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In Escherichia coli, the ClpAP protease, together with the adaptor
protein ClpS, is responsible for the degradation of proteins
bearing an amino-terminal destabilizing amino acid (N-degron).
Here, we determined the three-dimensional structures of ClpS in
complex with three peptides, each having a different destabilizing
residue—Leu, Phe or Trp—at its N terminus. All peptides,
regardless of the identity of their N-terminal residue, are bound
in a surface pocket on ClpS in a stereo-specific manner. Several
highly conserved residues in this binding pocket interact directly
with the backbone of the N-degron peptide and hence are crucial
for the binding of all N-degrons. By contrast, two hydrophobic
residues define the volume of the binding pocket and influence
the specificity of ClpS. Taken together, our data suggest that ClpS
has been optimized for the binding and delivery of N-degrons
containing an N-terminal Phe or Leu.
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INTRODUCTION
Intracellular protein degradation has a crucial function in the
correct maintenance of both prokaryotic and eukaryotic cells.
Often, proteins destined for destruction contain amino- or
carboxy-terminal recognition motifs (Baker & Sauer, 2006). One
example of an N-terminal recognition motif is the N-end rule,
which states that an N-terminal residue might be either stabilizing
or destabilizing (N-degron), and this determines the half-life of the
protein (Varshavsky, 1996; Mogk et al, 2007). In eukaryotes, this
N-end rule pathway is known to have an important function in
various cellular processes, including chromosome segregation and
cardiovascular development (Tasaki & Kwon, 2007). In humans,
destabilizing residues are hierarchical and can be divided into

three classes: primary (type 1 (Arg, Lys or His) or type 2 (Ile, Leu,
Phe, Tyr or Trp); see Fig 1D), secondary (Asp, Glu or oxidized Cys)
and tertiary (Asn, Gln or Cys). In eukaryotes, a primary N-degron
is recognized by specific members of the E3 ligase family—also
known as N-recognins—resulting in substrate ubiquitination and
subsequent degradation by the 26S proteasome. Although bacteria
do not have the necessary components for ubiquitination, many of
the remaining components of the N-end rule pathway are
conserved. In Escherichia coli, the N-end rule pathway is also
hierarchical; however, destabilizing residues are either primary
(Leu, Phe, Tyr and Trp; see Fig 1D) or secondary (Arg and Lys).
Secondary destabilizing residues are responsible for the attach-
ment of primary destabilizing residues through the conjugation of
Leu or Phe to an N-terminal Arg or Lys by the L/F-transferase
(LFTR; Soffer, 1974; Tobias et al, 1991; Watanabe et al, 2007).
Interestingly, in E. coli, the adaptor protein ClpS, which is
predicted to share secondary structure with the type 2 binding site
of eukaryotic N-recognins, has been proposed to bind to primary
destabilizing residues and deliver them to ClpAP for degradation
(Tobias et al, 1991; Lupas & Koretke, 2003; Erbse et al, 2006).
Although ClpS and N-recognins are predicted to share secondary
structure features within the ‘ClpS’ domain, their sequence
similarity is limited in this region, which might account for their
divergence in substrate specificity. Importantly, the recognition
components of the N-end rule, regardless of their origin, must both
show specificity and also demonstrate structural plasticity to bind
to the full range of primary N-degrons. For example, the bacterial
recognition factor ClpS can selectively bind to Leu but not to Ile or
Met, while retaining the ability to accommodate the large
aromatic side chains of Phe, Trp and Tyr; so far, there is no
structural information to understand how this is achieved.

Here, we describe three crystal structures of ClpS in complex
with various model N-end rule peptides. Collectively, the
structural and thermodynamic data determined by using isother-
mal titration calorimetry (ITC) provide considerable insight into
how an N-end rule peptide docks with its cognate recognition
factor. The structural alignment of the various complexes shows
that each N-end rule peptide docks to ClpS in a fixed orientation
and makes several contacts with residues in the binding pocket.
To determine the functional importance of these residues and to
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understand better the substrate specificity of ClpS, we mutated
four residues within the hydrophobic cavity of ClpS. Initially, we
compared the ability of each mutant protein to deliver various
model N-end rule substrates to ClpAP for degradation. Collec-
tively, these data show that His 66 makes an essential interaction
with the peptide backbone of the substrate, and removal of this
interaction abolishes the ClpAP-mediated degradation of all
model N-end rule substrates. By contrast, the mutation of either
Met 40 or Met 62, to increase the volume of the binding pocket,
enhances the rate of degradation of Wpep–GFP (green fluorescent
protein) while reducing the degradation rates of Lpep–GFP and
Fpep–GFP. On the basis of these data, we speculate that the ClpS
substrate-binding site has been optimized for the recognition of
N-degrons generated by LFTR.

RESULTS AND DISCUSSION
Biochemical analysis
To gain a detailed understanding of the interaction between ClpS
and its substrate, we crystallized ClpS in complex with various
N-degron peptides. The first peptide (referred to as Lpep) was
derived from an N-terminal truncation of Dps (Dps6–167), a
putative natural substrate of the E. coli N-end rule pathway
(R.L. Ninnis, S.K. Spall, G.H. Talbo, K.N. Truscott and D.A.
Dougan, unpublished data). The other peptides (referred to as

Fpep and Wpep) were derived from model N-end rule substrates
FR-linker-GFP and W-bgal, respectively (Tobias et al, 1991; Erbse
et al, 2006). We used ITC to establish the binding affinity of the
peptides towards the adaptor protein ClpS. Initially, we speculated
that the relative affinities of the various peptides (Fig 1A–C) would
be proportional to the volume of the N-terminal residue; for
example, Trp (228 Å3)4Phe (190 Å3)4Leu (167 Å3). Surprisingly,
Wpep (Kd¼ 8.1 mM) showed the weakest affinity for ClpS of all the
peptides and Fpep (Kd¼ 3.8 mM), which shows the closest
correlation between the side chain (190 Å3) and binding pocket
(B200 Å3) volume, showed the strongest affinity (supplementary
Table S1 online). Interestingly, the binding stoichiometry of Lpep
(Fig 1A) and Fpep (Fig 1B) to ClpS was determined to be 1.5:1,
whereas Wpep (Fig 1C) showed a binding stoichiometry
consistent with the structural data, in which a single peptide
was bound to a unique site in ClpS. Importantly, the affinity of
Fpep to ClpS was in close agreement with that determined by
surface plasmon resonance (Erbse et al, 2006). Next, we created a
set of fusion proteins, in which each N-degron peptide was
attached to the N terminus of GFP (Lpep–GFP, Fpep–GFP and
Wpep–GFP). As expected, the ClpAP-mediated degradation of
Lpep–GFP and Fpep–GFP was ClpS dependent (Fig 1E). By
contrast, the degradation of Wpep–GFP did not strictly require
ClpS (Fig 1E, open squares), suggesting that Wpep–GFP contains
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Fig 1 | Binding and degradation of model N-degrons. (A–C) Isothermal titration calorimetry of ClpS (0.08 mM) binding to (A) Lpep, (B) Fpep and

(C) Wpep. (A) Titration of 40 injections (4ml) of Lpep (2 mM) were performed, revealing a dissociation constant of 4.8 mM. (B) Titration of 50

injections (3 ml) of Fpep (2 mM) was performed, showing a dissociation constant of 3.8mM. (C) Titration of Wpep (0.6 mM) was performed with 60

injections (3 ml), showing a dissociation constant of 8.1mM. (D) Schematic representation of all possible type 2 destabilizing amino acids: Leu, Phe,

Trp, Tyr and Ile. (E) The ClpAP-mediated degradation of Lpep–GFP (green fluorescent protein; triangles), Fpep–GFP (circles) and Wpep–GFP

(squares) was monitored by fluorescence in the absence (open symbols) or presence (filled symbols) of ClpS.
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an intrinsic affinity for ClpA. Moreover, the ClpS-dependent
enhancement of Wpep–GFP degradation by ClpAP was also
reduced in comparison with the other model substrates—
consistent with a weaker affinity of Wpep for ClpS (supplementary
Table S1 online). To ensure that the ClpS-mediated delivery of
these model substrates was independent of the linker sequence,
we also analysed the binding of two other peptides (supplemen-
tary Table S1 online; supplementary Fig S1 online) and compared
the degradation of Fpep–GFP with two related N-degron–GFP
fusion proteins, Lpep2–GFP and Wpep2–GFP, which varied only
in their N-terminal residue (supplementary Fig S2 online).
Consistent with the above findings, these data indicate that
N-end rule substrates bearing an N-terminal Trp bound to ClpS
with the lowest affinity and that Wpep, but not Wpep2, contains
an internal ClpA-recognition motif. Collectively, these data
suggest that ClpS was optimized for the delivery of N-end rule
substrates bearing an N-terminal Leu or Phe.

Structural analysis of ClpS
Next, we crystallized ClpS in complex with each N-end rule
peptide (supplementary Table S2 online for statistics) and
determined the structure of each complex (between 1.7 and
2.9 Å resolution) by using X-ray crystallography. ClpS is a 12-kDa
protein with a mixed a/b-fold in which the N-terminal helix (a1)
and a compact globular C-terminal domain are separated by a
highly flexible random coil structure. To examine any possible
structural rearrangements between the free and peptide-bound
forms of ClpS, we superimposed four structures of ClpS (Protein
Data Bank ID codes: 1mg9, 1lzw, 1mbu, 1r6o) onto the ClpS–
Lpep structure (Lpep, Fig 2A). From this analysis, we observed
little to no variation (o0.9 Å r.m.s.d.) in the substrate-binding
pocket of ClpS on peptide binding. Nevertheless, a substantial
change to the N-terminal region of ClpS was observed in the two
peptide-bound forms Lpep and Fpep (Fig 2B) of ClpS. In these

structures, the N-terminal helix (residues 15–23) was ordered, in
contrast to previous structures. Consistently, it has recently been
proposed that the N-terminal region of ClpS forms a second site of
interaction with ClpA (Hou et al, 2008) and, therefore, it is
tempting to speculate that substrate binding leads to a conforma-
tional change in this highly charged helix, which modulates its
interaction with ClpA. To examine the effect of peptide binding,
we monitored the thermal stability of ClpS using circular
dichroism (CD), in the absence and presence of each peptide
(Fig 2C). Surprisingly, ClpS alone showed unusual stability with
only a small transition at 70 1C, which could represent unfolding
of the N-terminal helix. Interestingly, this transition did not change
in the presence of Wpep, although the addition of Fpep or Lpep
did alter the melting temperature of ClpS, by approximately 10 1C,
consistent with the idea that substrate binding to ClpS could affect
the N-terminal helix of ClpS and hence the interaction with ClpA.

Structural analysis of ClpS in complex with an N-degron
In two of the structures—namely ClpS in complex with Lpep
(Fig 3A–C) and Fpep (Fig 3D)—all of the residues of the peptide
and in the protein–peptide interface were traced unambiguously
in at least one molecule of the asymmetric unit because of the
formation of contacts with adjacent molecules of the crystal
lattice. By contrast, the complex with Wpep was less well defined
and only the main chain and side chains of three peptide residues
could be traced (Fig 3E). Moreover, the aromatic moiety of the Trp
side chain was apparently disordered, as it could not be localized
in the electron density. Nevertheless, the binding pocket seems to
adapt to the larger side chain and might undergo a limited induced
fit mechanism. On the basis of these three crystal structures, a
general mode of N-degron binding was deduced for the backbone
atoms (Figs 3F and 4D). Four hydrophilic residues, Asn 34, Asp 36,
Thr 38 and His 66, clamp the backbone atoms of the first two
substrate residues in a stereo-specific manner. The N-terminal
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nitrogen of the peptide is positioned by Asp 36 (through a
conserved water molecule) and Asn 34, whereas the amide
nitrogen of the second residue forms a hydrogen bond with
Thr 38 (Fig 4D). Interestingly, His 66 forms a hydrogen bond, but
not with the a-amino group of the first residue as might be
expected; instead, it forms a contact with the carbonyl oxygen of
the first residue. This unexpected finding might reflect an
important mechanistic detail of substrate binding or might result
from the basic pH of the crystallization conditions, which leads to
deprotonation of the a-amino group of the substrate. Interestingly,
in all of the structures, Asp 35 seems to have another function, as it
forms a hydrogen bond with the backbone of Thr 38, stabilizing
this residue in specific backbone geometry within the otherwise
flexible loop. Consistently, the ClpS double mutant—D35A/
D36A—was unable to deliver a model N-end rule substrate to
ClpAP for degradation (Erbse et al, 2006). Further analysis of the
hydrophobic cavity revealed that the nature of the cavity–peptide
interaction varies, depending on the side chain of the N-terminal
residue of the peptide. For example, Lpep interacts with Met 40
and Met 62 (Fig 4A,B), whereas Fpep interacts with Val 65
(Fig 4C). As expected, all of these residues are highly conserved
in most ClpS homologues, including that from Caulobacter
crescentus (supplementary Fig S3 online).

Met 40 and Met 62 modulate ClpS-binding specificity
Despite the conserved nature of the ClpS-binding pocket, some
plasticity is apparent as selected bacterial species have replaced
Thr 38 with Asn (Fig 5A). Interestingly, in these species, at least
one additional change has also been introduced into the predicted

substrate-binding pocket of the protein—for example, the replace-
ment of Asp 36 with Pro—possibly resulting from co-evolution of
the binding pocket. These changes to the ClpS protein sequence
are largely limited to the Cyanobacteria and Mycobacteria, and
hence might reflect changes to the binding specificity of ClpS in
different bacterial species. Intriguingly, only Asp 35 is absolutely
conserved between bacterial ClpS and eukaryotic N-recognin
protein sequences, whereas N-recognin residues equivalent to
Thr 38 and His 66 from E. coli ClpS are changed. These
modifications to the binding pocket might be instrumental in
expanding the substrate specificity of eukaryotic N-recognins or,
alternatively, the orientation of the substrate.

To analyse the molecular basis of N-degron recognition, we
used our structural model to design several point mutations in the
binding pocket of ClpS—that is, H66A, M40A, M62A and a
double-mutant M40A/M62A (herein referred to as MAMA)—
which is expected to open the binding pocket (compare Fig 5B
and C). To monitor the effect of these mutations, we tested the
ability of all ClpS mutant proteins to deliver each of the different
model N-end rule substrates relative to wild-type ClpS. As
expected, H66A was unable to deliver any of the model substrates
(Fig 5D, red bars). By contrast, mutations to increase the volume of
the binding pocket—M40A, M62A and MAMA—had only a small
effect on the rate of Lpep–GFP degradation, which was reduced by
up to 40% (Fig 5D), whereas the rate of Fpep–GFP degradation
was markedly impaired (Fig 5D) by up to 75% with MAMA. These
data suggest that the volume of the ClpS-binding site was
optimized for the binding of Phe (and potentially Tyr) and, to a
lesser extent, Leu. Consistently, the ClpAP-mediated degradation
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Fig 3 | Structures of ClpS in complex with various N-degron peptides. (A–C) The peptide (Lpep, grey) extends away from ClpS (orange). A water

molecule (blue sphere) has an important function in complex formation. ClpS is represented as a ribbon (A) in complex with Lpep. Surface

representation of ClpS binding to Lpep in a side (B) and top (C) view showing that the amino-terminal side chain is embedded into the surface
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of Wpep–GFP by M40A and M62A was enhanced (Fig 5D, blue
and yellow bars, respectively), suggesting that the enlarged
binding pocket of M40A or M62A was able to accommodate
the bulky side chain of Trp better than the wild-type ClpS.
Conversely, the lateral opening to the side of the binding pocket in
MAMA (see Fig 5C) disrupts the binding pocket, negating any
potential benefit from a larger binding pocket as can be seen by
the rate of Wpep–GFP degradation (Fig 5D). Interestingly, the
surface of the putative binding pocket in eukaryotic N-recognins is
different in composition from that of bacterial ClpS; for example,
in yeast UBR1, Thr is located in the equivalent position as Met 62
in ClpS (see Fig 5A; supplementary Fig S4 online), and hence we
speculate that this might provide further lateral space to
accommodate the branched side chain of Ile.

Concluding remarks
Although substrate recognition by ClpS is largely restricted to the
N-terminal residue alone, the substrate is invariably bound in a
stereo-specific manner, making it tempting to speculate that the
N-degron is restrained by ClpS in the correct orientation for
delivery to the pore of ClpA. Despite the ability of ClpS to bind to
and deliver all substrates containing primary destabilizing residues
at the N terminus, we propose that the ClpS-binding pocket has

been optimized for the recognition of only a subset of these
destabilizing residues, notably Phe, Leu and potentially Tyr.
Interestingly, Phe and Leu are attached to the N terminus of
proteins by LFTR, bearing a secondary destabilizing residue at the
N terminus, and hence the physiological role of ClpS might be
intimately linked to the activity of LFTR. Identification of natural
bacterial N-end rule substrates will help to understand the
physiological role of this highly conserved protein.

METHODS
Proteins, peptides and substrate degradation assays. ClpA, ClpP
and ClpS (wild type and mutants) were overexpressed in E. coli
and purified as described previously (Dougan et al, 2002; Erbse
et al, 2008). Recombinant model proteins (Lpep–GFP, Fpep–GFP
and Wpep–GFP) were generated using the ubiquitin fusion system
(Catanzariti et al, 2004). Briefly, proteins were expressed as linear
His 6–Ub fusion proteins in E. coli strain BL21-CodonPlus(DE3)-
RIL (Stratagene, La Jolla, CA, USA) and purified using
nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, Hilden,
Germany). The His 6–Ub was cleaved with His 6–Usp2cc
(Catanzariti et al, 2004), and the untagged proteins were isolated
through a reverse affinity chromatography step. All proteins were
more than 95% pure as judged by Coomassie-stained
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sodium dodecyl sulphate–polyacrylamide gel electrophoresis.
Peptides Fpep (FRSKGEELFT), Lpep (LVKSKATNLLY) and Wpep
(WLTMITDSLA) were synthesized by EMC microcollections
(Tübingen, Germany) to more than 98% purity. Degradation of
all GFP-fusion proteins was monitored by changes in fluorescence
(excitation 410 nm and emission 500 nm) on a Spectra Max M2
(Molecular Devices, Sunnyvale, CA, USA). The reactions were
carried out using 1.2 mM ClpA, 2.8 mM ClpP and 1.2 mM ClpS (wild
type or mutant) as described previously (Dougan et al, 2002). The
protein concentrations refer to the protomer and were determined
using Protein Assay (Bio-Rad, Munich, Germany), with bovine
serum albumin (Pierce, Rockford, IL, USA) as a standard.
Biophysical measurements. The peptide solutions were prepared
by dissolving the lyophilized peptides in gel filtration (GF) buffer
(20 mM HEPES, pH 7.5, 150 mM KCl, 10% (v/v) glycerol). For ITC,

the peptide titrations were performed at 30 1C using a VP-ITC
microcalorimeter (MicroCal LLC, Northampton, MA, USA). All
solutions were degassed using the ThermoVac (MicroCal LLC)
accessory instrument of the microcalorimeter, and the reference cell
was filled with deionized water. Small volumes (3–4ml) of peptide
solution (0.6, 1 or 2 mM) were injected into a ClpS solution (0.04 or
0.08 mM) in each titration. The first sample injection was removed
from the data analysis to avoid possible artefacts that might arise
from the diffusion of ligand solution through the injection port
during the equilibration of the baseline. To allow each experiment
to reach equilibrium, ligand was injected at 300-s intervals. As
controls, experiments with buffer, single amino acids (2 mM) or non-
N-degron peptides (2mM) were injected into the ClpS solution. For
circular dichroism (CD) spectroscopy, the protein solutions were
diluted in GF buffer to 0.02 mM. Thermal melting curves (at 222 nm,
between 10 1C and 95 1C) and CD spectra (between 210 and
240 nm) were measured on a Jasco J-810 spectropolarimeter, using
1-mm cuvettes at 0.2 nm resolution, 1 nm bandwith, 1 s time
constant and a sensitivity of 100 mdeg.
Crystallization and structure determination. Co-crystals of ClpS
in complex with peptides were grown by vapour diffusion (sitting
drops) in various conditions (supplementary Table S2 online and
supplementary information online for further details). Crystals
were transferred to the mother liquor supplemented with 10%
polyethylene glycol 400, and flash frozen in liquid nitrogen. Data
were collected at the Swiss Light Source (Villigen, Switzerland),
beamline PXII at 100 K. Diffraction data were processed using
X-ray detection software/XSCALE (Kabsch, 1993). All structures
were solved by molecular replacement using the ClpS structure
(1MG9). The final models were obtained after several rounds of
manual rebuilding and refinement using Coot (Emsley & Cowtan,
2004), REFMAC (Murshudov et al, 1997) and PHENIX (http://
scripts.iucr.org/cgi-bin/paper?ba5027). The structural geometry of
all ligand structures was verified using Procheck (http://www.
biochem.ucl.ac.uk/~roman/procheck/procheck.html) and values
are given in supplementary Table S2 online. Images were
generated using Pymol (http://pymol.sourceforge.net/).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org)
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