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The Escherichia coli ClpYQ (HslUV) is an ATP-dependent protease that consists of an ATPase large subunit
with homology to other Clp family ATPases and a peptidase small subunit related to the proteasomal
B-subunits of eukaryotes. Six identical subunits of both ClpY and ClpQ self-assemble into an oligomeric ring,
and two rings of each subunit, two ClpQ rings surrounded by single ClpY rings, form a dumbbell shape
complex. The ClpYQ protease degrades the cell division inhibitor, SulA, and a positive regulator of capsule
transcription, RcsA, as well as RpoH, a heat shock sigma transcription factor. Using the yeast-two hybrid
system, we explored the in vivo protein-protein interactions of the individual subunits of the ClpYQ protease
involved in self-oligomerization, as well as in recognition of specific substrates. Interactions were detected with
ClpQ/ClIpQ, ClpQ/ClpY, and ClpY/SulA. No interactions were observed in experiments with ClpY/ClpY,
ClpQ/RcsA, and ClpQ/SulA. However, ClpY, lacking domain I (ClpY2") was able to interact with itself and with
intact ClpY. The C-terminal region of ClpY is important for interaction with other ClpY subunits. The
previously defined PDZ-like domains at the C terminus of ClpY, including both D1 and D2, were determined
to be indispensable for substrate binding. Various deletion and random point mutants of SulA were also made
to verify significant interactions with ClpY. Thus, we demonstrated in vivo hetero- and homointeractions of
ClIpQ and ClpY molecules, as well as a direct association between ClpY and substrate SulA, thereby supporting

previous in vitro biochemical findings.

In Escherichia coli, a number of ATP-dependent proteases
have been identified and extensively studied at the genetic and
biochemical levels. One family of proteases was designated Clp
(for caseinolytic proteases) due to the capability of its mem-
bers to degrade casein in vitro. Chief among the Clp family are
the two-component proteases, CIpAP, ClpXP, and ClpYQ
(also called HslUV). ClpA (13), ClpX (7), and ClpY (HslU)
(19, 20) are the larger components that confer the ATPase
activity and substrate specificity. ClpP (17) or ClpQ (HslV)
(19, 20), the smaller subunit, contains only peptidase activity.
In the presence of ATP, when ClpQ or ClpP is docked with its
larger partner (ClpY or ClpA/ClpX), the resulting complex has
proteolytic activity. To date, several E. coli proteins have been
shown to be degraded in vivo by CIpAP, ClpXP, or ClpYQ
(reviewed in reference 6).

Based on amino acid sequence comparisons, ClpY is similar
to ClpA and ClpX (3). In contrast, the smaller subunit, ClpQ,
shares significant sequence similarity with only the proteaso-
mal B-subunits (23). Only the structure of ClpYQ complex was
recently resolved (1, 28). Structural analysis has determined
that ClpY exists as a hexamer, as does ClpQ (14, 21). Twelve
subunits of ClpQ and ClpY constitute the ClpYQ complex in
which two tiers of hexagonal ClpQ subunits form a central
barrel flanked at both ends by six subunits of ClpY (14, 21).
The ClpY molecule has three domains defined from the crystal
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structure: the N-terminal (N; residues 2 to 109 and 244 to 332),
I-intermediate (I; residues 110 to 243), and C-terminal (C;
residues 333 to 443) domains (1) (Fig. 1). In terms of primary
amino acids sequences, the N domains are, however, split into
two parts; these include the ATP-binding sites conserved in the
AAA domain, Walker boxA (P loop) and Walker boxB (Fig.
1). Domain I, with its flexible protruding teeth-like arrange-
ment, recognizes and grasps protein substrates (1). The sur-
faces of the C-terminal domain (identical to a “sensor and
substrate discrimination” [SSD] domain) of ClpY are primarily
involved in intersubunit interaction (1), and its tail is important
for the activation of ClpQ (24). The crystal structure also
further defined functional motifs of ClpY, i.e., pore 1, pore 2,
domain Is tip, and nucleotide binding pockets (see in Fig. 1)
(28). The position of the pores, adjacent to ATP-binding sites,
suggested that the cavities may allow the transfer of unfolded
substrates for degradation and the tip, which is distal from the
rest of the complex, probably functions in trapping substrates
(28). Underlying this, ClpY lacking I domains failed in vitro to
cleave one of its substrates, MBP-SulA, in the presence of the
ClpQ (27). However, earlier biochemical data proposed that
duo functional domains are localized in the C-terminal region
of ClpY, i.e., PDZ-like domains, which contain ca. 100 amino
acids with repeat motifs involved in protein-protein interac-
tions (16). Accordingly, these include PDZ-like D1 (D1; resi-
dues 275 to 353) and PDZ-like D2 (D2; residues 355 to 443)
domains that are also involved in substrate recognition (16)
(Fig. 1). In similar fashion, the C domain, termed an SSD
domain, of ClpY appeared to function in substrate binding
(Fig. 1) (26).
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FIG. 1. Domains of the ClpY molecule and its functional motifs. The
referred to in the text are indicated. The colored and shaded sticks show

443 aa (1,332 bp) that comprise ClpY were drawn to scale. The domains
structures of domains, the N domains (residues 2 to 109 and 244 to 332),

I domains (residues 110 to 243), and C (SSD) domains (residues 333 to 443). The PDZ-like domains are D1 (residues 275 to 353) and D2 (residues
355 to 443). The positions of pore 1 (residues 89 to 94), domain I’s tip (residues 154 to 165), and pore 2 (residues 264 to 269) are indicated. The
Walker boxA or P loop (residues 57 to 66) and boxB (residues 253 to 262) of the ATP-binding site are indicated and the dark box (residues 17
to 19, 57 to 66, and 70 to 89) are located in the nucleotide binding pocket.

To examine these discrepancies, we used the yeast two-
hybrid system as a new approach to investigate both protease
structure and substrate recognition and interaction. We dem-
onstrate protein-protein interactions in vivo that implicate the
oligomerization of ClpQ and ClpY in complex formation and
substrate recognition. Our results suggest that the C-terminal
regions of ClpY are specifically involved in protein association.
Both I domains and PDZ domains are involved in substrate
bindings. The critical amino acid residues of SulA for protein-
protein interaction with ClpY were also determined.

MATERIALS AND METHODS

Strains and plasmids. The yeast strain Saccharomyces cerevisiae EGY48
[MATa his3 trpl ura2 lexA,,-leu2] was obtained from Clontech (Palo Alto,
Calif.). E. coli strain XL1-Blue was purchased from Life Tech, Inc.(Rockville,
Md.). The wild-type strain, E. coli MG1655 was a gift from Susan Gottesman. E.
coli strain KC8 (leuB trpC hisB) was obtained from Clontech, as was the plasmid
pGilda, a LexA DNA binding domain (BD) vector (5), and plasmid pACT2.
Plasmid pB42AD, with a hemagglutinin (HA) epitope tag, a B42 polypeptide
activation domain (AD) vector (8), was also purchased from Clontech. Plasmid
pWEFI (clpQ™* clpY™) (29) and pGS165 containing a suld gene have been de-
scribed previously (10).

Media. E.coli was grown in Luria broth. Yeast extract-peptone-dextrose and
synthetic dropout (DO) minimal medium (SD) were purchased from Clontech
for the growth of yeast. DO supplements contained specific mixtures of amino
acids and nucleosides, as required, prepared according to the manufacturer’s
instructions. Glucose minimal medium was prepared as described earlier (18).
Additional supplements were added at the following final concentrations: glu-

cose, 2%; galactose, 2%; raffinose, 1%; ampicillin, 100 wg/ml; and X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside), 80 pg/ml.

PCR and plasmid constructions. The procedures used for PCR, as well as for
cloning and restriction enzyme digestion, were performed as described by Sam-
brook et al. (22). Template DNAs were either plasmids carrying the appropriate
genes or chromosomal DNA extracted from wild-type MG1655 by methods
described elsewhere (22). Each PCR-generated DNA product had terminal
restriction sites introduced by PCR primers. Genes encoding the polypeptides of
interest were amplified by PCR with the primers listed in Table 1. Encoded
proteins included ClpQ, ClpY, SulA, RcsA, RpoH, ClpY2337-443(ClpYA©),
ClpYA775443 (ClpYAPP7), ClpY11%197 (ClpY2Y), ClpY*133 (C), ClpY*!?™ (PDZ),
CleAN]-]()()+AC242-443 (1)7 CleANI-274+AC352-443 (Dl), CleA]l()-]‘)7+AC337-443
(CIpYATAC) | SuIAAL1Y (SuIA*ANIY) - GIAAL2T (SuIA*AN27)  gy|A*AL-43
(SUIA*AN‘B), SulA*AMS—l(v‘) (SUIA*ACMS), SulA*AIZ‘)—l(s‘) (SulA*ACIZQ), and
SUIA*ALA3FAL-169 (I A*ANSACIZY) The regulting PCR DNA fragments car-
rying the above genes were, in most cases, each directly cloned into pGilda to
create an in-frame fusion with DNA encoding the BD of LexA. Thus, the vector
and the PCR fragments were digested with the appropriate enzyme (EcoRI and
BamHI) and then ligated together. The recombinant plasmids were recovered
after transformation into E. coli strain XL1-Blue by selecting for ampicillin
resistance (Ap") and screening for the presence of an insert by restriction enzyme
analyses.

To construct pGilda-clpQ, the clpQ gene was cloned into pACT2 (Clontech)
after amplification with primers containing terminal BamHI and EcoRI restric-
tion sites with pWF1 as the template. The clpQ was then transferred from the
PACT2-clpQ plasmid into pAS2-1 (Clontech) at Ncol-EcoRlI sites. Subsequently,
the clpQ gene in pAS2-1-clpQ was inserted into the BamHI site of pGilda. The
clpQ inserted in the correct orientation and in frame with DNA of the LexA-BD
in pGilda was designated pGilda-clpQ.

To clone the clpY*! gene into the pGilda, genes encoding an N-terminal region
of the ClpY (amino acids [aa] 1 to 109) were PCR amplified with primers
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TABLE 1. Primers used in this study

Primer
Gene
Orientation® Sequence

clpQ f 5'-CCGCGGATCCTGACAACTATAGTAA-3'

r 5'-CCGGAATTCTTACGCTTTGTAGCTT-3'
clpy f 5'-CCCGAATTCATGTCTGAAATGACCCC-3'

r 5'-CCGCGGATCCTTATAGGATAAAACG-3’
sulA f 5'-CCGGAATTCATGTACACTTCAGGC-3'

r 5'-CGCGGATCCTTAATGATACAAATTAGAGTG-3'
resA f 5'-CCGGAATTCATGTCAACGATTATTATGGAT-3’

r 5'-CGCGGATCCTTAGCGCATGTTGACAA-3’
rpoH f 5'-CCCGAATTCTGAATGACTGACAAAATGC-3’

r 5'-TTTGGATCCCGGGTTACGCTTCAATGGCAGC-3’
clpY®© f 5'-CCCGAATTCATGGCTGAAATGACCCC-3’

r 5'-CGCGGATCCTTACAGCGCCTGCAGTTCAAC-3’
clpy*r® f 5'-CCCGAATTCATGGCTGAAATGACCCC-3’

r 5'-CGCGGATCCTTAACGAGAAACATCCGGACC-3’
c f 5'-GGAGAATTCCTGCAAGGTCGTCTGCCA-3’

r 5'-CGTGGATCCTTATAGGATAAAACGGCTC-3’
pdz f 5'-CCGGAATTCGCGAGT CTTCCGGTC-3’

r 5'-CGTGGATCCTTATAGGATAAAACGGCTC-3’
i f 5'-CCGGAATTCATTCGCGATCTGACCG-3'

r 5'-CGCGGATCCTTAAGCGTCTTGCTTC-3’
dl f 5'-CCGGAATTCATGGAAGGCGTTCAGCGTGAC-3’

r 5'-CGCGGATCCTTACACGGTGATAGAGGCATT-3'
sulA*ANT=12 f 5'-CCGGAATTCATTGCGCGCGTGTCTCT-3’

r 5'-CGCGGATCCTTAATGATACAAATTAGAGTG-3'
sulA*ANT=27 f 5'-CCGGAATTCATGAACACTACAGCCG-3’

r 5'-CGCGGATCCTTAATGATACAAATTAGAGTG-3'
sulA AN f 5'-CCGGAATTCATGATGATGACGCAACTT-3’

r 5'-CGCGGATCCTTAATGATACAAATTAGAGTG-3'
sulA*ACT#9-169 f 5'-CCGGAATTCATGTACACTTCAGGC-3'

r 5'-CGCGGAATCCTTATACCGGACGCATAATAAAC-3'
sulq*Aci-169 f 5'-CCGGAATTCATGTACACTTCAGGC-3'

r 5'-CGCGGAATCCTTAAGCATGCTCTTCTTC-3’
SulA*ANT-3ACI25-169 f 5'-CCGGAATTCATGATGATGACGCAACTT-3’

5'-CGCGGAATCCTTAAGCATGCTCTTCTTC-3'

“f, Forward; r, reverse.

carrying EcoRI-Pvull sites (forward primer, 5'-CCCGAATTCATGGCTGAAA
TGACCCC-3'; reverse primer, 5'-ATAATCAGCTGTTTCACGGCGGCATC
GGTCA-3"). The PCR products then replaced an EcoRI-Pvull fragment (aa 1 to
197 of ClpY) of pACT2-clpY, resulting in a construct (pACT2-clpY!) that
carries a clpY deletion mutation that includes nucleotides coding for aa 1 to 109
and aa 198 to 443 joined in an in-frame fusion. The c/pY*! from pACT2-clpY*!
were subsequently subcloned into pGilda at EcoRI-BamHI sites, designated
pGilda-clpY*!. pGilda-clpY*'€ was constructed by PCR amplification of the
clpy”'A€ fragment, with pGilda-clpY*! as a template and the same primer set
used for clpY*S, and subsequently cloned the PCR fragment into pGilda EcoRI-
BamHI sites.

The DNA fragments of the above genes from the resulting pGilda derivative
plasmids were each correspondingly transferred into pB42AD at EcoRI-Xhol
sites. The resulting pB42AD derivative plasmids retain each gene in-frame with

DNA encoding the B42 polypeptide, an artificial transcriptional AD of Gal4. The
isolated plasmids were prepared after transformation into E. coli XL1-Blue.
Fusion genes in the constructs were sequenced for verification to contain the
expected gene fusion.

Yeast two-hybrid assays. The yeast two-hybrid system (4), of which pGild-
a(BD), carrying a LexA-DNA BD, and pB42AD, carrying a B42-DNA AD, were
used for the construction of fusion genes. The yeast strain EGY48[p8op-lacZ]
was the reporter strain, which carries p8op-lacZ plasmids and lexA,, -LEU2
integrated in the chromosome. The method of yeast two-hybrid assays, proce-
dures for yeast transformation, and plasmid isolations were performed as de-
scribed in the Clontech yeast protocol handbook.

The clpQ, clpY, and other gene fusions in BD or AD plasmids were cotrans-
formed into EGY48[p8op-lacZ] and selected for histidine (His; for a selection of
pGilda) and tryptophan (Trp; for a selection of pB42AD) on SD medium lacking
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His and Trp, respectively. The SD medium usually lacks uracil (Ura), which was
omitted for the maintenance of plasmids p8op-lacZ. To assess expression of the
reporters, the yeast strains, EGY48[p8op-lacZ] coexpressing BD and AD hybrid
protein was overnight grown at 30°C on SD—Trp—His—Ura medium (i.e., me-
dium lacking Trp, His, and Ura) supplemented with glucose, which would repress
fusion gene expression. The overnight grown cells were pelleted, washed, and
resuspended in an equal volume of distilled H,O, and one-tenth of the cells were
inoculated into SD+Gal+Raf—Trp—His—Ura medium (Gal, galactose; Raf,
raffinose) and grown to mid-log phase (i.e., an optical density at 600 nm of 0.5 to
0.8). At that point, galactose and raffinose were added for the induction of fusion
genes expression. One-half of the mid-log-phase-grown cultures were collected,
washed, and redissolved in an equal volume of H,O, which was prepared for
LEU?2 tests; the other half of cultures was otherwise saved for lacZ assays. The
activation of LEU2 reporters was assessed by plating a 10-ul portion of washed
yeast on medium lacking leucine (Leu; SD+Gal+Raf—Trp—His—Leu—Ura)
and monitoring growth over 4 days. A 10-ul portion of the remaining yeast
cultures was plated out on SD+X-Gal+Gal+Raf—Trp—His—Ura medium over
2 to 3 days to assess the activation of lacZ qualitatively, along with a B-galacto-
sidase assay, by using the method described by Miller (18) to measure lacZ
expression quantatively.

Western blot assays. The overnight yeast cells expressing the hybrid fusion
proteins in the repressing media were washed, and one-tenth was inoculated into
5 ml of inducing medium and grown to the mid-log phase (optical density at 600
nm of 0.5 to 0.8). The cells were then collected and washed with double-distilled
H,O. After centrifugation, the pellet was treated with liquid nitrogen and resus-
pended in 400 pl of Laemmli loading buffer containing an equal amount of
acid-washed glass beads (425 to 600 wm; Sigma). Equivalent amounts of protein
extracts normalized for the original optical density were loaded, electrophoresed
on sodium dodecyl sulfate-12% polyacrylamide gels, and electrotransferred onto
0.2-pm-pore-size nitrocellulose. Membranes were probed with monoclonal an-
tibody to HA from Roach or with HA multiclonal antibody from Clontech, and
the multiclonal antibody to LexA was from Clontech. The secondary antibody
was either anti-mouse (for monoclonal antibody) or anti-rabbit (for multiclonal)
antibody. The Western blots were developed by enhanced chemiluminescence.

Isolation of mutant SulA. To isolate sul4 mutations that resulted in SulA with
either enhanced or inhibited interaction with ClpY, pGilda-sul4 was subjected to
hydroxylamine mutagenesis (18) and then transformed into XL-1 blue followed
by selection for Ap* colonies. About 10,000 Ap" colonies were pooled together
for plasmid extraction, and these mutagenized pGilda-sul4 were transformed
into yeast EGY48[p8op-lacZ] carrying pB42AD-clpY for His™ Trp™. The result-
ing yeast transformants were screened on X-Gal medium; both dark-blue colo-
nies and white colonies were saved for further plasmid isolation. The extracted
plasmids were subsequently transformed into KC-8 and selected for His* on
glucose minimal medium plus DO without the addition of His. Only plasmids
carrying pGilda-suldA were recovered from His* colonies. Clones expressing
full-length SulA and that did not autoactivate the reporters when transformed
back to EGY48[p8op-lacZ] were screened by immunoblotting with anti-LexA
antibody (Clontech). The clones were then subjected to DNA sequence analysis
to determine the mutations.

RESULTS

Several studies have shown that both ClpQ and ClpY hex-
amers undergo homo-oligomerization in vitro and that ClpQ
interacts with ClpY to form an active protease complex
(ClpYQ) for substrate degradation (14, 15, 19, 21). To ascer-
tain whether these protein-protein interactions occur in vivo,
we employed the yeast two-hybrid method. In the yeast two-
hybrid, when the reporter host carries the Gal4 BD and Gal4
AD plasmids together, it cannot activate expression of the
Gal4 targeting reporter genes since BD and AD are physically
and functionally independent. Only when two test proteins,
one fused into AD and the other fused into BD, interact with
one another, can a functional GAL4 transcription activator be
reconstituted, resulting in activation of the reporter expression.

The clpQ, clpY, and other genes were initially cloned into
pGilda(BD) and pB42AD vectors to construct BD or AD
hybrid fusion genes as described in Materials and Methods.
The yeast strain EGY48[p8op-lacZ], which carries leu2 and
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lacZ as reporter genes, was used as an indicator host. ClpQ,
ClpY, or other gene products in a translational fusion with
either the LexA-Gal4 DNA-BD of pGilda or with the B42
polypeptide, a Gal4 AD in pB42, were pairwise coexpressed by
BD or AD chimeric plasmids in the yeast transformants. The
expression of various fusion proteins was detected by Western
blotting (Fig. 2). All AD fusion proteins (in pB42AD) were
detected except for the PDZ and D1 domains (Fig. 2A and B).
All of the BD fusion (in pGilda) proteins were detected except
for ClpY#*P# (Fig. 2C). The X-Gal color changes and quan-
titative B-galactosidase assays were used to determine lacZ
expressions and leu2 gene expression was monitored by grow-
ing yeast transformants on the SD selective medium depleted
of Leu.

ClpQ/ClpQ, ClpQ/ClpY, and ClpY*Y/ClpY interact in the
yeast two-hybrid. We first tested possible interactions in ClpQ/
ClpQ, ClpQ/ClpY, and ClpY/ClpY in the two-hybrid assays.
pGilda, pGilda-clpQ, pGilda-clpY, pB42, pB42-clpQ, or pB42-
clpY were cotransformed in pairs into EGY48[p8op-lacZ], se-
lecting for His* Trp™* colonies on SD selective medium with-
out Ura. All of the transformed EGY48[p8op-lacZ] strains
with various BD and AD hybrid proteins were analyzed for
expression of leu2 and lacZ reporter genes. However, the anal-
ysis of the two-hybrid assays revealed the orientation depen-
dence of the induction of reporter gene expression since no
interaction between ClpQ and ClpY was detected in the BD-
ClpQ/AD-ClpY transformed yeast cells.

The controls, LexA and B42 hybrid proteins from strain
EGY48[p8op-lacZ] carrying ClpQ or ClpY alone, showed no
growth on SD medium lacking Leu; on X-Gal plates, the col-
onies were white and expressed low B-galactosidase activity
(Fig. 3, lines 1 to 4). In contrast, ClpQ showed a strong inter-
action with itself when coexpressed in yeast, as indicated by
rapid cell growth on Leu-selective medium and dark blue col-
ony color on X-Gal plates, along with high-level 3-galactosi-
dase expression (Fig. 3, line 7). ClpQ and ClpY appeared to
have a weak interaction, as demonstrated by the slow growth of
yeast cells coexpressing the two proteins, the light blue colony
color on X-Gal plates, and the low-level expression of B-ga-
lactosidase (Fig. 3, line 8). An interaction between ClpY and
ClpY was not detected in the two-hybrid assays since cells
expressing ClpY from two different fusion plasmids showed
phenotypes indistinguishable from the controls (Fig. 3, com-
pare line 9 to lines 3 and 4). No interaction was found between
two ClpY molecules.

Since domain I of ClpY extends out from the rest of the
molecule (1), we hypothesized that domain I might interfere
with ClpY self-interaction in the two-hybrid assays. Subse-
quently , clpY*! was constructed as in-frame fusion genes in BD
and AD plasmids. These two fusion plasmids were each co-
transformed with another set of plasmids either carrying AD
and/or BD alone or carrying AD and/or BD clpY or clpY*!
fusion genes. Transformants expressing only one hybrid pro-
tein were selected as controls. All of the controls showed basal
level expression of the reporters (Fig. 3, lines 3 to 6). Cells
bearing ClpY*' coexpressed with either ClpY or ClpY*! were
examined for subunit interactions. Compared to the controls,
ClpY*' appeared to interact with ClpY in both AD and BD
orientations, as indicated by the high level of B-galactosidase
activity, the dark blue colony color on X-Gal plates, and rapid
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FIG. 2. Western blotting of pB42AD and pGilda(BD) fusion proteins. In each condition, extracts were derived from EGY48[p8op-lacZ]
carrying AD or BD plasmids expressing the hybrid fusion proteins. Each arrowhead indicates the corresponding fusion protein listed above each
lane. The values to the left of each panel indicate the molecular masses (in kilodaltons) of the protein size standards. Analyses with anti-LexA (BD)
monoclonal antibody (A), anti-LexA (BD) multiserum (B), and anti-HA (AD) multiserum (C) are shown.

growth on Leu-selective medium (Fig. 3, lines 10 and 11).
ClpY*! displayed also an interaction with itself (Fig. 3, line 12).
These results suggest that I domains are not required for ClpY
intersubunit interactions.

C-terminal region of the ClpY required for ClpY-ClpY in-
teractions. ClpY fragments instead of full-length ClpY were
used in two-hybrid assays to determine the region of ClpY
responsible for intersubunit interactions. It also has been pro-
posed based on the crystal structure analysis that ClpY oli-

gomerizes via the C-terminal domains of the molecule (1). To
examine this possibility, BD or AD fused with C, CleAC, and
other ClpY deletion proteins were individually coexpressed
with ClpY in the yeast cells as before. No autoactivated re-
porter gene expression was found in the controls (see Fig. 4,
line 1 and lines 4 to 14) with the exception of a pGilda(BD)
plasmid encoding a hybrid protein carrying C or PDZ domains,
which led to false-positive results (Fig. 4, lines 2 and 3). There-
fore, yeast cells bearing BD-C or BD-PDZ fusion proteins
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FIG. 3. Expression of lacZ and LEU?2 in strain EGY48[p8op-lacZ]
carrying different pairs of the ClpQ, ClpY, or ClpY*! fusion protein.
The BD vector is pGilda, and the AD vector is pB42AD. Each lane
represents the pairwise encoded fusion proteins from the BD or AD
plasmid carrying fusion genes as indicated. A dash indicates that no
proteins were fused to the BD or AD domain. In the column, each bar
represents an average of the B-galactosidase levels with the standard
deviation value in Miller units (18). Colony color was evaluated on
Gal+Raf—Ura—His—Trp plates containing X-Gal over 2 days. The
solid bar represents blue colonies; the shaded bar represents the light
blue colonies. LEU2 expressions were tested on Gal+Raf—His—Trp—
Leu plates over 4 days. +, Rapid growth of yeast cells in the selective
medium as a result of elevated expression of the LEU2 gene; +/—,
flash growth.

were excluded from the assays. We found that C domains alone
interact with ClpY, as determined by the detection of all pos-
itive signals (Fig. 4, line 15). Unexpectedly, ClpY with deleted
C domains still showed an interaction with ClpY (Fig. 4, line
18). However, although ClpY““ was exchanged into an AD,
the resulting AD-ClpY“< hybrid proteins did not interact with
ClpY (Fig. 4, line 22). The ClpY with more extensive deletion
at the C-terminal ends, ClpY“"™# (see Fig. 1), was constructed
in both BD and AD plasmids; the resulting hybrid plasmids
were subsequently cotransformed with clpY in the reporter
yeast. The ClpY**P# did not interact with ClpY (Fig. 4, lines
19 and 23). As expected, PDZ domains, which include C do-
mains, were also shown to interact with ClpY (Fig. 4, line 16).
We also examined whether I domains were involved in ClpY
self-association, and neither AD and BD I fusion proteins
interacted with ClpY (Fig. 4, lines 17 and 21). The ClpY2'4<,
in addition, was constructed and coexpressed with ClpY in
both orientations; no interaction was found (Fig. 4, lines 20
and 24). We also used ClpY*' substituted for ClpY to examine
an interaction between each pair of molecules. ClpY*', al-
though coexpressed with other ClpY deletion mutants used
above, behaved as did ClpY (data not shown). ClpY“€,
ClpY“"P%, and ClpY“'* were also examined one by one for
self-association, and the results were negative (data not
shown). All of these results taken together indicate that the
C-terminal region of ClpY is necessary for an intersubunit
interaction of ClpY with itself.

ClpY interacts with SulA in vivo, and the PDZs D1 and D2
(also C), together, are involved in an interaction. It was dem-
onstrated previously that RcsA, RpoH, and SulA were regu-
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Fusion protein B-galactosidase unit (U)

BD AD 10° 10t 10? 10
1.ClpY —
2.C — +
3.PDZ — +
4.1 —
5.Clpy% —
6. Clpy &2 —
7. Clpy A2¢ — 1
8.— ClpY :
9, — C .
10.— PDZ 1
1.— I 1
12.— ClpY®
13.— Clpy®™% |
14.— Clpy2°ea
15. ClpY c I
16. ClpY PDZ I
17. ClpY I
18. ClpY cpy” I
19. ClpY ClpY2P2 14
20. ClpY clpy*®
211 ClpY
22. Clpy *¢ ClpY
23.CIpY 2% ClpY 1
24.CIpY 28 CIpy 1

FIG. 4. Expression of lacZ and LEU?2 in strain EGY48[p8op-lacZ]
tested for interactions between wild-type ClpY and ClpY deletion
mutants. All of the signals shown in the diagram are as described in the
Fig. 3 legend.

lated by ClpYQ protease (11, 12, 15, 25, 29) and that ClpY is
a chaperone accessible for substrate binding in vitro (26). To
determine whether the same accessibility is found in an in vivo
yeast cell, strain EGY48[p8op-lacZ] was separately coex-
pressed as hybrid proteins (ClpQ-RcsA, ClpQ-RpoH, ClpQ-
SulA, ClpY-RcsA, ClpY-RpoH, and ClpY-SulA) and then an-
alyzed with respect to expression of the reporter. The controls,
with one plasmid containing a hybrid fusion gene, showed
low-level expression of B-galactosidase and did not grow on
Leu-selective medium (Fig. 5, lines 1, 4, and 7). As expected,
the full-length ClpY interacted with SulA, as shown in assays in
which cells coexpressing ClpY and SulA possessed low but
significant levels of B-galactosidase activity and grew on Leu-
selective media (Fig. 5, line 10). However, there was no inter-
action detected between ClpY and RcsA and RpoH in that the
colony phenotypes of the test and control cells were similar
(Fig. 5, lines 1 and 2 and lines 4 and 5). Also, ClpQ alone did
not appear to associate with SulA, nor did RcsA or RpoH in
the two-hybrid assays, since all of the pairwise transformed
cells showed low expression of leu2 and lacZ (Fig. 5, lines 3, 6,
and 9). The exchange of the BD or AD for all of the above
fusion genes resulted in only the BD-SulA/AD-ClpY pair
showing a positive interaction. However, their B-galactosidase
levels were lower than the results of cells with BD-ClpY/AD-
SulA (data not shown).

To define a region of the ClpY involved in SulA bindings, a
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Fusion protein B-galactosidase unit (U)

BD AD 10° 0
1. o - B
2. 6% ClpY :
3. 6% CIpQ .
4.ResA  —
5.ResA  ClpY 1
6. ResA CIpQ E
7.SuA  — .
8.— D1 .
9. SulA ClpQ
10.SulA  ClpY W s

11. SulA C h ]-1 -/+

12.5ulA  ClpY*® )
psus oz .
14.SulA  Clpy*P*

15.5ulA D1
16.SulA I 1%
17.SulA  ClpY®*  H -+

18. SulA Clpy &5 4

FIG. 5. Expression of lacZ and LEU2 in strain EGY48[p8op-lacZ]
tested for interactions of SulA, RcsA, or RpoH with either subunit of
ClpY or ClpQ. The SulA subunit was also tested for its interaction with
ClpY derivative mutants. The signals shown in the diagram are as
described in the Fig. 3 legend. [J, blue color on X-Gal plates.

series of ClpY deletion mutants, expressed from pB42 plas-
mids, was also tested for their interactions with SulA. Their
pairwise transformants were again analyzed by monitoring
expression of the reporter. Cells with PDZ-like domains, in-
cluding domains D1 and D2 when coexpressed with SulA,
demonstrated high-level B-galactosidase activity and a Leu™
phenotype comparable to those of cells that expressed full-
length ClpY with SulA (Fig. 5, line 13). ClpY lacking PDZ-like
domains showed a complete loss of binding affinity with SulA
(Fig. 5, line 14). These results indicated that PDZs were nec-
essary and sufficient for interaction with SulA. However, yeast
cells containing a single PDZ-like domain, D1 or D2 (which
overlaps with the C domain) alone, showed much less B-galac-
tosidase activity (Fig. 5, compare lines 11 and lines 15 to 13).
Hence, the PDZ-like domains, D1 and D2, are both present
and have a higher substrate-binding affinity.

Based on X-ray crystal analyses, domain I of ClpY functions
in substrate recognition. To test this, we also examined
whether domain I alone was able to interact with SulA in a
two-hybrid assay. No interaction was observed between I do-
mains with SulA (Fig. 5, line 16), but samples were blue after
an overnight induction on X-Gal plates. Transformants with
the ClpY*"/SulA pair showed low-level B-galactosidase activity
(Fig. 5, compare lines 17 to 10), suggesting that the lack of
domain I has an effect on the binding affinity of ClpY with
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Fusion protein B-galactosidase unit (U)
BD AD 10° 191 10?

1. SulA —

2.— ClpY

3. SulA™”™ —

4. SulAM{SulA®) — E

5. Sula ClpY  {#iiiii77) -+

6. SulA™™ ClpY g

7. SulA* ClpY T

8. SulA* ¥ ClpY RET IR - H 4+

9. SulA* &7 Clpy T -+

10, SulA* 4% CpY TR H

11. SulA X A€ ClpY g T

12. SulA*441% ClpY

13. SulAX AN A® - Cppy

FIG. 6. Expression of lacZ and LEU2 in strain EGY48[p8op-lacZ]
tested for interactions between SulA derivative mutants and ClpY. The
SulA includes 169 aa residues. The signals shown in the diagram are as
described in the Fig. 3 legend.

SulA. In addition, ClpY“< showed a lower affinity with SulA
than did ClpY (Fig. 5, compare lines 12 to 10). These results
also suggest that both the I and PDZ domains are involved in
substrate binding.

Mutations in sul4 can affect protein-protein interaction, and
the N and C termini of SulA are dispensable for an interac-
tion with ClpY. To further characterize important residues in
SulA that either reduce or enhance interaction with ClpY,
cells containing plasmids carrying the sul4 gene (pGilda-sulA4)
were randomly mutagenized by using hydroxylamine. When
EGY48[p8op-lacZ] containing pB42AD-clpY was cotrans-
formed with pGilda-sulA, the resulting colonies were blue on
X-Gal medium. Screening of a pool of plasmids carrying an
NH,OH-mutagenized suld4 gene yielded transformants that
were either dark blue or white on X-Gal medium. These col-
onies were then further analyzed, and the mutations in the sul4
gene were identified by DNA sequence analysis of the sub-
cloned gene.

Sequencing of isolated clones revealed that four of the mu-
tants resulted from a single base pair substitution. Two SulA
mutants, isolated as white, had an identical amino acid altered
from Leu to phenylalanine at position 57 (L57F), whereas two
other mutants, isolated as darker blue, had an isoleucine sub-
stituted for a methionine at residue 89 (M89I). As shown in
Fig. 6, the SulA™’F did not interact with ClpY, and the
SulAM®T mutant (designated SulA*) did interact with ClpY
strongly (Fig. 6, lines 6 and 7). These two SulA mutants, when
singularly expressed in yeast, showed a basal level expression of
the reporter (Fig. 6, lines 3 and 4).

Since the SulA* mutant renders a strong interaction with
ClpY, we used the sul4* gene as a template to construct serial
deletion mutations and to determine the region necessary for
an interaction with ClpY. SulA* with the N-terminal and/or
the C-terminal amino acids deleted was first constructed in
pGilda and designated SulA*AN'? SulA*AN27 SulA*AN43,
SulA*AC19 QUIA*ACI2 and SulA*AN43ACI25 geparately. The
BD hybrid proteins of these deletion mutants and SulA* were
individually coexpressed with AD-ClpY and tested for their
mutual interactions. As shown in Fig. 6, the SulA* N-end
deletion mutants SulA*AN?, SulA*2N?7 and SulA*AN43 main-
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tain sufficient interaction with ClpY, a finding similar to that
achieved with the full-length SulA* (Fig. 6, lines 8, 9, and 10).
SulA*AC149 with the last 20 aa deleted from the C-terminal
end, was also demonstrated to interact with ClpY (Fig. 6, line
11). However, SulA*2<'?°  with 40 aa deleted from the C
terminus, has no interaction with ClpY; nor does
SulA*AN43ACIZS (Rig 6, lines 12 and 13). These results suggest
that the internal region of SulA was necessary for interactions
with ClpY and that the N-terminal amino acids residues of
SulA were not necessary for the interactions.

DISCUSSION

In the present study we used the yeast two-hybrid system to
investigate an in vivo protein-protein interaction of the E. coli
ClpYQ protease and the involvement of homo- or heterosub-
unit associations in substrate specificity. This is the first exam-
ple of using the yeast two-hybrid approach in bacterial Clp
protease studies, and it represents a good model system for
detecting certain weak protein-protein interactions. Our stud-
ies demonstrate that there are in vivo protein-protein interac-
tions between ClpQ and ClpQ, as well as between ClpQ and
ClpY. These in vivo molecular interactions in ClpQ-ClpQ and
ClpY-ClpQ pairs support previous in vitro biochemical and
structural observations that ClpQ oligomerizes with itself and
with ClpY (14, 15, 19, 21). No interactions were detected
between two ClpY molecules in the yeast two-hybrid assay.
Steric hindrance may have prevented two ClpY molecules
from interacting with one another due to the larger molecular
weight, resulting in essentially no expression of the reporters.
Consistent with this, ClpY*', a ClpY molecule lacking the I
domain, was shown to interact with ClpY. Thus, our data
suggested that the I domain in ClpY may physically interfere
with an intersubunit interaction of ClpY in two-hybrid assays.
Additionally, ClpY“' displayed an interaction with itself.
Therefore, removing I domain from one of two ClpY mole-
cules apparently facilitates ClpY subunit interaction. Deletion
of both I domains allows interaction between two ClpY*' at
possibly lower intrinsic affinities. Our results also indicated that
I domains are not essential for a direct contact between two
ClpY molecules but may be necessary for proper configuration
of ClpY in homo-oligomerization. The C-terminal regions of
ClpY, in the present study, were found to be required for
intersubunit interactions. All of these findings are consistent
with the predicted structure of ClpY oligomers from crystal
analyses, which indicated that domain I is distal to the rest
ClpY molecule and not directly involved in intersubunit inter-
action. Likewise, the C-terminal ends are juxtaposed in adja-
cent ClpY monomers and are probably inaccessible for sub-
strate interaction in a ClpY oligomer.

It is known that the ClpYQ complex regulates two proteins,
SulA and RcsA (12, 15, 25, 29), as well as 032 (RpoH), in
combination with other ATP-dependent proteases (11). It has
also been shown that overexpressed ClpY acting as a chaper-
one promotes SulA activities leading to bacterial death (25).
ClpY appears to be responsible for recognizing and transfer-
ring substrates into an inner catalytic core in which ClpQ
degrades the substrates (1, 28). The results presented here
indicate that in vivo it is ClpY, not ClpQ, that accounts for the
interaction of the ClpQ-ClpY complex with the substrate,
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SulA. No interactions were observed between ClpY and RpoH
or between ClpY and RcsA. In the case of RcsA and RpoH,
the lack of detectable interaction with ClpY in the yeast two-
hybrid assay could reflect a transient interaction between the
two molecules. Accordingly, SulA and ClpY also showed a
weak interaction.

Our results demonstrated that ClpY without PDZ domains
loses its binding affinity for SulA. However, PDZ domains in
yeast two-hybrid analyses were able to interact with SulA in a
fashion analogous to the full-length ClpY. Thus, our data sup-
port previous biochemical findings that PDZ domains are in-
volved in substrate binding. X-ray crystal analyses indicated
that I domains are more likely to be responsible for substrate
recognition (1, 28). With the yeast two-hybrid assay, no inter-
action was detected between the domain I and SulA, since the
B-galactosidase levels were not increased when cells were as-
sayed on day 1. Based on the conformation of domain I, it is
not surprising that interaction with SulA would not occur.
Interestingly, colonies containing SulA and I domain hybrid
fusion proteins were routinely blue after an overnight induc-
tion on X-Gal plates (see Fig. 5, line 16). This observation was
contradicted by the results of the B-galactosidase assays, and
the reason for this is unclear.

The crystal structure analyses have proposed two states of I
domains: an exposed state for substrate binding and a buried
state for substrate release (28). Our data suggest that the
conformation of domain I may lead to lower substrate-binding
affinities, whereas the conformational organization in the PDZ
domains may result in higher substrate-binding affinities. Both
domains are likely to be important for substrate binding, since
domain I may function in grasping the substrate and the PDZ
domain may be required for proper positioning of the substrate
in the inner surfaces of the cylinder. More studies are needed
to further characterize the function of both regions.

Through thorough genetic screening, we have repeatedly
isolated SulA mutants L57F and M89I, which were shown to
affect SulA interactive strength with ClpY, suggesting that an
interactive part is located in the middle of the SulA molecule.
To interpret the effect of mutations on SulA structure, the
computer programs GCG and Pepplot were used to predict
SulA secondary structure, antigenic domains, and a profile of
charged residues. The SulA mutants, L57F and M89I, con-
tained in two single amino acid substitutions located in highly
antigenic and hydrophilic regions, probably corresponding to
molecule surfaces. It is reasonable that residues involved pro-
tein-protein interactions would be positioned on an exterior
layer of the SulA molecule. Consistent with secondary struc-
ture predictions, the M89I substitution is positioned in a junc-
tion between a turn and an a-helix. The two single amino acids
are highly conserved, i.e., L57 (100%) and M89 (60%), based
on a comparison of five different bacterial SulAs. We plan to
further analyze these two SulA mutant proteins to distinguish
an active state (folded) or an inactive state (possibly unfolded)
with regard to their functional activities in E. coli. In addition,
we demonstrated that the N terminus of the SulA* molecule is
not essential for interactions with ClpY in yeast two-hybrid
analyses. However, extensive C-terminal deletions in the inter-
nal region of SulA* completely eradicated interactions with
ClpY, suggesting that the internal region of SulA plays an
important role in interaction with ClpY.



VoL. 185, 2003

Our results also indicated that the ClpYQ recognizes SulA
at positions different from the sites for Lon, an ATP-depen-
dent and a major protease of SulA. It was demonstrated that
the C-terminal 20 residues of SulA are responsible for recog-
nition by and complex formation with Lon (9). The middle
region in SulA, on the other hand, is necessary for degradation
by Lon. Since E. coli Lon has higher affinities for SulA (2, 29),
more studies are needed to test whether these dissimilarities
are related to different affinities.

Using the yeast two-hybrid system, we demonstrated in vivo
homo- and heteroassociation of the ClpYQ subunits and spe-
cific substrates of the protease. Only pGilda and pB42 pair
plasmids used in the present study successfully demonstrated
the applications. Since the ClpY works as a chaperone, ClpY
also binds unfolded proteins in vivo. In our studies, although
we were searching for substrates from the E. coli genomic
library, we found that ClpY also interacts with several small
peptides; however, from our preliminary data, the specificities
of these small peptides recognized by the ClpY are still incon-
clusive. However, according to the chaperone function of
ClpY, this also indicates that the partial fragments of ClpY,
although they interacted with intact ClpY, are involved as
substrates rather than domains in specific oligomerization.
However, initially selected ClpY mutants defective in ClpY
self-association were mapped in the C-terminal domains in
support of our earlier findings that the C domains are neces-
sary for ClpY self-oligomerization. Independently, Seong et al.
(24) recently demonstrated that deletion of the C-terminal 10
residues of ClpY prevented the formation of ClpY hexamer.
We are now searching for ClpYQ substrates and are analyzing
different point mutants of the ClpY and ClpQ subunits to
determine the role of specific amino acid residues in subunit
interaction, as well as in substrate recognition.
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