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ABSTRACT: Tail-specific protease (Tsp) is a periplasmic enzyme that selectively degrades proteins bearing
a nonpolar C-terminus. Its substrate specificity suggests that Tsp may contain a substrate recognition
domain, which selectively binds to the nonpolar C-termini of substrate proteins, separate from its catalytic
site. In this work, we show that substrate recognition of Tsp is mediated by a PDZ domain, a small
protein module that promotes proteiprotein interactions by binding to internal or C-terminal sequences

of their partner proteins. Partial proteolysis by V8 protease at a single peptide bond immediately N-terminal
to the PDZ domain resulted in two distinct and relatively stable fragments and complete loss of catalytic
activity. Photoaffinity labeling with a fluorescent nonpolar peptide caused the covalent attachment of the
peptide to a single site on the Tsp protein. Systematic deletion mutagenesis of Tsp localized the binding
site to amino acids 2066307, a region that completely encompasses the putative PDZ domain (217
301). The isolated PDZ domain (amino acids 2834) is capable of folding into a well-behaved structure

and binds to a nonpolar peptide with a dissociation constasjt¢f 1.9 M, similar to that of the intact

Tsp protein. Site-directed mutagenesis of a surface residue at the peptide binding site of the PDZ domain,
valine 229, to Glu or GIn resulted in an increase in Kaevalue but had no effect on they value. The

use of a separate substrate recognition domain such as a PDZ domain may be a general mechanism for
achieving selective protein degradation.

Intracellular proteolysis occurs in all living organisms, Tsp represents a new class of protease. It was first
providing a variety of functions including the elimination identified as an activity that degrades. aepressor variant
of abnormal proteins, the maintenance of amino acid pools with a nonpolar C-terminal sequence, WVAAA, but not the
during starvation, the generation of protein fragments that wild-type repressor, which has a polar C-terminal sequence,
act as hormones, antigens, and other effectors, and the reguRSEYE @). Cloning of thetsp gene showed that it had no
lation of the intracellular concentrations of certain proteins. sequence homology to any of the well-characterized members
Because protein degradation must be highly selective in orderof other protease families and was not inhibited by several
for the cell not to cannibalize itself, the proteases or proteasecommon protease inhibitorgl); Site-directed mutagenesis
complexes need to recognize specific signals embedded instudy has established that serine 430 and lysine 455, both in
their cognate substrates. It has been recognized that theghe C-terminal portion of the protein, are essential for
sequence identity at the N- and C-termini of a protein serves catalytic activity ). On the basis of this observation, it has
as a determinant of proteolytic degradati@n2). The effect been proposed that Tsp belongs to the family of proteases
of the N-terminal residue on the metabolic stability of a that use a serine-lysine dyad for catalysis; the members of
protein, the N-end rule, has been relatively well stud®d (  this family include LexA, type | signal peptidase, and the
The mechanism by which the C-terminal sequence of a pro-class AB-lactamasesl(0). The unusual substrate specificity
tein determines its proteolytic susceptibility has only recent- of Tsp suggests that it may contain a separate binding site
ly started to be elucidated. An important advance in this areafor the hydrophobic tails of its substrate proteins that is
was the identification and cloning of a tail-specific protease distinct from the catalytic site5( 11). Amino acid sequence
(Tsp) in Escherichia coliperiplasm, which selectively de-  analysis has revealed an internal region with some sequence
grades proteins with nonpolar C-terminal sequendesy. similarity to the PDZ domain12). PDZ domains are-100
Tsp and its cytoplasmic counterpar) (nay also be involved  aa modules initially found in a number of eukaryotic cell-
in the elimination of aberrant polypeptides synthesized from junction-associated proteins, where they serve to localize ion
defective mRNAs using a peptide tagging systén ( channel proteins within a particular region of the membrane
by binding to the C-termini of the channel proteiris3{
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Ficure 1: Structures of the PDZ-binding peptides.
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as the template. The primers used wer&S&SAAGGTAT-
TGGCGCCGAGCTGCAAATGGATGATG-3 (primer 1)
and 3-GGAAGGTATTGGCGCACAGCTGCAAATGGA-
TGATG-3 (primer 2), and their complements for the V229E
and V229Q mutations, respectively. A n@&aull restriction
site was introduced into the plasmid DNA by the V229Q
mutation, whereas aNarl site was created by the V229E
mutation, providing convenient markers for screening for
mutants.

Deletion mutants were generated by the polymerase chain
reaction (PCR) using plasmid pKK10%)(as template. The
following primers were used to construct the various mu-
tants: primer 3, 5GGGAATTCTTACTTGACGGGAGCG-
GGTTG-3; primer 4, >GGAAGGCCATATGAGCTATCT-
TTCCCCGCGT-3 primer 5, -GGGAATTCTTAACGG-

carboxylate group, the C-terminal three or four residues are GTCTTGGTCCCT-3 primer 6, 5>CATGCCATGGCATAT-

also involved in intricate interactions with the PDZ domain
(23—27). The substrate specificity of Tsp is consistent with

GAGCGAAGATGTTTTCTCGCT-3 primer 7, >GGGAAT-
TCTTATTTCTCTTTACCGACGGTCTT-3 and primer 8,

having a PDZ domain as the separate substrate binding sitep’-CATGCCATGGCATATGGTAGAAGATATCACGCG-
recognizing proteins with the proper C-terminal sequences TG-3). Primers 3 and 4 were used to construct the N-
for degradation. In this work, we show that Tsp indeed terminal deletion mutanfANT Tsp (amino acids 206660).
contains a PDZ domain as the substrate recognition domainThe PCR product was digested with restriction endonucleases

through a combination of partial proteolysis, photoaffinity
labeling, and site-directed mutagenesis studies.

MATERIALS AND METHODS

Ndd andEcoRI and inserted into the corresponding sites of
plasmid pET22b (Novagen). The resulting plasmid was
digested withNdd and Scd, and the Tsp coding fragment
was ligated to theNdd/Scd-linearized plasmid pET15b
(Novagen). This procedure added an N-terminal histidine tag

Materials.All amino acids, Wang resin, and other peptide to ANT Tsp. Primers 6 and 7 were employed to isolate the
synthesis reagents were purchased from Advanced ChemTecPDZ domain, PDZ-a (amino acids 1:8334). Primers 5 and

(Louisville, KY). V8 protease, 5-[(2-aminoethyl)amino]-

6 were used to construct PDZ-b (amino acids -1867).

naphthalene-1-sulfonic acid (EDANS), and biotin were from Primers 4 and 7 were used to construct PDZ-c (amino acids

Sigma Chemical Co. Fmag-benzoylt-phenylalanine (Bpa)

206—-334). Primers 4 and 5 were used to construct PDZ-d

was purchased from Peninsula Laboratories. Oligonucleotide(amino acids 206307). Primers 7 and 8 were used to
primers were ordered from Integrated DNA Technologies construct the C-terminal truncation mutaAtCT Tsp (amino

(Coralville, IA).
Synthesis of Photoaffinity LabelBeptides were synthe-

acids +334). The PCR products from all above reactions
were digested wittNdd and EcoRI and ligated withNdd/

sized on Wang resin on 0.2-mmol scale with a homemade EccRI-linearized plasmid pET-28a (Novagen). This proce-
peptide synthesis apparatus and fluorenylmethoxycarbonyl-dure resulted in the addition of a six-histidine tag to the

(Fmoc-) protected amino acid28). Three equivalents of

N-terminus of each construct. Amino acid numbering of all

amino acids were used during coupling reactions and doublemutants used in this study and positions referred to are based
coupling was performed if necessary (as judged by ninhydrin on that used in previous worl@)

test). Coupling of the biotin moiety was accomplished by

the addition of 3 equiv of biotinN-hydroxybenzotriazole
monohydrate (HOBt)D-benzotriazoleN,N,N',N'-tetrameth-
yluronium hexafluorophosphate (HBTU), ardmethyl-

Purification of Wild-Type and Mutant Tsp. Escherichia
coli BL21 (DE3) cells carrying the appropriate expression
plasmid were grownn 3 L of LB medium containing 75
mg/L ampicillin at 37°C. When ORgy reached 0.7, the cells

morpholine. The EDANS group was added as previously were induced by the addition of isoprog$p-thiogalacto-
described 11). Cleavage and deprotection of peptides were pyranoside to a final concentration of 148 and grown

performed fo 1 h at room temperature in a cocktail
containing 5 mL of trifluoroacetic acid (TFA), 0.13 mL of
ethanedithiol, 0.25 mL of thioanisole, 0.10 mL of anisole,

for an additional 3-6 h at 28°C. The cells were harvested
by centrifugation at 4C (6000 rpm for 10 min), resuspended
in 60 mL of ice-cold column binding buffer (5 mM

0.375 g of crystalline phenol, and 0.25 mL of water. The imidazole, 0.5 M NaCl, and 20 mM Tris-HCI, pH 7.9), and
solvent was evaporated and the crude peptides were trituratedysed by sonication. The crude cell lysate was centrifuged

with diethyl ether (3x 15 mL). The crude peptides were

for 15 min at 17 000 rpm (Sorvall SS-34 rotor), and the clear

purified by reversed-phase HPLC (C-18 column) and ana- supernatant (65 mL) was loaded onto a 10-mL-Bisd

lyzed by matrix-assisted laser desorption ionization (MALDI)
mass spectrometry. Peptide(Figure 1): calculated mass
1377.0, found 1379.3. Peptide calculated mass 1453.1,
found 1455.4.

Construction of Tsp MutantSite-directed mutants were

column (Novagen)Z9) that had been equilibrated with the
binding buffer. The bound protein was eluted with 60 mL
of an elution buffer (1 M imidazole, 0.5 M NacCl, and 20
mM Tris-HCI, pH 7.9) and the fractions containing homo-
geneous Tsp were pooled. After being concentrated in a

constructed by the Quik-Change mutagenesis method (Strat-Centriprep 10 concentrator (Amicon), the protein sample was

agene). Plasmid pKK10315), which contains the entirtsp

mixed with glycerol (33% final) and stored at80 °C.

gene plus six histidine residues at the C-terminus, was usedProtein concentrations were determined by the Bradford
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assay with bovine serum albumin as stand&@).(Wild- WT s
type Tsp (without histidine tag) was purified as previously NHT }C
described 11). ANT

Tsp AssayAll assays were performed with 1R-[[(1- [206-660] NC
sulfono-5-naphthyl)amino]ethyllJaminosuccinyl-Ala-Ala-Arg- ACT
Ala-Ala-[N¢-[4-[4-(dimethylamino)phenylazo]lbenzoyl]lysyl]- [1-334] NC
(6-aminocaproyhGlu-Asn-Tyr-Ala-Leu-Ala-Ala as substrate
(12). Cleavage of the substrate at the Alarg peptide bond 5252_'3"‘34] NC
by Tsp causes an increase in fluorescence yield of the
EDANS group, which was monitored on a Perkin-Elmer Egsz-st:)?] NC
LS-5 spectrofluorometer. A typical reaction (1.5 mL) con-
tained 50 mM Tris-HCI, pH 8.0, 250 mM NaCl-®20 uM PDZ-c N c
substrate, and 44.4 nM of Tsp enzyme. To determine the [206-334]
rate of ANT Tsp, 1.4uM of ANT Tsp was incubated with PDZ-d NC
50 uM substrate and the reaction was carried out and [206-307]
monitored similarly as described above. FiIGURE 2: Schematic representation of the structures of wild-type

Photoaffinity LabelingAll labeling reactions were carried ?h”d TUttf’im TSE US%‘_’ in this ‘tNOVKt-hT_hfh”UTmbefs i? bfaCkeéSfi“dicatﬁ
o ;i H H ran n ndin Ints within the 1s rotein used 1or eac
Ol.Jt at 4°C in a Rayonet photochemical reactor equipped coi:tﬁct,%scorging tg t%?e nzmbering scheﬁ)ﬂrﬁe of Keiler and Sauer
with two RPR-3500 lamps (350 nm) (Southern New England (g) "Each construct also contained an N-terminal histidine tag. NT,
Ultraviolet Co.). A reaction mixture (total volume of 3Q.) N-terminal domain; CD, catalytic domain.
containing 25 mM Tris-HCI (pH 8.0), 100 mM NacCl, wild-
type or mutant Tsp protein (typically 5@g), and 100uM electrospray ionization mass spectrometer (model API-300).
peptidel was irradiated for 20 min under the 350 nm lamps Further confirmation of the site of cleavage was achieved
and then analyzed by electrophoresis on SPAGE gels. by digestion of a Tsp variant containing a C-terminal six-
The labeled protein bands in the gel were visualized on a histidine tag %), denaturation wht 6 M urea, and passing
Fisher Biotech 302 nm transluminator (Model FBTI 614) the sample through a Rii metal affinity column (Novagen)
and photographed with a Polaroid camera. In competition (29). After being washed with 6 column volumes of the
experiments, a reaction mixture containing 25 mM Tris-HCI binding buffer (20 mM Tris-HCI, pH 7.9, 500 mM NaCl, 5
(pH 8.0), 100 mM NacCl, 5@g of Tsp, 10QuM fluorescently mM imidazole, ad 6 M urea), the column was eluted with
labeled peptidel, and 0-1200 xM unlabeled competing 20 mM Tris-HCI, pH 7.9, 500 mM NaGl1 M imidazole,
peptide (peptide) was incubated under the 350 nm lamps and 6 M urea. The eluted proteinsZ mL) were precipitated
for 10 min at 4°C, followed by SDS-PAGE analysis. with 4 volumes of cold acetone and analyzed on an SDS
To identify the site of photolabeling, PDZ-a domain (3 8% polyacrylamide gel.
mg, 187 nmol of PDZ domain) was irradiated in the presence  Binding AssayThe dissociation constant{) of peptide
of 40 uM peptidel for 3 h at 4°C (total volume of 10 mL). 1 to native Tsp and the isolated PDZ-c domain were
To remove the excess photoaffinity labels, the sample wasdetermined by measuring fluorescence resonance energy
loaded onto a HiBind metal affinity column (Novagen).  transfer from the tryptophan(s) in the protein to the EDANS
After extensive washing, the bound protein was eluted with group on the peptided(). A 1.5-mL solution containing 50
20 mM Tris-HCI, pH 8.0, 500 mM NacCl, ahl M imidazole mM Tris-HCI (pH 8.0), 200 mM NacCl, 250 nM peptidg
and exhaustively dialyzed against 100 mM ammonium and 0.18.0uM wild-type Tsp or PDZ-c in a quartz cuvette
bicarbonate buffer (pH 7.9). The resulting protein was was placed in a Perkin-Elmer spectrofluorometer. The
digested with 1:25 (w/w) trypsin at 37C for 3 days. The  excitation wavelength was set at 290 nm while the emission
peptides generated were separated on a reversed-phase HPL& 520 nm was monitored. The observed fluorescence yield
equipped with an analytical ;gcolumn. A linear gradient  at 520 nm/F, was fitted to the equatioR = Fna{P]/(Kp +
of 0—50% acetonitrile in water plus 0.05% trifluoroacetic [P]), where [P] is the concentration of Tsp or PDZ-c added
acid was carried oumi 1 h at aflow rate of 1.0 mL/min. andFmax is the maximum fluorescence intensity at 520 nm.
Individual peaks were collected, lyophilized to dryness, and Inner filtering effects were minimal over the concentration
analyzed on a Perkin-Elmer electrospray ionization massrange of 0.+8.0 uM PDZ-c; in the absence of peptide
spectrometer (model API-300) in the positive ion mode.  the fluorescence yield of PDZ-c at 370 nm increased
V8 Proteolysis of TspI'sp (6ug) was digested with 0.3  essentially linearly with protein concentration. Experiments
ug of V8 protease in 0.1 M Tris-HCI, pH 7.4, for varying were carried out in triplicate.
lengths of time (6-60 min) at room temperature (total
reaction volume of 12L). The reactions were quenched by ResyULTS
the addition of 1L of 2x SDS-PAGE gel loading buffer
and heating for 10 min at 98C and analyzed on an SBS V8 Proteolysis of TspPartial proteolysis of Tsp by V8
10% polyacrylamide gel. For mass spectrometric analysis, protease resulted in two fragments of estimated molecular
the reaction was similarly carried out (6@ of Tsp in a masses of 55 and 25 kDa (Figure 3), accompanied by the
120uL reaction) and quenched by the addition of TFA to loss of Tsp activity. Since the intact Tsp has an apparent
0.5% final concentration and stored-a80 °C until use. The molecular mass of 7580 kDa on an SDSpolyacrylamide
resulting sample was passed through a C-8 reversed-phasgel, this indicates selective cleavage of Tsp at a single site
HPLC column (eluted with acetonitrile plus 0.1% trifluoro- by V8 protease. To determine whether the cleavage occurred
acetic acid) before being injected into a Perkin-Elmer near the N-terminus or C-terminus of Tsp, the V8 digestion
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Ficure 3: SDS-10% polyacrylamide gel showing the cleavage
of Tsp by V8 protease. At the indicated time points, the reaction
was quenched by the addition of equal volume gf@DS-PAGE
loading buffer and heating at 9& for 5 min.

was performed on a Tsp variant that carries a C-terminal
histidine tag §). The resulting fragments were denatured by
6 M urea and loaded onto aNiaffinity column 29), upon
which the histidine-tagged C-terminal fragment should bind,
whereas the N-terminal fragment would not. SEFFAGE

analysis revealed that the bound fragment had a molecular

mass of 55 kDa (data not shown). Thus, the single V8

cleavage occurred near the N-terminus of Tsp sequence. To
locate the precise site of cleavage, the reaction products were

analyzed by electrospray ionization mass spectrometry (ESI
MS). The molecular masses of intact Tsp (wild type) and
the two cleavage fragments were found to be 75 168, 49 491,
and 25 689 Da, respectively. This is most consistent with
cleavage of the peptide bond between N211 and T212
(calculated masses of 49 506 and 25 708 Da for the two
fragments). Surprisingly, all of our attempts to separate the
two fragments under nondenaturing conditions (gel-filtration
and ion-exchange chromatography) failed, suggesting that
the two fragments remain tightly associated even after
proteolysis. We also noted that prolonged storage of the
protein at 4°C produced a similar cleavage pattern.
Photoaffinity LabelingPrevious studies with both small
peptide and large protein substrates suggest that Tsp contain
a separate substrate binding site that is responsible for
recognizing the hydrophobic C-terminus of a substrate (
11). To test for the presence of such a substrate recognition
site, we synthesized a fluorescent photoaffinity label (peptide

Beebe et al.
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Ficure 4: Photoaffinity labeling of wild-type Tsp and its deletion
mutants. (A) Coomassie blue-stained SE®lyacrylamide gel
showing wild-type Tsp labeled with peptide Lane 1, molecular
mass markers; lane 2, positive reaction with all components present;

1, Figure 1), in which an EDANS group and a photolabile lane 3, no peptide; lane 4, no UV light; and lane 5, negative control
benzophenone group were attached to the N-terminus ofwith SHP-1 protein (no Tsp). (B) Fluorescent image of the same

octapeptide GRGYALAA, a sequence known to act as a ge'_zhowr; inhpar_]eIA_\r. (Czjcloct’_maSSi‘?[ b'?e;itaf%e%%myf?%y"l ib
Lo 2 N~ : amide gel showing Tsp deletion mutants that had been labeled by

competitive Inhlbltor of Tsp11). Binding of peptldglltc') peptidel. Lane 1, molecular mass markers; lane 2, wild-type Tsp;

Tsp would bring the benzophenone group to the vicinity of |ane 3, ANT Tsp; lane 4ACT Tsp; and lane 5, PDZ-c domain.

the substrate recognition site; upon exposure to 350 nm light, (D) Fluorescent image of the same gel shown in panel C.
the fluorescent peptide would be covalently attached to the
protein via the benzophenone groug2) and the protein and UV light. Peptidel was not cleaved by Tsp under the
would become fluorescent. As expected, when Tspu@)0 assay conditions despite the high enzyme concentration. This
was incubated with peptide (100«M) under 350 nm light result demonstrates that Tsp indeed contains a recognition
for 25 min, the peptide became covalently attached to Tsp, site for the nonpolar C-terminus of a substrate, which may
as evidenced by the appearance of a fluorescent bandst  or may not be the same as the catalytic site.

kDa on SDS-polyacrylamide gels (Figure 4, panels A and To locate the binding site for peptide photoaffinity

B, lane 2). The extent of modification was quantitated by
examining the remaining protease activity of Tsp. The
maximal amount of labeling was found to be 64% after 200
min of exposure to the UV light. When a control experiment
was carried out with phosphatase SHP3B)( a 68-kDa

protein readily available in this laboratory, no labeling was

labeling experiments were carried out with various deletion
mutants of Tsp. Primary sequence analysis has previously
identified a region (amino acids 23801) that exhibits some
sequence similarity to the PDZ domaif?f. Since PDZ
domains are known to bind to the C-termini of their partner
proteins, the putative PDZ domain in Tsp may be the sub-

observed under the same set of conditions (Figure 4, panelsstrate recognition site. Consistent with this notion, when pho-

A and B, lane 5). Further, successful labeling required the
presence of all three components: Tsp protein, the peptide,

toaffinity labeling experiments were carried out wiNT
Tsp (amino acids 206660), a truncation mutant lacking the
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A s with Coomassie blue showed that there were equal amounts
NN § 543 of Tsp in all reactions (Figure 5, panel A). Significant
S - . .
kDa S S § § & competition was observed when the concentration of peptide
97.4 - _ 2 (e.g., 30QuM) was in only slight excess of peptide(100
66- . DU uM), despite irreversible labeling by peptide suggesting

that both peptides compete for binding to a specific site
instead of a series of nonspecific sites. These results taken

31- - together demonstrate that PDZ is indeed the domain through
T 23 4 56 which Tsp recognizes and binds its substrates.
Peptide 2 To locate the site of covalent attachment on the PDZ
B ' ' domain, PDZ-a was incubated with excess peplide the

presence of 350 nm light and the unreacted peptides were
removed by dialysis. The covalently modified protein was
digested with trypsin and the resulting peptides were
separated by reversed-phase HPLC. All major peaks were
N o _ collected and checked for the presence of fluorescence. Out
Ficure 5: Competition between photoaffinity label (peptitjeand of the 20 peaks collected, peaks 11 and 15 showed strong

peptide2 for binding to Tsp. (A) Coomassie blue-stained SDS .
polyacrylamide gel showing the labeled Tsp in the presence of absorbance at 214 nm and were intensely fluorescent. These

0—1200uM peptide2 (lanes 2-6). Lane 1 shows molecular mass WO fractions were further analyzed by electrospray ionization
markers. (B) Fluorescent image of the same gel shown in panel A. mass spectrometry (ESI MS). Peak 11 gave a peakzat

840.7. Although this closely matches the calculated molecular
sequence N-terminal to the putative PDZ domain, efficient mass of an unmodified peptide from the PDZ domairsL
labeling was observed (Figure 4, panels C and D, lane 3). EILPAGK30; (calcd MH" = 840.52), this peptide should not
Similarly, a C-terminal truncation mutar&CT Tsp (amino be fluorescent. Therefore, we assume that the peakzat
acids 334), which lacks all of the sequences C-terminal 840.7 carried two positive charges, derived from a single
to the putative PDZ domain, was also efficiently labeled by peptide that had a molecular mass of (84Q.2) — 2 =
peptidel (Figure 4, panels C and D, lane 4). These results 1679.4 Da. After trypsin digestion at the arginyl residue, the
suggest that the substrate recognition site is located betweem-terminal fragment of peptid2, which contained both the
amino acids 206 and 334, the region where the putative PDZEDANS group and the benzophenone moiety, had a molec-
domain is located (Figure 2). Therefore, the putative PDZ ular mass of 830.4 Da as determined by ESI MS under the
domain is the likely substrate recognition site of Tsp. same conditions. Thus, the unknown peptide fragment

To isolate the PDZ domain, several truncations were derived from the PDZ domain should have a molecular mass
performed by the PCR method (PDZ4d, Figure 2). We of 1679.4— 830.4= 849.0. This value matches closely the
found that the PDZ domain core (PDZ-d, amino acids-206 mass of peptide MsSVKTVGKss, (calcd M = 848.5),
307) as defined by sequence homolotj®) failed to produce  which is located at the extreme C-terminus of the PDZ-a
any soluble protein. Extension of the PDZ core by 27 amino protein. No other peaks matched the observed molecular
acids at the C-terminus but not at the N-terminus afforded a mass €10 Da deviation). Peak 15 produced a peakn&t
soluble protein (PDZ-c, Figure 2). When PDZ-c (1241) = 1072.0, which did not match either a fragment from the
was incubated with peptide (100 uM) in the presence of  unmodified PDZ-a or any fragment plus the fluorescent
350 nm UV light, the PDZ domain was efficiently labeled probe. One possibility is that a modified peptide might have
with the fluorescent probe (Figure 4, panels C and D, lane undergone other structural changes during the experimental
5). This labeling was both UV- and peptide-dependent. process. Experiments with an N-terminally biotinylated
PDZ-a (amino acids 185334) was also purified as soluble peptide (which has similar sequence to peptijealso
protein and was efficiently labeled by peptidedata not resulted in labeling of residues in the C-terminus of PDZ-a.
shown). PDZ-b (amino acids 18307) was purified only Direct Binding of Peptidel to Tsp and PDZ Domain.
in very small quantities as the majority was present in Binding of peptidel to Tsp was also demonstrated by the
inclusion bodies; however, data suggested that PDZ-b crosspresence of fluorescence resonance energy transfer from the
links to peptidel as well. tryptophan residue(s) in Tsp (excitation wavelengtt290

To further rule out the possibility that the observed labeling nm) to the EDANS group in the peptide (emission wave-
may be due to nonspecific modification at multiple sites, length= 520 nm). By varying the PDZ domain (PDZ-c)
we performed competition experiments, in which photoaf- concentration (0.48.04M) and examining the fluorescence
finity labeling by peptidel was carried out in the presence emission from the EDANS group at 520 nm (peptide
of a competing peptide (peptid Figure 1). Peptid@ was concentration fixed at 250 nM), a dissociation const&m) (
obtained as a byproduct from the synthesis of peptidad of 1.9 + 0.3 uM was observed. The binding affinity of
was formed by the addition of one molecule of ethylene- peptidel to Tsp was similarly determined, resulting ifka
dithiol, presumably to the benzophenone group, during the value of 1.84+ 0.3 uM.
peptide deprotection step. Peptidldinds Tsp and inhibits Catalytic Property of Tsp MutantsAll PDZ domains
Tsp activity but does not covalently cross-link to Tsp due to contain a GLGF loop motif or its homologu&Z, 20). This
the loss of the chromophore. As shown in Figure 5, when sequence is critical for recognizing the C-terminus of its
increasing amounts of pepti@were added to the reaction partner protein by forming a series of hydrogen bonds
between Tsp and peptide the amount of fluorescently  between the PDZ backbone amides and the carboxylate of
labeled Tsp decreased. The SB#lyacrylamide gel stained the partner protein2Q). In Tsp, the corresponding sequence
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Table 1: Kinetic Constants for Wild-Type and Mutant Tsp
Enzyme$

kca{KM
enzyme Kwm (uM) Keat (S71) (x1PM s
wild type 4.44 0.6 0.050+ 0.000 11
V229Q 9.5+ 1.3 0.050+ 0.010 53
V229E 11.1+ 1.4 0.050+ 0.002 4.5
ANT <0.003
ACT NA

a Assay reactions were performed in 50 mM Tris-HCI, pH 8.0, 250
mM NaCl, and 44.4 nM WT Tsp or full-length mutants in the presence
of 0—20 uM substrate 11). The ANT construct (1.4:M) was assayed
in the presence of 50M substrate and the rate was determined by
following the reaction over 45 min. Data reported are the mes8D
of three independent experiments. NA, no detectable activity.

is GIGA and valine 229 is located immediately C-terminal
to the GIGA motif @). With the PDZ domain of PSD-95 as
a model R0), Val-229 of Tsp should be solvent-exposed and
is likely involved in hydrophobic interactions with a sub-

Beebe et al.

Y, V8 protease site
PDZz

CD

‘ peptide

Ficure 6: Proposed model of substrate recognition and catalysis
by Tsp. The PDZ domain recruits a peptide or protein substrate
via the C-terminus of the substrate. Once the substrate is recruited,
the catalytic domain (CD) performs catalysis while the N-terminal
domain (NT) assists either directly or indirectly in an unknown
manner.

in several peptide as well as protein substrates are quite
diverse B). This unusual specificity allows Tsp to selectively
degrade any proteins with nonpolar C-termini but not those
proteins that are needed for proper cellular functions and
which necessarily do not contain nonpolar C-termini. One

strate. With mutation of this residue it was expected that Of the functions of Tsp (or its homologue) is to degrade

the binding affinity of Tsp to a hydrophobic peptide would

polypeptides synthesized from damaged mRNAs, which are

change, but major changes in the global structure of Tsp Potentially toxic to the cell and are targeted for destruction
would not occur. To this end, valine 229 was mutated to a €ven before they are released from the ribosome by tagging
glutamine and glutamate, respectively, with the expectation & honpolar tail to their C-terminigj. Because the cleavage

that the hydrophilic side chains of Gln and Glu would lower
the affinity of Tsp to substrates containing hydrophobic
C-termini. Both V229Q and V229E mutants produced
soluble proteins, which were efficiently labeled by peptide
1 upon UV irradiation (data not shown) and were catalytically

site in a substrate and its C-terminus have been found to be
distinct and typically separated by significant distanBg (

it is unlikely that a single active site can interact with both
motifs. Therefore, a separate binding domain has been
proposed to be responsible for recognizing the C-terminal

active (Table 1). While these mutations had no detectable S€quence of a potential substra. (n this work, we have

effect on thekyy value (0.05 %), they caused a-23-fold

shown that this C-terminal binding site is mediated by a PDZ

increase in theky value when assayed against a peptide domain, based on several lines of evidence. First, sequence

substrateX1). This is consistent with the notion that changes
in the PDZ domain only affect the overall binding affinity

alignment shows that amino acids 21301 share significant
sequence homology to several well-known PDZ domains

of a substrate but do not affect the catalytic power of the (12). Second, proteolysis by V8 protease, which cleaves after
active site, which is located at the C-terminal region of Tsp aspartyl and glutamyl residues, resulted in cleavage at a

and is physically remote from the PDZ domain.

The deletion mutants were also evaluated for catalytic

activity. AlthoughANT Tsp contains both the PDZ domain

and all of the catalytic residues as identified by mutagenesis

studies 9), it had little catalytic activity, with an apparent
kealKw value of 3.0+ 0.3 M™! s toward the fluorescent
peptide substratel{) (Table 1). We believe thahNT Tsp

is catalytically inactive and the observed residual activity is
likely due to protease contamination, since thRT Tsp

preparation exhibited the same amount of activity toward a
control substrate, which contains a glutamate at the C-
terminus but is otherwise identical to the fluorescent peptide

substrate 11). We also noted thaANT Tsp was somewhat

less stable than wild-type Tsp, undergoing denaturation when

the ionic strength of the solution was low. The C-terminal
truncation mutantACT Tsp, was also catalytically inactive.

DISCUSSION

Tsp is different from the other known proteases in that it

single site immediately before the PDZ domain. This suggests
the presence of individual domains in Tsp. Third, deletion
mutagenesis locate the C-terminal binding site to amino acids
206—307, the same region where the PDZ domain resides.
Fourth, the Tsp fragment containing amino acids-2884
forms a soluble protein and is capable of binding to a peptide
with a nonpolar C-terminus. Finally, mutagenesis in the PDZ
domain, which is remote from the catalytic site, decreased
the catalytic activity of Tsp by reducing its affinity to the
substrate.

We propose that Tsp contains a minimum of three separate
domains: an N-terminal domain (amino acids205), a
PDZ domain (amino acids 26607), and a C-terminal
catalytic domain (amino acids 36860) (Figure 6). We
speculate that the PDZ domain first recognizes a cognate
substrate by binding to its nonpolar C-terminus. By doing
so, it recruits a substrate to the catalytic site, which
subsequently cleaves the substrate at multiple sites. This
would predict that the catalytic site is a relatively poor
enzyme that has very low affinity toward its substrates so

recognizes both the C-terminus and the sequences flankinghat it cannot form a productive-8 complex without the
the scissile bond of a substrate. The substrate specificity ofhelp from the PDZ domain. Indeed, addition of peptider

Tsp is primarily determined by the sequence at the C-

terminus, with protein containing small hydrophobic C-
terminal residues being the preferred substrabgs@n the

other peptides with nonpolar C-termini strongly inhibited the
catalytic activity of Tsp {1). An alternative mechanism is
that binding of the C-terminus of a substrate to the PDZ

other hand, the sequences flanking the known cleavage siteslomain causes a conformational change that activates the
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catalytic domain for peptide cleavage. This latter mechanism
is less likely to be the case as it would predict that peptide
1 or other nonpolar peptides act as activators instead of
inhibitors of Tsp. The function of the N-terminal domain
remains unclear. It is clearly important for catalysis, despite
containing none of the residues identified as critical for
catalysis 9), as its removal resulted in a protein that is
capable of binding to a substrate but has essentially no
catalytic activity. Even a single cleavage in the apparent
linker region between the N-terminal domain and the PDZ
domain inactivated the enzyme. It is possible that the active
site is formed by residues from both the N- and C-terminal
domains. Note that after V8 proteolysis, the two fragments
remained tightly associated.

Since the identification of Tsp in 1992, several Tsp
homologues have subsequently been discovered in both
prokaryotic and eukaryotic organisms, (34). Sequence
analysis shows that members of the HtrA protease family,
which are heat-shock-induced serine proteases found in
bacteria, yeast, and human, also contain one or multiple
putative PDZ domains1@, 35). Furthermore, the two-
component, ATP-dependent proteases CIpAP, ClpXP, and
ClpYQ as well as the Lon protease have recently been shown
to contain a 100-amino acid sensor and substrate discrimina-
tion (SSD) domain in their ATPase component, which
recognizes specific sequences within a substrate pr&éjn (
37). Therefore, it appears that the use of a separate substrate
recognition domain (e.g., PDZ or SSD domains) is a common
mechanism by which specific proteases discriminate their
target protein(s) from other nonspecific proteins.
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