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Facile control of targeted intracellular protein degradation
has many potential uses in basic science and biotechnology. One
promising approach to this goal is to redesign adaptor proteins,
which can regulate proteolytic specificity by tethering sub-
strates to energy-dependent AAA + proteases. Using the ClpXP
protease, we have probed the minimal biochemical functions
required for adaptor function by designing and characterizing
variant substrates, adaptors, and ClpX enzymes. We find that
substrate tethering mediated by heterologous interaction
domains and a small bridging molecule mimics substrate
delivery by the wild-type system. These results show that simple
tethering is sufficient for synthetic adaptor function. In our
engineered system, tethering and proteolysis depend on the
presence of the macrolide rapamycin, providing a foundation
for engineering highly specific degradation of target proteins in
cells. Importantly, this degradation is regulated by a small mol-
ecule without the need for new adaptor or enzyme biosynthesis.

Targeted proteolytic degradation plays important roles in
protein quality control and in regulating cellular circuitry in
organisms ranging from bacteria to humans (1-4). In some
instances, substrates are recognized directly by a protease
enzyme via a degradation tag (Fig. 14) (see Refs. 5 and 6). In
other cases, adaptor proteins or multiple types of substrate
sequences are also required to ensure efficient degradation (Fig.
1, Band C) (see Refs. 7 and 8).

Experimentally induced degradation can be used as a tool to
probe the role of specific proteins in cellular processes. For
example, a protein that is normally stable can be modified to
make its degradation conditionally dependent on the presence
of an adaptor, allowing studies of the consequences of deple-
tion after induction of adaptor synthesis (7, 9). Such systems
complement methods, such as RNA interference, that rely
upon repressing biosynthesis of the target protein but offer
significant advantages when rapid depletion of otherwise
long-lived proteins is the goal (10—-12). We are interested in
engineering synthetic adaptor systems to control targeted
intracellular degradation.

ClpXP is a AAA+ protease present in bacteria and mito-
chondria that consists of two components, ClpX and ClpP.
Hexamers of ClpX recognize degradation tags in specific sub-
strate proteins, unfold them in a reaction that requires ATP

* This work was supported, in whole or in part, by National Institutes of Health
Grants Al-16892 and GM-48224.
" To whom correspondence should be addressed. E-mail bobsauer@mit.edu.

21848 JOURNAL OF BIOLOGICAL CHEMISTRY

This is an Open Access article under the CC BY license.

hydrolysis, and then use additional cycles of ATP hydrolysis to
translocate the unfolded polypeptide into an interior chamber
of ClpP, where proteolysis takes place (see Fig. 14). The sim-
plest way in which an adaptor could stimulate degradation is by
tethering a specific substrate to a protease, thereby increasing
its effective concentration and facilitating proteolysis (see Fig.
1B; for review, see Ref. 3). The SspB adaptor, for example,
appears to function by this mechanism. SspB enhances ClpXP
degradation of certain substrates, including N-RseA and pro-
teins bearing the ssrA-degradation tag (2, 8, 13). ClpXP
degrades these substrates in the absence of SspB, but K, for
degradation is substantially lower when this adaptor is present.
Two features of SspB are consistent with a tethering mecha-
nism. It has a substrate-binding domain with a groove that
binds a portion of the ssrA tag or a sequence in N-RseA, and it
contains a flexible C-terminal extension terminating with a
peptide motif (XB) that binds to the N-terminal domain of
ClpX (14 -19). Mutations that prevent SspB binding to ClpX or
block substrate binding to SspB eliminate stimulation of degra-
dation (13, 16, 20).

It has not been rigorously established, however, that tether-
ing per se is sufficient for the activity of any adaptor. Based on
biochemical experiments, for instance, Thibault et al. (21) pro-
posed that the adaptor activity of SspB is mediated, in part, by
its ability to direct the movement of the N-terminal domains of
ClpX, and thereby to regulate the delivery of tagged substrates
to ClpXP. For some adaptors, tethering of the substrate to the
protease is not sufficient for degradation. For example, the ClpS
adaptor tethers N-end rule substrates to the AAA+ ClpAP pro-
tease (22-24), but some ClpS mutants mediate efficient sub-
strate tethering to CIpAP without facilitating degradation (25).
In such cases, more complicated transactions between the
adaptor and the protease appear to be needed to ensure that the
substrate is properly delivered to the protease. Moreover, in
some instances, adaptors play roles in substrate delivery but are
also required for assembly of the active protease (26).

The studies reported here were motivated by two major
goals. First, we wished to test if a completely synthetic adaptor
system could be used to regulate substrate degradation. Second,
we sought to design a proteolysis system that could be con-
trolled by the presence or absence of a small molecule. To
define the minimal biochemical properties required for adap-
tor-protein function, we engineered and characterized syn-
thetic variants of adaptors, substrates, and the CIpXP protease.
We reasoned that if specialized interactions between SspB and
the N-terminal domain of ClpX were a requisite part of sub-
strate delivery, then replacing either component would pre-
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FIGURE 1. A, the ClpX component of the ClpXP protease recognizes some
substrates via a degradation tag, denatures the substrate, and then translo-
cates the unfolded protein into ClpP for degradation. B, adaptor-assisted
binding of a substrate to ClpXP. C, self-tethering of a substrate to ClpXP.

clude efficient degradation. By contrast, we found that rapid
degradation of an otherwise poor substrate was possible in the
absence of SspB and the N-domain as long as substrate-enzyme
tethering was maintained by other interaction domains. These
results show that tethering alone is sufficient for synthetic-
adaptor function. We were also able to control degradation in
vitro and in vivo using systems in which a small molecule, rapa-
mycin, drives assembly of tethered proteolytic complexes.
Thus, targeted degradation can be engineered to depend, in a
conditional fashion, on the presence of a small molecule. In
principle, degradation under small molecule control has many
of the advantages of chemical genetics (27), but should be even
simpler and more widely applicable as a method of functional
inhibition. In addition, controlling degradation in this fashion is
possible even when biosynthesis of new macromolecules is
precluded.

EXPERIMENTAL PROCEDURES

Buffers—LB1 buffer (pH 7.6) contained 20 mm HEPES, 400
mM NaCl, 100 mm KCl, 20 mm imidazole, 10% glycerol, and 10
mM 2-mercaptoethanol. LB2 buffer (pH 8.0) contained 100 mm
NaH,PO,, 10 mm Tris'HCl, 6 M guanidine HCI, and 10 mm
imidazole. EB1 buffer (pH 7.6) contained 20 mm HEPES, 400
mM NaCl, 100 mm KCI, 200 mm imidazole, 10% glycerol, and 10
mM 2-mercaptoethanol. QB1 buffer (pH 7.0) contained 50 mm
NaPO, and 100 mm NaCl. GF1 buffer (pH 7.6) contained 50 mm
Tris*HCl, 1 mm dithiothreitol, 300 mMm NaCl, 0.1 mm EDTA,
and 10% glycerol. PD-1 buffer (pH 7.6) contained 25 mm HEPES
KOH, 5 mm MgCl,, 10% glycerol, and 200 mm KCI. YEG media
contained 0.5% yeast extract, 1% NaCl, and 0.4% glucose. 1.5X
YT broth (pH 7.0) contained 1.3% Tryptone, 0.75% yeast
extract, and 0.75% NaCl.
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Plasmids and Strains—XB-tail-Arc-DAS+4 was cloned into
a pET24d vector and consisted of the following sequences from
the N to the C terminus: (M)GDDRGGRPALRVVK (XB motif
underlined); residues 113-154 of Escherichia coli SspB; a His,
tag; phage P22 Arc repressor; the st11 sequence H.KNQHD;
and a DAS+4 tag (AANDENYSENYADAS). Arc-DAS+4 lacks
the XB-tail sequence but is otherwise identical to XB-tail-Arc-
DAS+4. Arc-ssrA is identical to Arc-DAS+4 but has a wild-
type ssrA tag (AANDENYLAA). FKBP-linker-ClpX*N and
FKBP-linker-[ClpX“N], were cloned in pACYC vectors and
consisted of the N-terminal human FKBP12 protein, followed
by residues 139-165 of E. coli SspB, a His, tag, and either by
E. coli ClpX*N (residues 61-424) or the covalently linked
[CIpX*N], trimer (28). For studies in vivo, FKBP-linker-
[CIpX*N], was placed under control of a constitutive promoter
and ribosome-binding site (j23101 and b0032, respectively)?
and expressed from a plasmid bearing a ColE1 origin of repli-
cation. The gene for SspB“"*-FRB was generated in a pET vec-
tor by fusing the coding sequence for residues 1-113 of E. coli
SspB to the FRB domain of rat mTor (residues 2015-2114) with
a connecting linker sequence of H,RGS. Plasmids encoding
AO-DHFRII-FRB and AO-titin-I27-FRB were generated by
replacing the SspB“°**/Hisy cassette in the SspB“***-FRB con-
struct with a fragment encoding (M)TNTAKILNFGRS-(DHEF-
RII/titin-127)-GGSEHGS. Standard techniques were used to
replace the AO tag in AO-titin-127-FRB with the sequence MDy.
The GFP-DAS+4 and titin-127-DAS+4 substrates were
expressed from pET vectors with N-terminal H,ID,LG tags for
ease of purification. All growth and degradation experiments in
vivo were performed in E. coli strain X90 (F'lacl?lac’ pro'|ara
A(lac-pro) nalA argE(am) rif<thi-1 clpX ™, recA™).

Protein Expression and Purification—E. coli ClpP was
expressed and purified as described previously (30). Unless
noted, all other proteins were overexpressed from isopropyl
1-thio-B-Dp-galactopyranoside-inducible promoters in E. coli
strain BLR (BL21 recA~ A(DE3)). Briefly, cells were grown to
Agoo 0.7 at 37 °C in 1-2 liters of 1.5X YT broth, the cells were
chilled to 18 °C, and expression was induced with 1 mm isopro-
pyl 1-thio-B-b-galactopyranoside. Cells were harvested 4 h
after induction, resuspended in LB1 buffer (15 ml/liter of cul-
ture), and frozen at —80 °C until purification. To aid lysis, cells
were subjected to two rounds of freezing and thawing before
the addition of 1 mm phenylmethylsulfonyl fluoride, 0.1 mg/ml
lysozyme, and 250 units of benzonase nuclease. After a 30-min
incubation at 4 °C, lysates were centrifuged at 8000 X g in a
Sorvall SA600 rotor for 40 min, and the supernatant was
decanted and saved.

For purification of ClpX and its variants, the lysate superna-
tant was incubated with 1 ml of Ni**-NTA?3 resin equilibrated
with LB1 buffer for 5 min. After two bulk washes with 30 col-
umn volumes (CV) of lysis buffer, the slurry was poured into a
column, washed with 20 CVs of LB1 buffer, and the protein was
eluted with EB1 buffer (8 X 0.5 CV elutions). Fractions were
pooled based on Bradford assays, concentrated using Amicon

2 Registry of Standard Biological Parts.
3 The abbreviations used are: Ni>*-NTA, Ni?"-nitrilotriacetic acid; CV, column
volume; GFP, green fluorescent protein; DHFR, dihydrofolate reductase.
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Ultracel 10k filters, and chromatographed on a Superdex S200
gel-filtration column equilibrated in GF1 buffer. Fractions were
analyzed by SDS-PAGE, concentrated, and stored frozen in
GF1 buffer at —80 °C.

The GFP-DAS+4, titin-127-DAS+4, and AO-DHFRII-FRB
proteins were purified by Ni**-NTA chromatography as
described above, and stored frozen in EB1 buffer at —80 °C.
XB-tail-Arc-DAS+4 was lysed in denaturing buffer LB2. After
centrifugation as described above, the soluble fraction was
applied to a Ni>"-NTA column, washed with 10 CVs of LB2, 20
CVs of LB1, and eluted as described above. Fractions were
pooled based on Bradford analysis, exchanged into QB1 buffer
using a spin column, and loaded onto an Amersham Bio-
sciences 5/50 GL MonoQ column equilibrated in QB1 buffer.
The column was washed with 5 CVs of QB1 buffer and a 10-ml
gradient from 0.1 to 1 M NaCl in QB1 buffer was applied.
Appropriate fractions were concentrated, pooled, and stored
frozen at —80 °C. For each protein, matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry indicated
that the full-length protein without truncations had been
purified.

Biochemical Assays— Assays were performed in PD-1 buffer
at 30 °C using a NADH-coupled colorimetric assay and a plate
reader for ATPase assays (31) or an ATP-regeneration system
using creatine phosphate for degradation assays (32). Degrada-
tion assays of XB-tail-Arc-DAS+4 (10 um) by 0.3 uMm ClpX and
0.9 um ClpP, , were quenched by boiling in SDS and monitored
by SDS-PAGE. GFP degradation was monitored by loss of flu-
orescence (excitation 467 nm; emission 511 nm). Degradation
of titin-127-DAS+4 was monitored by release of radioactive
peptides soluble in trichloroacetic acid (5). Log-phase
growth rates at 30 °C in YEG media were measured using a
plate reader to monitor Ayy; the plasmid expressing FKBP-
linker-[CIpX*N], was maintained using ampicillin (100
pg/ml), and the plasmid expressing AO-DHFRII-FRB was
maintained using tetracycline (10 wg/ml). Degradation
assays in vivo were performed by centrifuging 1 ml of 0.7 A,
cultures, resuspending the pellet in 8 M urea, normalizing
each sample by total protein content using a Bradford assay,
running SDS-PAGE, transferring by electroblotting to a
polyvinylidene difluoride membrane, and probing using a
polyclonal anti-DHFRII antibody (a gift from Dr. Elizabeth
Howell, University of Tennessee, Knoxville, TN).

RESULTS

Tethering-dependent Degradation with No Adaptor—SspB
uses one part of its structure to bind a substrate and another
part (the XB peptide) to bind to the N-domain of ClpX (1417,
19, 33). For a substrate that normally requires delivery by SspB,
we reasoned that the need for the substrate-binding portion of
this adaptor might be obviated by fusing the XB peptide and the
flexible tail of SspB directly to a substrate. In principle, this
design would allow the protein to tether itself to the N-domain
of ClpX. Efficient ClpXP degradation of such a “substrate”
would support a passive tethering model, whereas poor degra-
dation would suggest that the core substrate-binding domain of
SspB plays a more active role in delivery.
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time (min)
substrate 0 10 30 60 protease XB peptide
A XB-tail-Arc-DAS+4 e W ClpX-CIpP  none
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FIGURE 2. SDS-PAGE assays of protein degradation by the CIpXP or
ClpX2N/ClpP proteases (300 nm ClpX or ClpX*"; 900 nm ClpP). The XB-tail-
Arc-DAS+4 substrate (10 um) required autotethering to the N-terminal
domain of ClpX for efficient degradation. Hence, this substrate was not
degraded if the N-domain of ClpX was deleted or if excess XB peptide was
present in the proteolysis reaction. Degradation of the Arc-ssrA substrate (10
uMm) did not require the ClpX N-domain and was not inhibited by XB peptide.

We constructed and purified a protein consisting of the XB
peptide of SspB, the flexible tail of SspB, the Arc repressor pro-
tein, and the DAS+4 degradation tag, arranged from the N to
C terminus (XB-tail-Arc-DAS+4). The DAS+4 tag (AAN-
DENSENYADAS) is a variant of the ssrA tag that binds SspB
normally but binds ClpX with dramatically reduced affinity (7).
Proteins containing the DAS+4 tag are degraded inefficiently
by ClpXP, except at very high substrate concentrations or in the
presence of SspB. In degradation assays monitored by SDS-
PAGE, ClpXP degraded a 33-fold excess of the XB-tail-Arc-
DAS+4 protein to near completion over the course of 60 min
(Fig. 2A). By contrast, an otherwise identical variant lacking the
XB peptide and tail (Arc-DAS+4) was degraded much more
slowly under identical conditions (Fig. 2B).

Two additional control experiments confirmed that degra-
dation of XB-tail-Arc-DAS+4 depended on tethering of the XB
region of the substrate to the N-terminal domain of ClpX. First,
CleAN, a truncated enzyme lacking the N-domain, failed to
support ClpP degradation of XB-tail-Arc-DAS+4 (Fig. 2C) but
degraded a tethering-independent substrate (Arc-ssrA) rapidly
(Fig. 2D). Second, addition of free XB peptide substantially
slowed degradation of the XB-tail-Arc-DAS+4 by wild-type
ClpXP (Fig. 2E) but had no effect on degradation of Arc-ssrA
(Fig. 2F).

Taken together, these results suggest that the role of SspB in
enhancing substrate degradation is largely one of tethering the
substrate to the N-terminal domain of ClpX and increasing its
local concentration. If interactions between SspB and the
N-domain are essential for facilitating degradation, then these
contacts must be limited to the flexible tail and XB peptide,
which comprise the C-terminal 41 residues of SspB.

Artificial Tethering Supports Substrate Delivery—Do con-
tacts between the XB peptide and the N-domain of ClpX serve
functions other than simple tethering? To address this ques-
tion, we designed a new binding interface that involved neither
the N-domain of ClpX nor the XB peptide. First, we con-
structed a ClpX variant containing the human FKBP12 protein
at the N terminus, a linker region, and CleAN at the C termi-
nus (FKBP-linker-ClpX*™; Fig. 34). Second, we fused a SspB
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by addition of an unfolded sub-
strate (Fig. 3C). Importantly,
FKBP-linker-[ClpX*N], and ClpP
degraded GFP-ssrA with a K, of
3.6 um and a V,,  of 1.1 min~'
enzyme ' (Fig. 3D). These steady-
state kinetic parameters are simi-
lar to those reported for wild-type
ClpXP (30), showing that the pres-
ence of the FKBP12 domain in the
linked enzyme does not interfere
with degradation of ssrA-tagged
substrates.

Next, we tested if the artificial
SspB°°"™-FRB adaptor could deliver
substrates to FKBP-linker-[ClpX“™N],
in a rapamycin-dependent fashion
(Fig. 4A). In the presence of this
adaptor/enzyme pair, ClpP and
rapamycin, two different DAS+4-
tagged substrates were degraded
with K, values near 1 umand V.
values expected based on the
resistance of these native proteins
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variant containing the substrate-binding core domain but lack-
ing the flexible tail and XB motif to the N terminus of the FRB
domain from rat mTor (SspB“*"*-FRB). The FKBP12 protein
and the FRB domain bind to each other with high affinity only
in the presence of the small molecule rapamycin (34). Thus,
adaptor-mediated tethering in this system is predicted to be
rapamycin dependent.

The FKBP-linker-ClpX*N enzyme displayed rates of ATP
hydrolysis that increased non-linearly at low protein con-
centrations (Fig. 3B). Because N-domain dimerization nor-
mally helps stabilize the active hexameric form of ClpX (33,
35), replacing this domain with FKBP12 probably resulted in
weaker hexamerization. To stabilize the active enzyme,
FKBP12 and the linker were fused to the N terminus of a
trimeric form of ClpX*Y in which the subunits were con-
nected with a flexible linker (Fig. 3A) (28). Purified FKBP-
linker-[CIpX*N], exhibited linear ATP hydrolysis rates at
concentrations ranging from 50 to 500 nm (Fig. 3B), consist-
ent with stable pseudo-hexamer formation at low enzyme
concentrations. As observed for wild-type ClpX, (36, 37),
ATP hydrolysis by the linked FKBP-linker-[CIpX*N], en-
zyme was slightly repressed by ClpP binding and stimulated
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[GFP-ssrA] (uM)

FIGURE 3. A, schematic depictions of hexamers formed by the FKBP-linker-ClpX*N or FKBP—Iinker—[CIpXAN]3
enzyme variants. B, dependence of ATP hydrolysis rates on enzyme concentration. The rate of ATP hydrolysis
by FKBP-linker-[CIpX“N], was a linear function of enzyme concentration (r > 0.999; average rate = 82 ATP
min~' enzyme ), indicating that this protein forms a stable hexamer at low protein concentrations. ATP
hydrolysis by the FKBP-linker-CIpX*N enzyme, by contrast, was highly nonlinear in a fashion that suggested
hexamer dissociation at concentrations below 100 nm. C, the rate of ATP hydrolysis by FKBP-linker-[ClpX*™],
(0.3 um pseudo-hexamer) was slowed by the presence of ClpP (0.9 um) and enhanced by the presence of an
unfolded substrate (1.4 uwm), the carboxymethylated titin-127-VP15-ssrA protein (37). D, Michaelis-Menten plot
of the substrate dependence of the steady-state rate of degradation of the GFP-ssrA substrate by FKBP-linker-
[CIpXAN]3 (100 nm pseudo-hexamer) and ClpP,, (300 nm). The solid line is a nonlinear least-squares fit of the

to ClpX unfolding (Fig. 4, Band C)
(30, 37). In the absence of rapamy-
cin, degradation of both substrates
was extremely slow (Fig. 4, B and
C). Similarly, no degradation of
untagged GFP or titin-127 was
observed in the presence of SspB“*"-
FRB, rapamycin, FKBP-linker-
[CIpXAN],, and ClpP (data not
shown). These experiments indi-
cate that artificial tethering medi-
ated by the FRB-rapamycin'FKBP12
complex results in efficient adaptor-dependent degradation.
We conclude that simple tethering of substrates to ClpX is
sufficient to explain adaptor-mediated enhancement of
degradation.

Rapamycin-dependent Degradation—Artificial tethering
mediated by the FRB-rapamycin-FKBP12 interaction re-
quires the interaction of three molecular components. To
test the kinetics of assembly, we monitored the fluorescence
of the GFP-DAS+4 substrate mixed with SspB°*®-FRB,
FKBP-linker-[ClpX*N],, and ClpP (Fig. 54). When rapamy-
cin was added, degradation reached an enhanced steady-
state rate within the dead time of the experiment (~20 s; Fig.
5A). Thus, FRB-rapamycin'FKBP12 binding and subsequent
degradation occurs on the time scale of many biological
responses. We also tested the response of the system to rapa-
mycin concentrations and found that the degradation rate
was unchanged at rapamycin concentrations above the
enzyme concentration (Fig. 5B). This result indicates that
near stoichiometric quantities of the small molecule with
respect to FKBP-linker-[ClpX*N], and SspB°"*-FRB satu-
rate the system. Thus, the response of the system to rapamy-
cin is rapid and sensitive.
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FIGURE 4. A, schematic showing delivery of DAS+4-tagged substrate to FKBP-
linker-[ClpX“MN], by the synthetic SspB<°"*-FRB adaptor and rapamycin. B, sub-
strate dependence of GFP-DAS+4 degradation by FKBP-linker-[CIpX“™M, (100
nm pseudo hexamer) and ClpP,, (300 nm) in the presence of SspB“°"*-FRB (200
nm) and the presence (1 um) or absence of rapamycin. The line for the plus
rapamycin curve is a fit to the Michaelis-Menten equation (K,, = 0.51 um;
Viax = 1.4 min~ " enzyme ). The line for the no rapamycin data is a linear fit.
C, Michaelis-Menten plots for titin-127-DAS+4 degradation by FKBP-linker-
[CIpXAN]3 (100 nm pseudo hexamer) and ClpP,, (300 nwm) in the presence of
SspB“°"*-FRB (200 nm) and the presence (1 wMm) or absence of rapamycin. The
fit to the plus rapamycin data gave K,,, = 2.2 um and V,,, = 0.17 min~’
enzyme ™. The line for the no rapamycin data is a linear fit.
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FIGURE 5. A, rapamycin addition results in rapid degradation. The GFP-
DAS+4 substrate (0.5 um), SspB<°"-FRB (1 um), FKBP—Iinker—[CIpX“"“]3 (0.5 um
pseudo-hexamer), and ClpP,, (1.5 um) were preincubated and slow steady-
state degradation was observed by loss of substrate fluorescence. At the time
indicated by the arrow, rapamycin (2 um) was added. Within the dead-time of
the experiment (=~205), degradation of GFP-DAS +4 reached a new and much
faster steady-state rate. B, changing rapamycin concentration over the range
shown had almost no effect on the steady-state rate of degradation of *°S-
titin-127-DAS+4 (10 um) by the FKBP-linker-[ClpX*M], (100 nm pseudo hex-
amer), CIpP,, (300 nm), and SspB<°"®-FRB (200 nwm). C, degradation of 3*S-titin-
127-DAS+4 (10 um) by FKBP—Iinker—[CIpXAN]3 (200 nm pseudo-hexamer) and
ClpP,, (600 nm) was assayed as a function of the SspB“°"*-FRB adaptor con-
centration in the presence of rapamycin (1 um).

To evaluate the effects of the adaptor concentration, we
titrated increasing quantities of the SspB°°**-FRB adaptor
against fixed concentrations of FKBP-linker-[ClpX“N],, ClpP,
and rapamycin and assayed degradation of titin-127-DAS+4.
Degradation initially increased linearly and reached a maximal
value at a ratio of one SspB**-FRB dimer for each FKBP-link-
er-[ClpX“N], pseudo-hexamer. For the wild-type proteins, it is
known that one substrate-bound SspB dimer binds to one ClpX
hexamer (38). At high concentrations of the SspB“"*-FRB
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results in resistance to tri-
methoprim, an antibiotic that
inhibits the endogenous dihydrofo-
late reductase enzyme (41-45).
When we expressed AO-DHFRII-
FRB in a cIpX™ strain containing
FKBP-linker-[ClpX“N],, the cells

—

no yes no yes yes
no no yes yes yes
yes yes yes no vyes

grew well in the presence of tri-
methoprim (Fig. 6B). When rapa-
mycin was added, however, these

time (min) C time (min) cells became trimethoprim sensitive

substrate O 10 60 fopa 0 8 16 32 0 8 16 32 and growth slowed substantially
AO-titin-127-FRB i 1 uM o .--- N e e (Fig. 6B). This result was not caused
AO-Gitin-127-FRE 4 W # none - ~ '\ ~ J by rapamycin toxicity, as rapamycin
MDE-titin-127-FRE e Wi s 1 M no rapamycin  plus rapamycin did not affect growth in media

MDg-titin-127-FRB s wase = none

to yield the same amount of total cellular protein.

adaptor (10 um), the degradation rate was reduced to ~25% of
its maximal value (Fig. 5C). Under these conditions, free adap-
tor molecules probably compete with ClpX-bound adaptors for
substrate binding.

Tethering-dependent Delivery of a AO-tagged Substrate—The
results presented so far show that alternative mechanisms of
tethering can facilitate ClpXP proteolysis of substrates with
C-terminal degradation tags. Degradation of proteins bearing
the N-terminal AO tag normally requires the N-domain of ClpX
(39), which is missing from the FKBP-linker-[ClpX*N], variant.
To test the versatility of the artificial tethering system, we con-
structed and purified a substrate with an N-terminal AO tag
(NH,-TNTAKILNFGR) (40), followed by the titin-127 domain,
and then the FRB domain. This AO-titin-127-FRB substrate
contains no sequences from the SspB adaptor but can tether
itself via rapamycin to the FKBP-linker-[ClpX“N], enzyme.

The purified AO-titin-127-FRB fusion protein was degraded
by FKBP-linker-[ClpX*N], and ClpP when rapamycin was
present but not when it was absent (Fig. 6A4). As a control, we
constructed an otherwise identical fusion protein in which the
AO tag was replaced by the sequence MD, (MDDDDDD),
which we hypothesized would not be recognized by ClpX. No
degradation of this protein was observed in the presence or
absence of rapamycin (Fig. 6A4). We conclude that an N-termi-
nal AO tag can serve as a degradation signal for substrates that
can tether themselves to ClpX.

Rapamycin-dependent Degradation in Vivo—For studies of
degradation in E. coli, we constructed a substrate with an N-ter-
minal AO tag, followed by the DHFRII enzyme and the FRB
domain (AO-DHFRII-FRB). This substrate was degraded in a
rapamycin-dependent manner by FKBP-linker-[ClpX*"N], and
ClpP in vitro (data not shown). Expression of DHFRII in E. coli
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LO-DHFRII-FRB

FIGURE 6. A, schematic showing rapamycin-dependent degradation of a substrate with an N-terminal AO tag
and C-terminal FRB domain by FKBP-linker-[CIpX*N]; and ClpP. The gel below the schematic shows that variants
of the titin-127 protein with an N-terminal AO tag and C-terminal FRB domain were degraded in a rapamycin-
dependent fashion in vitro as assayed by SDS-PAGE. Replacing the AO tag with a MDg sequence blocked
degradation. All reactions contained substrate (10 um), FKBP—Iinker—[CIpX“‘N]3 (300 nm pseudo-hexamer), and
ClpP,, (900 nm). B, relative growth rates in M9 minimal medium of clpX ™ E. coli strains expressing AO-DHFRII-
FRB as a function of rapamycin (10 um, when present), trimethoprim (100 wg/ml, when present), and a plasmid
expressing FKBP-linker-[CIpX“N],. C, Western blotting shows intracellular degradation of A\O-DHFRII-FRB after
addition of rapamycin (10 wm) but not after a mock addition in clpX™ E. coli strains expressing FKBP-linker-
[CIpX2N];,. Protein synthesis was not blocked in this experiment. The sample volume in each lane was adjusted

lacking trimethoprim or in a strain
without FKBP-linker-[CIpX*N],
(Fig. 6B). Thus, the FKBP-linker-
[CIpX*N], enzyme and ClpP
appear to degrade AO-DHFRII-
FRB in a rapamycin-dependent
fashion in vivo. To confirm this
inference, we prepared cell lysates
at different times after treatment
with rapamycin or a mock addi-
tion and subjected them to SDS-
PAGE and Western blotting using an anti-DHFRII antibody.
The steady-state level of A\O-DHFRII-FRB was reduced rap-
idly upon addition of rapamycin (Fig. 6C), even though pro-
tein synthesis was not blocked in this experiment. Hence,
rapamycin-dependent tethering of FRB fusion substrates to
FKBP-linker-[CIpX*N], can successfully control degrada-
tion in the cell.

DISCUSSION

The results presented here demonstrate that tethering of a
substrate to a AAA + protease is sufficient for adaptor function.
We found, for example, that the normal tethering function of
the SspB adaptor protein could be transferred directly to a sub-
strate by fusing the ClpX-binding peptide and tail of SspB to an
otherwise poor substrate for the ClpXP protease. This result
shows that the substrate-binding domain of SspB is dispensable
for adaptor function. Moreover, we were able to engineer a
completely artificial tethering system, in which the N-domain
of ClpX was replaced with the FKBP12 protein and the normal
tail and ClpX-binding peptide of the SspB adaptor was replaced
with the FRB domain. In the presence of rapamycin, a small
bridging molecule, substrates bearing a weak degradation tag
were degraded efficiently in the presence of this artificial adap-
tor and re-engineered enzyme. Finally, we established a syn-
thetic rapamycin-dependent system in which substrates bear-
ing an N-terminal AO-degradation tag and the FRB domain
were efficiently degraded by a FKBP-ClpX variant and ClpP. It
is important to note that this substrate contained no parts from
the SspB adaptor and ClpX lacked its N-domain, which is
required for normal adaptor-mediated delivery of substrates to
wild-type ClpX. Because the functions mediated by SspB and
the ClpX N-domain can effectively be replaced by other tether-
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ing elements, it is possible that the wild-type adaptor system
stimulates proteolysis simply by tethering substrates to ClpXP.

Although tethering of substrates to ClpX appears to be suf-
ficient for adaptor function, there clearly must also be other
geometric and structural criteria that need to be met (46). For
example, a potential substrate that is tethered too rigidly and
therefore could not reach the translocation pore would pre-
sumably not be degraded efficiently. In the studies reported
here, we tried to account for this factor by engineering a flexible
linker between the FKBP12 and ClpX portions of our synthetic
enzyme. In some cases, however, it may also be necessary to
design flexibility into the adaptor or substrate as well.

Efficient ClpXP degradation mediated by the AO tag nor-
mally requires both a multimeric substrate and the N-domain
of ClpX. For example, the tetrameric AO protein is degraded
well by wild-type ClpXP but is not degraded efficiently by
ClpX“N and ClIpP (33, 39). Moreover, K,,, for ClpXP degrada-
tion of a dimeric AO-tagged substrate was substantially lower
than that for a monomeric AO-tagged protein (47). Neverthe-
less, we found that a monomeric substrate, AO-titin-127-FRB,
was degraded efficiently by FKBP-linker-[ClpX“N], and ClpP.
This result suggests that degradation of AO-tagged substrates
does not require substrate multimerization or the ClpX N-do-
main if alternative mechanisms of tethering to ClpX are avail-
able. We propose that AO-tagged substrates normally require
multimerization for efficient degradation, because one AO tag
in a multimer tethers the substrate to ClpX via the N-domain,
allowing a second MO tag to be engaged by the translocation
channel of ClpX to initiate degradation. Indeed, this dual func-
tion tag model is supported by reports that both the isolated
N-domain of ClpX and ClpX*YN itself bind to the AO protein
(33, 39).

Multivalent recognition of degradation signals is likely to
facilitate the targeted proteolysis of many substrates at low con-
centrations. For example, monomeric substrates might contain
more than one type of degradation tag. Indeed, Flynn et al. (40)
reported that roughly 25% of the identified cellular substrates
for CIpXP contained more than one degradation motif. For
multimeric substrates, the same sequence signal in two differ-
ent subunits could be recognized by different parts of the pro-
tease as proposed above. We found, for example, that clpX™
strains containing A\O-DHFRII-FRB were trimethoprim sensi-
tive (data not shown), suggesting that wild-type CIpXP can
degrade this substrate. Because DHFRII is a tetramer, it is likely
that a AO tag from one subunit tethers the substrate to the
N-domain of ClpX, allowing the AO tag from a second subunit
to be engaged by ClpX for degradation. Recent studies indicate
that ClpX disassembly of the tetrameric MuA transposase also
involves recognition of multiple classes of sequence elements
(29).

Furthermore, our results demonstrate that adaptor-medi-
ated degradation can be placed under small molecule control
both in vitro and in vivo. In the cell, the kinetics of rapamycin
uptake and the subsequent assembly of the FRB-rapamycin-
FKBP12 complex are sufficiently rapid to ensure that degra-
dation starts within minutes of addition of the small mole-
cule. The system described here may not be optimal for many
desired uses in controlling intracellular degradation. Never-
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theless, our results suggest that it should be possible to
design improved systems that combine small molecule con-
trol, fast temporal responses, and the exquisite specificity of
a genetically encoded degradation tag. We expect such sys-
tems to be useful in the study of protein products, including
those encoded by essential genes, for which the phenotype of
depletion on a short time scale needs to be determined. In
principle, such a system could be used with either N- or
C-terminal tethering-dependent tags, greatly extending
their applicability.
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