro is that expected from the studies in vivo.
Namely, the #105 variant is degraded in the cell much more
rapidly than the wild-type protein (3). At present, we cannot
be sure that Tsp is responsible for the rapid degradation of
#105 in vivo, but this seems to be the most likely possibility.

Biochemistry: Silber et al.

I

I

I



Proc. Natl. Acad. Sci. USA 89 (1992)

NWC CF.Pc
X +

t"-o

.........-..

_r

_a
__wi

FIG. 3. Overexpression and cellular distribution of Tsp. Lane 1,
2.2 tig of Tsp purified from X90/pKS6-lw cells. For lanes 2-7,
cultures of X90/pKS6-lw cells were grown with (+) or without (-)
induction of tsp expression. Whole cells (WC) were fractionated by
osmotic shock into the periplasmic (PP) and cytoplasmic/membrane
(C/M) fractions. Arrow indicates the position of the Tsp band.

If Tsp does degrade the #105 protein in the cell, then it will
be important to determine where this degradation occurs, as
Tsp seems to be a periplasmic protein but may also be present
in the cytoplasm.
As the #105 and wild-type substrates differ only in their

C-terminal five residues, these C-terminal "tails" must in
some manner mediate Tsp's cleavage of #105, but not ofwild
type. We believe that Tsp may bind directly to the C-terminal
residues of the #105 protein. These residues are known to be
unstructured in the wild-type N-terminal domain (16) and
thus are also likely to be unstructured and accessible to the
protease in the #105 variant. The C-terminal residues of the
#105 variant are unlikely to affect proteolysis indirectly-for
example, by interacting with or destabilizing portions of the

IRBP
domain

Us})

Table 1. Effect of inhibitors and metal cations on Tsp activity

Inhibitors Metal cations

Addition* Activity, % Addition* Activity, %
None 100 None 100
3,4-DCI 84 MnCl2 252
PMSF 98 CoCl2 135
TLCK 115 CaC12 125
TPCK 94 MgCl2 103
Pepstatin 91 ZnSO4 53
o-PA 91 CuS04 27
EDTA 88 FeCl3 20

*Concentrations are 1 mM except o-PA (2 mM) and EDTA (10 mM).
3,4-DCI, 3,4-dichloroisocoumarin; PMSF, phenylmethylsulfonyl
fluoride; TLCK, 7-amino-1-chloro-3-tosylamido-2-hepatonone
("tosyl-L-lysine chloromethyl ketone"); TPCK, L-1-tosylamido-2-
phenylethyl chloromethyl ketone ("tosyl-L-phenylalanine chloro-
methyl ketone"); o-PA, o-phenanthroline.

folded protein-since thermal stabilities of the #105 protein
and the wild-type N-terminal domain are identical (3). Hence,
the simplest and most appealing model is that the #105
variant is a substrate for Tsp because its hydrophobic C-ter-
minal tail provides an anchoring site to which the protease
binds. By this model, the wild-type N-terminal domain is not
a substrate because its C-terminal residues are not hydro-
phobic.

Preliminary characterization of the digestion products of
the #105 variant shows that Tsp is an endoprotease. The
major sites of cleavage appear to be A49-L50, A66-K67, A81-
R82, and V91-S92 (unpublished work). Hence, Tsp cleaves the
#105 protein at specific sites following small hydrophobic
residues such as alanine and valine. Tsp could initially bind
to the hydrophobic C-terminal tail of the #105 protein and
then make endoproteolytic cleavages within the polypeptide
chain, perhaps waiting for transient unfolding of the protein
to allow access to the cleavage sites. Such a model is
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FIG. 4. Sequence homology between Tsp (660 residues) and the repeated domains of bovine and human IRBP (-302 residues). (a) Schematic
alignment of Tsp and an IRBP domain. (b) Alignments of Tsp with the bovine (bI-IV) and human (hI-hIV) IRBP repeats. The alignment of
the IRBP domains is from ref. 17. The alignment of Tsp with the IRBP domains is based on pairwise alignments from a BLAST search. Numbers
correspond to the Tsp sequence. Positions of identity between Tsp and at least one IRBP repeat, and identical or conserved positions (I/V/L/M,
D/E, S/T) in all nine sequences (noted by filled circles), are shaded. To assess the significance of the similarity between Tsp and IRBP, a profile
(18) of all eight IRBP domains was constructed and compared with the Tsp sequence and the sequence data base. The similarity between the
IRBP profile and Tsp was 8.7 standard deviations greater than the mean similarity calculated for other sequences in the data base.
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speculative and needs to be tested but predicts that for a
protein to be a substrate for Tsp, several criteria (e.g.,
exposed nonpolar C terminus, appropriate rates of unfolding
and refolding, and the presence of specific cleavage se-

quences) would need to be fulfilled.
In sequence searches (see Materials and Methods), no

significant homology between Tsp and any of the known
protease sequences or protease active-site sequences (14)
was detected. Surprisingly, significant sequence homology
between Tsp and the human and bovine IRBP was observed.
IRBP consists of four tandemly-repeated, homologous seg-
ments of -300 amino acids each (for review, see ref. 17). Fig.
4 shows a sequence alignment of Tsp and the eight domains
of human and bovine IRBP. There are three segments of
sequence similarity, designated A, B, and C. In these seg-
ments, 51% of the Tsp residues are identical to a residue in
at least one IRBP repeat, and 23% of the Tsp residues show
identity or strong conservation with positions in all eight
IRBP repeats. We have speculated that Tsp may bind directly
to the hydrophobic C-terminal sequence of the #105 protein.
IRBP binds hydrophobic ligands such as retinol, retinoic
acid, cholesterol, and fatty acids (17). Thus both proteins
recognize hydrophobic ligands that contain a hydroxyl or
carboxyl group at one end. The homologous segments ofTsp
and IRBP could form a hydrophobic binding pocket that is
used in ligand binding. Such a binding pocket would also be
expected to contain a positively charged residue that confers
specificity for the carboxyl group. We note that arginine-371
of Tsp is conserved in all eight IRBP domains and arginine-
444 is conserved in six of the eight IRBP domains.
Hara et al. (19) have recently reported the cloning and

sequencing ofthe prc gene ofE. coli. prc and tsp are the same
gene. They map to the same location on the chromosome and,
with the exception of base 1018, are identical in sequence.
Most interestingly, cells containing a conditionally lethal
deletion of the prc gene are deficient in the C-terminal
processing of penicillin-binding protein 3. In wild-type
strains, cleavage in vivo of penicillin-binding protein 3 occurs
after a valine residue that is 11 residues from the C terminus
(20). Since purified Tsp is a C-terminal-specific protease that
can cleave after valine, it seems extremely likely that it is
directly responsible for the C-terminal cleavage of penicillin-
binding protein 3 that occurs in the cell.
Tsp is similar in many ways to two previously purified E.

coli proteases, protease Re (21) and a protease that degrades
oxidized glutamine synthetase (22). Each of these proteases
has a similar molecular weight and is monomeric. All behave
similarly during purification, are ATP-independent, and
show similar patterns of inhibition. Cleavage in vitro of
oxidized glutamine synthetase occurs after an alanine resi-
due, 38 residues from the C terminus, which would be
consistent with Tsp activity. Primary sequence information
for protease Re or the protease that degrades oxidized
glutamine synthetase is not available but should eventually

provide the most stringent test of the possible identity of
these proteases with Tsp.
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