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ABSTRACT: Processive proteases can unfold proteins and cleave them into fragments of a characteristic
size. The detailed mechanism by which product sizes are controlled is still in question. One possible
mechanism for the control of product sizes would be translocation of unfolded polypeptides to the protease
active sites in units of defined length. We have investigated the mechanism by which ClpAP, an energy-
dependent protease fromEscherichia coli, controls the sizes of its peptide products. We show that ClpAP
generates peptide products with a distribution of sizes that has a pronounced peak at a peptide length of
6-8 amino acid residues. This product size distribution, which is similar to that observed previously for
the proteasome, is robust to perturbations that interfere with translocation or proteolysis. To explain these
results, we propose a mechanism in which translocation alternates with proteolysis, allowing peptides of
more or less uniform length to be cleaved processively from a translocating substrate. To estimate the
rate and energy efficiency of ClpAP-catalyzed measurements of product sizes, we apply information theory
to quantify how precisely the product sizes are controlled. This analysis may also prove to be useful in
characterizing the mechanisms of other proteases and nucleases, such as the proteasome and Dicer, which
control the sizes of their products.

To generate uniform product sizes, enzymes that hydrolyze
polymeric substrates must be able to measure the length of
a segment of substrate. Several enzymatic systems appear
to carry out reasonably precise measurements. Mammalian
and thermophilic proteasomes cleave protein substrates to
small peptides of a characteristic size (1). In the case of the
mammalian proteasome, controlling the size distribution of
peptide products is likely to be important physiologically,
since peptide products that are 8-10 amino residues long
or longer can be processed further and presented as epitopes
to MHC class I molecules (2). In fact, characterization of
peptide product sizes (3-5) shows that proteasomes do
control product sizes: the product peptides are log-normally
distributed in size (5, 6), with peaks centered at 2-3, 9-10,
and 20-30 residues (3). In their initial study, Goldberg and
co-workers also commented on the implications of the
peptide size distribution for the mechanism of peptide
production (5), noting that the breadth of the observed
distribution rules out a simple “molecular ruler” mechanism
in which the spacing between protease active sites uniquely
determines the peptide product size. They proposed that
openings in the proteasome serve as a filter, trapping large
products and allowing them to be cleaved to smaller ones.
Subsequent studies showed that a mutant proteasome in
which the central pore of the complex is constitutively open
produces products that have a median length 40% greater
than the wild-type due to both increased production of larger
peptides (9-10 and 20-30 residues) and decreased produc-
tion of smaller peptides (2-3 residues) (3). Interestingly,
however, while the mutation changes the relative preference

for generating peptides of different defined mean sizes, it
does not change the mean sizes themselves. The mechanism
by which the proteasome generates peptides of a defined
mean size remains an open question.

The energy-dependent processive proteases ofEscherichia
coli may also exert active control over product sizes.
Structural (7-9) and biochemical studies indicate that in
energy-dependent proteases such as ClpXP and ClpAP, the
ATPase1 component (ClpX or ClpA) can unfold protein
substrates and translocate them through an interior channel
not much larger than a single polypeptide chain (10, 11).
The translocation of protein substrates brings them to ClpP,
which has a central proteolytic chamber 50 Å in diameter
(9). Openings in the chamber have been proposed to allow
small peptide products to exit (9). However, when the
protease active sites of ClpP are completely inactivated
(through mutagenesis or chemical modification), the undi-
gested protein substrate becomes trapped in ClpP (12, 13).
While it is known that ClpAP makes∼20-30 cuts on
average in casein (a natively unfolded substrate), suggesting
that the average size of peptide products is 7-8 amino acid
residues (14), the full distribution of peptide products has
not previously been reported. Thus, the degree to which
ClpAP can control its product sizes is unknown: the
distribution of product sizes centered at 7-8 residues might
be narrow or broad.

Unlike proteasomal products, the peptide products of
ClpAP are believed not to have a biological function other
than as a source of amino acids. It may nonetheless be
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important for ClpAP to control the sizes of its products.
PepN, one of the major peptidases inE. coli (15), processes
its substrates much faster than ClpAP (16), so that the overall
breakdown of protein substrates to free amino acids might
be fastest when ClpAP generates medium-sized products that
can be rapidly hydrolyzed by PepN. Control of peptide
product sizes might also be useful in smooth processing of
large protein substrates, as accumulation of large peptide
products in the central cavity of ClpP might hinder further
proteolytic processing of the unfolded substrate. Coordination
of the ClpX and ClpP activities has been proposed to prevent
the translocating peptide from clogging the exit pores of the
ClpP tetradecamer (17).

ClpAP might control product sizes by several mechanisms.
As previously proposed for the proteasome (5), the exit of
large peptides from ClpP might be hindered (9), thereby
increasing the probability that these peptides will be cleaved
again into smaller fragments. Binding requirements of the
protease might also contribute to product size control. If
binding of an extended region of polypeptide sequence
around the cleavage site is required for efficient proteolysis,
proteolysis will be disfavored when shorter segments of
polypeptide substrate are bound, leading to preferential
generation of longer products.

The interplay between translocation and proteolysis is
another source of possible mechanisms for product size
control. The relative rates of translocation and proteolysis
might control product sizes. Proteolysis that was rapid
compared to translocation would allow many cleavage events
while the polypeptide chain was translocating through ClpP,
generating small products. Alternatively, allosteric coupling
between the translocation and proteolytic activities might
serve as the basis of a mechanism for control of product
sizes. For both ClpA (18) and ClpX (17), there is allosteric
coupling between the protease and the ATPase: binding of
ClpP decreases the ATPase activity. If ClpP signals ClpA
to stop translocation once a sufficiently large segment of
polypeptide has entered the proteolytic chamber, ClpAP will
be able to exert control over the range of product sizes.

In this study, we first investigate what product size
distributions are predicted by four mechanistic alternatives
for control of proteolysis. Each alternative mechanism makes
a different prediction about the product size distribution and
its sensitivity to biochemical perturbations of the protease.
In the first mechanism (referred to hereafter as mechanism
1), polypeptide translocation is independent of proteolysis
(Figure 1A), and both occur with constant probability per
unit time. In mechanisms 2 and 3, the rate of exit from the
protease is dependent on the size of the peptide product, and
peptides that do not exit the protease may be re-cleaved to
smaller products (Figure 1B). These mechanisms thus
postulate that the protease acts as a filter, retaining large
products but allowing smaller ones to escape. Mechanism 3
includes the additional feature that the rate of proteolytic
cleavage is dependent on the size of the product. In
mechanism 4, translocation and proteolysis regulate each
other reciprocally: activation of ClpA turns off ClpP, and
vice versa (Figure 1C). This mechanism also includes the
feature that entry of the translocating polypeptide into ClpP
triggers the conformational switch that controls reciprocal
regulation.

While the form of the size distribution provides informa-
tion about the mechanism of peptide product formation, the
breadth of the size distribution of the products shows how
precisely ClpAP can measure the sizes of its peptide
products. To quantify the precision of product generation,
we use Shannon information theory (19). This method of
quantifying the precision of product size specification allows
an estimation of the speed of measurement by the proteolytic
machine and addresses the question of how much energy
the proteolytic machine requires to carry out its measurement.

The results of our study provide evidence that ClpAP does
exert active control over the sizes of its peptide products.
The size distribution is consistent with a mechanism in which
a controlled cycle of allosteric activation and inactivation
of ClpP by ClpA controls the sizes of peptide products and
inconsistent with the other mechanisms we examine. We also
find that ClpAP exerts this control efficiently, with a rate
and energy cost comparable to a rationally designed enzyme-
based information processing system (20).

MATERIALS AND METHODS

ClpP-His6 Purification. A plasmid for expression ofE.
coli ClpP with a C-terminal His6 tag was kindly provided
by Profs. Robert Sauer and Tania Baker (MIT). ClpP-His6

was expressed inE. coli strain DH5R/QE704/KI175 and
purified as described (13), except that cells were grown at
37 °C and Tris buffers were replaced with HEPES buffers
to avoid interference with the fluorescamine assay (see
below).

ClpA Purification.The clpA gene in the overexpression
vector pET9a was a generous gift from Profs. Robert Sauer
and Tania Baker (MIT). The M169T mutation, which
provides enhanced solubility and levels of full-length protein
expression (21), was introduced into wild-type ClpA using

FIGURE 1: Possible mechanisms for control of product sizes by
ClpAP. (A) Size control through modulation of relative rates of
translocation and proteolysis (mechanism 1). ClpA and ClpP are
active (gray) simultaneously, so translocation and proteolysis occur
simultaneously. (B) Size control through use of a structural “filter”.
Small products escape from ClpP more readily than larger ones,
which may be re-cleaved. Proteolysis may be random (mechanism
2) or biased toward longer products (mechanism 3). (C) Size control
through allosteric coupling between translocation and proteolysis
(mechanism 4). ClpA and ClpP reciprocally regulate each other’s
activity, so that when ClpA is active, ClpP is inactive (white).
Translocation and proteolysis alternate.
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the QuikChange Site-Directed Mutagenesis Kit protocol
(Stratagene), and the sequence was confirmed.

ClpA M169T protein was expressed inE. coli strain BL21/
DE3/pLysS. Cells were grown at 37°C in LB with
kanamycin to an OD600 of 0.6. IPTG was then added to a
final concentration of 1 mM, and cells were transferred to
25 °C. After incubation for an additional 3 h at 25°C, cells
were harvested by centrifugation for 15 min at 6000g and
purified as described (22) with the following modifications.
All Tris buffers were replaced with HEPES buffers. Cells
were lysed by sonication. After ammonium sulfate precipita-
tion, the pellets containing ClpA were resuspended and
loaded onto a Macroprep High S support (Bio-Rad) cation
exchange column. An 80 mL linear gradient from 0.1 to 1
M KCl was applied. ClpA was eluted at approximately 0.6
M KCl.

GFP-ssrA Purification.A plasmid expressing GFP con-
taining the S65G and S72A mutations that enhance the
intensity of green fluorescence (23) and a C-terminal ssrA
tag was kindly provided by Prof. Søren Molin (BioCentrum
DTU, Denmark). Cells (E. coliJB401) expressing this protein
were grown at 37°C in 2YT with ampicilin to an OD600 of
0.5. IPTG was added to a final concentration of 1 mg/L,
and cells were transferred to 25°C. After incubation for an
additional 3 h at 25°C, cells were harvested by centrifugation
for 15 min at 6000g and purified using a published procedure
(24), except that all Tris buffers were replaced with HEPES
buffers.

Protease Assay.The rate of GFP-ssrA proteolysis by
ClpAP was measured by monitoring the loss of GFP
fluorescence (excitation at 467 nm and emission at 511 nm)
using a microplate spectrofluorimeter (Molecular Devices
Spectramax Gemini XS). Reactions were carried out at 37
°C using 0.2µM hexametric ClpA (ClpA6) and 0.1µM
tetradecameric ClpP (ClpP14). The reaction buffer contained
50 mM HEPES, pH 7.5, 300 mM NaCl, 30 mM MgCl2, 0.5
mM DTT, 10% glycerol, 0.32 mg/mL creatine phosphokinase
(from rabbit muscle, Sigma), 30 mM phosphocreatine, and
10 mM ATP. ClpA and ClpP were incubated with ATP and
all other components for 1 min on ice to enable ClpA and
ClpAP complexes to assemble before addition of GFP-ssrA.

ATPase Assay.The rate of ATP hydrolysis by ClpA during
GFP-ssrA degradation was measured using the rate of NADH
oxidation (monitored by absorbance at 340 nm) coupled via
pyruvate kinase and lactate dehydrogenase (25). Reactions
were performed at 37°C with 0.2µM of ClpA6, 0.1µM of
ClpP14, and 10µM GFP-ssrA in a buffer containing 50 mM
HEPES, pH 7.5, 300 mM NaCl, 30 mM MgCl2, 0.5 mM
DTT, 10% glycerol, 0.23 mM NADH, 7.5 mM phospho-
enolpyruvate, 19 U/mL pyruvate kinase (from rabbit muscle,
Sigma), and 21 U/mL lactate dehydrogenase (from rabbit
muscle, Sigma).

Partial InactiVation of ClpP.Partial inactivation of ClpP
was performed by modification of the active site serine with
DFP (14). ClpP (1.6 mg/mL) was incubated in 50 mM
HEPES, pH 7.5, 200 mM KCl, 25 mM MgCl2, 1 mM DTT,
0.1 mM EDTA, and 10% glycerol containing 4 mM DFP at
room temperature for 90 min. Residual DFP was removed
using size-exclusion chromatography (PD-10 column, Am-
ersham Biosciences) equilibrated with the reaction buffer.
The extent of labeling was determined by measuring pep-
tidase activity withN-succinyl-Leu-Tyr-7-amido-4-methyl-

coumarin, a fluorogenic substrate. ClpP that was 72( 2%
inactivated was used for further experiments.

ReductiVe Methylation of GFP-ssrA.Reductive methyla-
tion of GFP-ssrA was carried out as previously described
(26) to prevent fluorescamine reaction with lysine residues
(see Fluorescamine Assay for Peptide Concentration). GFP-
ssrA that is completely alkylated (as determined by assay
with 2,4,6-trinitrobenzenesulfonic acid (27)) has the same
fluorescence properties and maximal degradation rate by
ClpAP as unmodified GFP-ssrA (data not shown).

Digestion of Methylated GFP-ssrA by ClpAP.Digestion
of methylated GFP-ssrA by ClpAP was carried out under
the same conditions as used for the protease assays, except
that the reaction mixture contained 0.1µM ClpA6, 0.05µM
ClpP14, and 15µM methylated GFP-ssrA. Similar experi-
ments were carried out usingR-casein (Sigma) (15µM) as
the substrate. Digestions of GFP-ssrA were also performed
using subsaturating (0.1 mM) ATP or using partially
inactivated ClpP. All digestions were allowed to proceed for
2-3 h. GFP-ssrA or casein degradation and ClpA autodeg-
radation were monitored by SDS-PAGE.

Size-Exclusion Chromatography of Peptide Products.
Peptide products were desalted using a reverse-phase car-
tridge (Sep-Pak C18, Waters) and concentrated by centrifugal
evaporation. Desalted products were submitted for MALDI
mass spectrometric analysis (MIT Biopolymers Facility).
Size-exclusion HPLC was performed using a polyhydroxy-
ethyl aspartamide column (200 mm× 4.6 mm, PolyLC) (28).
The mobile phase was 200 mM sodium sulfate, pH 3.0
(adjusted with phosphoric acid), 5 mM potassium phosphate,
and 25% acetonitrile. Peptide products were redissolved in
the mobile phase and loaded onto the column. Fractions (0.5
min) were collected at a flow rate of 0.125 mL/min. To
determine the apparent molecular weight of the peptides
eluted, the column was calibrated with standard peptides in
the 600-3500 Da range (5).

Fluorescamine Assay for Peptide Concentration.The
relative amount of peptide in each fraction was measured
using fluorescamine, which forms a fluorescent product on
reaction with primary amines (29). Thirty microliters of each
fraction from the polyhydroxyethyl aspartamide column was
incubated with 15µL of 100 mM sodium borate (pH 8.0),
15 µL of water, and 90µL of 0.1% (w/v, in acetonitrile)
fluorescamine for 5 min at room temperature. The fluores-
camine solution was freshly prepared before use. The
fluorescence emission was monitored at 510 nm at room
temperature with an excitation wavelength of 380 nm.

RESULTS

Simulations of Product Size Distributions for Four Mech-
anisms of Proteolysis.To simulate the generation of product
peptides by mechanism 1, both translocation and proteolysis
were modeled as stochastic processes with constant prob-
ability of occurrence per unit time (the structurally identical
(9) protease active sites are assumed to be catalytically
identical as well). At each time step in the simulation, the
system might translocate one monomer unit and/or cleave
the translocating chain to generate a product. The histogram
of product sizes derived from this simulation (Figure 2A)
shows an exponential distribution (more precisely, a geo-
metric distribution with a large number of steps). Other
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variants of the independent mechanism also produce expo-
nential product size distributions. Exponential product size
distributions also result when translocation is deterministic
(i.e., when a constant number of residues is translocated per
unit time) but proteolysis is stochastic and when translocation
and proteolysis are each partially rate-limiting (data not
shown).

Mechanism 2 assumes that the larger peptides exit the
protease more slowly than smaller ones and that peptide
products that are retained in the protease can be re-cleaved
to smaller products. The probability of retention in the
protease is modeled as proportional to exp(RL), whereL is
the length of the peptide product andR is a parameter
representing the strength of the interaction between the
peptide and the protease. Numerical simulations of the second
model (Figure 2B) generate product size histograms that, like
those generated by the first model, have their maximum at
the lowest molecular weights.

Mechanism 3 incorporates both a size-dependent rate of
escape for products and a size-dependent rate of proteolytic
cleavage. The product escape and proteolytic rates are
modeled as proportional to exp(RL) and exp(âL), respec-
tively, whereL is the length of the peptide segment that has
entered the protease andR andâ are parameters representing
how product escape and proteolysis depend on the interaction
of the peptide products/substrates with ClpAP. Numerical
simulations of this model generate product size histograms
that, depending on the parametersR and â, can have a

nonzero peak and are skewed toward longer products (Figure
2C).

To simulate the generation of product peptides by mech-
anism 4, a switch between two states (ClpA active/ClpP
inactive and ClpA inactive/ClpP active) is modeled as a
stochastic process. The probability that the system will switch
from the ClpA active/ClpP inactive state to the ClpA inactive/
ClpP active state is modeled as proportional to exp(γL),
whereL is the number of monomer units already translocated
into ClpP andγ is a parameter representing the strength of
the coupling. Numerical simulations of this model generate
a product size distribution that has a nonzero peak and is
skewed toward longer products (Figure 2D).

Size Distribution of Peptides DeriVed from ClpAP-
Catalyzed Proteolysis.Peptide products derived from GFP-
ssrA were separated using size-exclusion HPLC, and the
amount of peptide in fractions corresponding to each size
range was measured (5, 6). Carrying out the digestion with
a large excess of GFP-ssrA over ClpAP ensured that the
peptide products were derived predominantly (>80%, data
not shown) from GFP-ssrA rather than autodegradation (30,
31) of ClpA. The observed distribution (Figure 3) is
nonexponential. It has a peak at 760-900 Da (6-8 amino
acid residues, assuming an average molecular weight of 119
Da/residue) and is skewed toward higher molecular weights.

Because the purification of the product peptides requires
several chromatographic steps, it is possible that small
peptides will be underrepresented in the observed distribu-

FIGURE 2: Simulations of the four mechanisms in Figure 1. In each case,∼1000 product-forming events were simulated. (A) Simulated
product size distribution using mechanism 1 (translocation 10-fold faster than proteolysis); (B) simulated product size distribution using
mechanism 2 (interaction parameterR ) 0.08); (C) simulated product size distribution using mechanism 3 (interaction parameterR ) 0.08,
interaction parameterâ ) 0.008); and (D) simulated product size distribution using mechanism 4 (coupling parameterγ ) 80).
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tion. However, two lines of evidence indicate that this would
be unlikely to cause an exponential distribution to appear to
be nonexponential. First, studies on a variety of small
peptides (three to four residues) have shown that solid-phase
extraction using a C18 sorbent affords average recoveries
of 85-90% (32). In the GFP-ssrA product mixture, peptides
of molecular weight 300-400 Da are present in amounts
30-45% of the amount of peptides at the peak molecular
weight, suggesting that the observed peak is not due to
differential recovery of smaller peptides. Second, MALDI
mass spectrometric measurements (Figure 4) qualitatively
suggest that peptides∼1000 Da dominate the product
mixture, consistent with the quantitative measurement.

Sequence selectivity of proteolysis might contribute to the
distribution of sizes. If sequence motifs that ClpP prefers
are distributed nonuniformly throughout the sequence of the
substrate, a nonuniform size distribution of product would
result. To test the effect of sequence on size distribution,
we measured the size distribution of peptide products derived
from R-casein, a substrate unrelated to GFP-ssrA in primary
sequence. The size distributions of both substrates were very
similar (Figure 5), indicating that effects of primary sequence
do not account for the size distributions.

Effects of Kinetic Perturbations on Product Size Distribu-
tion. The four mechanisms also make different predictions
about the effects of artificially perturbing steps such as
proteolytic cleavage or translocation. For mechanisms 1-3,
the size distribution of products depends on relative rates of
steps in the mechanism. In the case of mechanism 1,
decreasing the rate of proteolysis relative to translocation
would be expected to lead to larger products (Figure 6A),

while decreasing the rate of translocation relative to pro-
teolysis would lead to smaller products. Similarly, for
mechanisms 2 and 3, the size distribution depends on the
partitioning between proteolytic cleavage and escape of
peptide products, so decreasing the rate of proteolysis relative
to escape would be expected to generate larger products
(Figure 6B,C). In contrast, mechanism 4 predicts that the
size distribution of products is solely determined by the
strength of the interaction that activates ClpP and inactivates
ClpA, so this mechanism predicts that decreasing the rate
of proteolysis will not affect the size distribution of products.

Experimentally, it is possible to decrease the rate of
proteolysis by partially inactivating ClpP with the active site-
directed reagent DFP (14). Decreasing the rate of translo-
cation is not as straightforward, but by decreasing the
concentration of ATP below itsKm, it is possible to decrease
the translocation rate by decreasing the ATPase rate. Because
natively unfolded substrates such as casein require ATP-
dependent translocation (12) but not unfolding, the observa-
tion that the rate of proteolysis of casein is dependent on
the ATP concentration (18, 22) (apparentKm of 0.18 mM
(22)) indicates that translocation will occur at a submaximal
rate at subsaturating concentrations of ATP.

Neither of these experimental perturbations affects the
product size distribution. Proteolysis in the presence of 0.1
mM ATP (the apparentKm for ATP in GFP degradation is
0.58 mM, as described in the next section) generates the same
product size distribution as proteolysis in 10 mM ATP
(Figure 7A). The peak at 23.5 min (Figure 7A) represents a
small amount of contaminating adenine nucleotides, which
control reactions have shown to react with fluorescamine.
The material in this peak was identified as nucleotide by its
UV spectrum, which exhibits a peak at 260 nm. In addition,
a chromatogram of authentic nucleotides (ATP and ADP)
alone shows a peak at 23.5 min of retention time (data not
shown). Under conditions of subsaturating ATP, the absolute
amount of peptide products (∼150 relative fluorescence units
(RFU)) is about 1/8 of that under conditions of saturating
ATP (∼1200 RFU), making the contribution of contaminat-
ing adenine nucleotides apparent. In the complementary
experiment using partially inactivated ClpP, ClpP in which
70% of the active sites have been modified with DFP
generates the same product size distribution as that observed
using fully active ClpP (Figure 7B).

FIGURE 3: Size distribution of peptides derived from ClpAP-
catalyzed proteolysis of GFP-ssrA.

FIGURE 4: MALDI mass spectrum of peptide products.

FIGURE 5: Effects of primary sequence of substrates on product
size distribution. Comparison of product size distributions obtained
using GFP-ssrA as substrate (filled squares) and usingR-casein as
substrate (open circles).
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Kinetic Parameters for GFP Proteolysis and ATP Hy-
drolysis.To help understand the rate and energy requirements
for the measurement of product sizes, we measured steady-
state kinetic parameters for two of the reactions that underlie
this measurement: overall substrate proteolysis and ATP
hydrolysis. Fitting the dependence of GFP proteolysis rate
on [GFP] (see Supporting Information) to the Michaelis-
Menten equation provided aKm of 4.9 ( 0.6 µM and akcat

(using [ClpA12P14] as the enzyme concentration, correspond-
ing to a complex of 2 ClpA6 and 1 ClpP14 (7)) of 15 ( 1
min-1. These results are similar to recently published values

(Km of 5 ( 1 µM, kcat of 10 ( 1 min-1) (33). Fitting the
dependence of the ATPase rate during proteolysis of GFP
on [ATP] (see Supporting Information) to the Hill equation
(34) gave an apparentKm of 0.58( 0.02 mM, akcat (using
[ClpA12P14] as the enzyme concentration) of 44( 1 s-1, and
a Hill coefficient of 2.5( 0.2.

DISCUSSION

We considered four mechanistic possibilities for processive
proteolysis by ClpAP. In mechanism 1, the translocation of
unfolded polypeptide by ClpA is independent of proteolytic

FIGURE 6: Simulated effects of decreasing proteolytic rate on the product size distribution. The rate of proteolysis is set at a reference value
(0.05 per time step, histograms in black) or one-third of the reference value (histograms in gray). (A) Simulation using mechanism 1; (B)
simulation using mechanism 2; and (C) simulation using mechanism 3. Arrows point to the maxima of the distributions.

FIGURE 7: Effects of kinetic perturbations on product size distribution. (A) Comparison of product size distributions with saturating (10
mM) ATP (filled squares) and subsaturating (0.1 mM) ATP (open circles). The peak at 23.5 min retention time (arrow) is mostly contributed
by nucleotides (ATP and ADP) not by the peptide products. (B) Comparison of product size distributions with fully active ClpP (filled
squares) and partially inactivated ClpP (open circles).
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cleavage at the ClpP active sites, and size control comes from
the relative rates of these processes. In mechanism 2, size
control comes from size-dependent escape of products.
Physically, the parameterR corresponding to the probability
of retention of the product might correspond to some
nonspecific hydrophobic interaction between the peptide
product and the surface of the proteolytic chamber, where
each residue of the peptide contributes a certain amount of
free energy to the interaction. The relationship betweenRL
and the retention probability is simulated as exponential
because of the exponential relationship between activation
energy and rate in activated rate theories such as Eyring or
Kramers theories (35). In mechanism 3, size control comes
from both size-dependent escape of products and a size-
dependent cleavage reaction. Size-dependent cleavage would
be possible if, for example, catalysis of amide bond hydroly-
sis depended on the presence of binding of substrate residues
extending well outside the site of cleavage. Finally, in
mechanism 4, allosteric communication between ClpA and
ClpP allows translocation to alternate with proteolysis. This
model thus assumes that each monomer unit reduces the
barrier for the conformational switch by a certain amount
of free energy. Physically, this might correspond to energy
of binding of the unfolded polypeptide or strain energy that
builds up as the unfolded polypeptide presses against the
interior surface of the ClpP ring.

These mechanisms make distinct predictions about the
nature of the size distribution of peptide products. The first
mechanism predicts that the products will be exponentially
distributed in size. If there is a single rate-limiting step in
ClpAP-catalyzed proteolysis, the product size distribution
would be expected to be a single exponential, because the
waiting times between events are exponentially distributed
for a process described by a single chemical step (36).
Numerical simulations of this mechanism produce exponen-
tial product size distributions (Figure 2A), as expected. This
mechanism is thus inconsistent with the experimental size
distribution.

Mechanism 2 predicts a distribution that, like the expo-
nential distribution, has its maximum at the lowest-sized
products (Figure 2B). In this mechanism, size-dependent
escape of products acts as a filter, preventing very large
products from being formed. However, this filter does not
prevent small products from escaping, so that nothing
prevents the initial formation of small products due to random
cleavages. This mechanism is thus, like the first mechanism,
inconsistent with the observed product size distribution. The
nature of any putative peptide filter is also somewhat
problematic. Diffusion of even large polymers through
narrow pores can occur on the time scale of milliseconds or
less (37, 38), orders of magnitude faster than the overall rate
of turnover for ClpAP (∼10 min-1). While a structural filter
may contribute to size control in ClpAP, it is not likely to
consist of a static pore. Nonspecific binding of peptides to
the inner surface of the protease might serve as an efficient
filter, assuming that the residence time was dependent on
hydrophobic interactions that would be larger for larger
peptides. Access to the bulk solution that was gated by
conformational changes (e.g., opening and closing of small
apertures in the ClpP structure) might also serve as an
effective filter.

To obtain a distribution of product sizes with a peak at a
defined number of amino acid residues, ClpAP must have
some way of cutting the polypeptide chain preferentially after
translocation of a certain number of residues. One way to
accomplish this would be to make the rate of proteolytic
cleavage dependent on the size of the peptide segment bound
to the protease active site, as postulated in mechanism 3.
This mechanism includes the feature that the substrate
binding site can accommodate a large number of amino acid
residues extending from the site of cleavage. Mechanism 3
further postulates that when more of this extended binding
site is occupied, the efficiency of cleavage is higher. Thus,
this mechanism predicts preferential generation of larger
products. Simulations of mechanism 3 show that prefer-
ential generation of larger products, in combination with a
structural “filter,” can lead to a product size distribution that,
like the observed distribution, has a nonzero peak and is
skewed toward higher molecular weight products (Figure
2C).

Mechanism 4 represents another way for ClpAP to control
product sizes. This mechanism postulates that the active form
of ClpA negatively regulates ClpP and vice versa, so that
translocation alternates with proteolysis. Mechanism 4 also
postulates that it is the translocation of unfolded polypeptide
by the active form of ClpA into the inactive form of ClpP
that triggers activation of ClpP, causing ClpA to stop
translocating the substrate. When the peptide product leaves
the ClpP active site, ClpP becomes inactive and ClpA
becomes active, starting the cycle again. In effect, this
mechanism involves ClpAP first measuring the size of the
product, then cutting it.

Numerical simulations of this mechanism showed that it
generates a product size distribution that qualitatively
reproduces the features of the observed distribution. It has a
nonzero peak and is skewed toward higher molecular weight
products (Figure 2D). In this mechanism, ClpP’s ability to
trigger the allosteric activation of ClpP/deactivation of ClpA
determines the peak size of products. Increasing the param-
eterγ in the simulation, which represents ClpP’s ability to
trigger this allosteric activation/deactivation, leads to the
formation of smaller products (data not shown).

The form of the product size distribution thus allows
mechanisms 1 and 2 to be distinguished from mechanisms
3 and 4. To distinguish mechanism 4 from the other three
mechanisms, we used subsaturating concentrations of ATP
to hinder translocation and partial inactivation of ClpP to
hinder proteolytic cleavage. In the first three mechanisms,
size control comes about through control of the relative rates
of translocation and proteolysis (mechanism 1) or the relative
rates of proteolysis and product escape (mechanisms 2 and
3). Hindering either translocation (mechanism 1) or pro-
teolysis (mechanisms 1, 2, and 3) is thus expected to alter
the size distributions for these mechanisms (Figure 6). In
contrast, hindering translocation or proteolysis individually
is not expected to alter the product size distribution in
mechanism 4, since the product sizes are not determined
by the relative rates of translocation and proteolysis but by
the ability of bound peptide to trigger the conformational
switch that activates proteolysis. Mechanism 4 predicts that
once substrate binding to ClpP initiates the conformational
switch, translocation stops and no additional substrate enters
ClpP. In this case, the peptide product formed will be of the

Peptide Product Size Control by ClpAP Biochemistry, Vol. 44, No. 42, 200513927



same size whether the proteolytic cleavage itself is slow or
rapid.

Mechanism 4, unlike the simpler mechanisms considered,
is consistent with all the available data. It is also consistent
with previously reported results, such as the ability of ClpP
to modulate the ATPase activity of ClpA (18) and ClpX (17)
and the ability of active ClpA to translocate substrate into
ClpP that has been inactivated by chemical modification or
site-directed mutagenesis (7, 12). In the latter case, trapping
of large unfolded substrates in inactivated ClpP would be
interpreted as resulting from the inability of the modified
ClpP to assume the active conformation. Of course, the
ability of mechanism 4 to account for the current experi-
mental results does not preclude the ability of other mech-
anisms not considered here to do so. While mechanism 4
provides a useful starting point for mechanistic studies,
further experimental work will be required to test its
predictions. For example, experiments to determine whether
ClpA and ClpP actually alternate activation states in the
course of a single enzymatic turnover and whether translo-
cation exhibits controlled step sizes will be required.
Transient-state or single-molecule kinetic approaches may
prove to be necessary to address this question, as they are
sensitive to microscopic steps that are averaged out using
steady-state techniques. In particular, single-molecule experi-
ments are likely to be useful, as mechanism 4 predicts that
the waiting time between proteolytic events will be nonex-
ponentially distributed.

QuantitatiVe Characterization of Product Size Control by
ClpAP.ClpAP’s ability to exercise control over the sizes of
peptide products is analogous to carrying out a measurement.
Any measurement carried out by a biomolecule will be
subject to interference from thermal noise that reduces its
precision (39). The effect of thermal noise might be reduced
at the expense of slowing down the measurement by
averaging it over a longer time. Expenditure of free energy
is another way of reducing the effect of thermal noise (39).
A molecular process with a sufficient number of irreversible
steps can proceed in a regular, “clockwork”-like fashion (40).
Mechanical precision of this kind could serve as the basis
for the control of product sizes.

It would be thus informative to determine how ClpAP
manages the compromise among precision, rate, and energy
cost in controlling its product sizes. To address this question,
we will need a way of quantifying the statistical uncertainty
associated with a given size distribution. The amount of
information required to specify the product size distribution
is a measure of the precision with which the enzyme controls
the size of its products.

Information theory (19), which was introduced by Claude
Shannon and others and has since been applied to problems
in biology and bioinformatics (41, 42), provides a way to
quantify information. The information content of a distribu-
tion expresses how much knowing the distribution reduces
the uncertainty in knowing the measured quantity for an
individual member of the ensemble. For example, if mea-
surements of an experimental quantity are normally distrib-
uted with a mean of 50 and a standard deviation of 40, the
distribution does not specify the value of an individual
measurement precisely, while if the standard deviation is 2,
the distribution contains sufficient information to specify the

value of an individual measurement to a low level of
uncertainty.

A decrease in uncertainty can be defined quantitatively
as a decrease in statistical entropy (19). The uncertainty of
a distribution can be defined as∑

i
- pi ln(pi), wherepi is the

probability that an individual member of the ensemble
belongs to bini in a histogram (19). The statistical entropy
of a distribution can be thus calculated as the difference
between its uncertainty and that of a reference distribution.
Here, we are interested in the statistical entropy of the
observed size distribution compared to that of the size
distribution that a completely random protease would be able
to produce. We will therefore use as the reference distribution
the exponential distribution, which random proteolysis would
generate. The relative amount of peptide product in each bin
of product sizes represents the probability of generating a
product of that size, and the total uncertainty for a proteolytic
cleavage is calculated by summing over all the bins in the
experimental histogram. The specific reference distribution
is an exponential distribution with the same mean as the
experimental distribution, binned the same way as the
experimental data. To quantify the uncertainty of the
experimental size distribution, this distribution was fitted to
a log-normal function, and the function was numerically
integrated (using the quadrature function in MATLAB) over
a range of 1-5000 Da. The uncertainty of an exponential
distribution with the same mean size as the experimental
distribution was calculated in the same way.

Calculating the statistical entropy of the experimentally
observed product size distribution compared to an exponen-
tial distribution with the same mean provides a value of∼0.1
bits for the decrease in statistical entropy associated with
specifying the observed distribution. The estimate of the
statistical entropy of the product size distribution allows
calculation of an order-of-magnitude estimate for the rate
of information processing in product formation. Since the
distribution of products is centered at 6-8 amino acid
residues and GFP-ssrA is 251 amino acid residues long, a
typical turnover will comprise about 30 proteolytic cleavages
(in accord with previous estimates (14)). Assuming that the
distribution of product sizes does not vary within a single
turnover, the value of∼0.1 bits represents the information
required to specify each proteolytic cleavage. Therefore,
about 3 bits are required to specify the outcome of all the
proteolytic cleavages in one turnover. The turnover number
for GFP-ssrA is 15 min-1, meaning that ClpAP can perform
its size specification at a rate of∼1 bit/s. This estimate
represents a lower limit: while a greater decrease in statistical
entropy may be required to define the process that leads to
product formation, a decrease of at least that magnitude is
required in order to account for the observed product size
distribution.

We can also ask how much free energy is dissipated in
the course of specifying the product size distribution. The
total free energy dissipated is an upper limit on the energetic
cost of controlling product sizes. The maximal rate of ATP
hydrolysis under turnover conditions is about 2× 103 min-1

(Figure 7B). Since hydrolysis of ATP under physiological
conditions is exergonic by about 20 kT (43), ClpAP
dissipates about 5× 104 kT/min (hydrolysis of protein
amides, which is much slower and is less exergonic,
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contributes a relatively small amount to the total energy
dissipation). The value of∼1 bit/s estimated above provides
an estimate of 103 kT/bit as a lower limit for the energy
efficiency of product size specification. It is likely that the
value of approximately 103 kT/bit does not represent the
minimum energy required for specifying the product size
distribution, as mechanical steps such as unfolding will
certainly consume an appreciable fraction of this energy
without contributing directly to information processing.

Biological Implications of Control of Sizes of Proteolytic
Fragments.While eukaryotic proteasomes need to control
peptide product sizes because peptides below a certain length
cannot be presented as antigens (2), there is not an obvious
disadvantage to the production of very short peptides inE.
coli. The question thus arises of whether there actually exists
a selective pressure for control of peptide product sizes in
E. coli. One possible explanation for the function of the
observed size distribution of ClpAP products is that it
optimizes the overall rate of degradation of misfolded
proteins to free amino acids. The aminopeptidase PepN
hydrolyzes short peptides to free amino acids and is
responsible for most of the aminopeptidase activity inE. coli
(15, 16). Its steady-state rate of proteolysis is much greater
than ClpP’s for roughly comparable substrates (kcat of 370
s-1 for hydrolysis of a para-nitroanilide substrate (16),
compared to 2.5 min-1 for ClpP’s hydrolysis of a somewhat
less activated aminomethylcoumarin substrate (44)). How-
ever, PepN degrades unfolded proteins very slowly (a half-
time on the order of hours (16)). Thus, use of the slower
peptidase ClpAP to digest misfolded proteins into peptides
small enough for the faster peptidase PepN to accept would
optimize the overall rate of processing.

It is also possible that control of product sizes is required
to keep the translocating substrate from clogging the central
pore of ClpAP. ClpXP (45) and the proteasome (46) can
process substrates that are larger than its central pore. This
ability suggests that smooth processing of large substrates
will require energy-dependent proteases to have a way of
preventing translocation of more unfolded polypeptide than
can be productively accommodated into the central chamber
of the protease. Translocation of only small segments of
substrate before proteolysis and clearance of the ClpP active
sites might help ClpAP avoid nonproductive binding of large
segments of substrate to the interior surface of ClpP.

General Mechanistic Features of Enzymes That Measure
Product Sizes.Other enzymes in a variety of organisms can
also be thought of as “measuring” their substrates. In addition
to the proteasome, which produces products with a size
distribution similar to that observed for ClpAP, the nuclease
Dicer also produces products with a very narrow size
distribution (20-22 nucleotide residues) (47), and tripepti-
dylpeptidases cleave the first three amino acid residues from
peptides (48). The mechanism for generation of a narrow
size distribution of products may at first seem to follow
trivially from the existence of multiple active sites in the
enzyme structure. Dicer, for example, has two distinct
nuclease active sites (49), suggesting that the physical spacing
between them might determine the product size. Such a
mechanism would be an oversimplification. Even when there
is a defined spacing between active sites, the microscopic
steps in the enzymatic mechanism must also be ordered in a
way that allows control of product sizes. For example, a

mechanism where an enzyme binds the substrate at two
active sites, cleaves it at each of the sites sequentially, and
releases the product will allow generation of uniformly sized
products from a polymeric substrate. However, if the enzyme
can deviate from the correct order of steps (e.g., if partially
cleaved product can diffuse from the enzyme and re-bind at
random), random cleavages will occur, decreasing the
uniformity of product sizes.

One way to ensure a defined order of conformational
changes is to drive them using dissipation of free energy,
that is, to make each conformational change effectively
irreversible. In the limit where every step is very far from
equilibrium (i.e., irreversible), the enzyme always traverses
the cycle in order (40). This would allow a complex
algorithmic task to be carried out: first the enzyme does A,
then B, then C, and so forth. The price paid for carrying out
a complex task with high fidelity is thus the irreversible
consumption of chemical energy. For proteases and nu-
cleases, the irreversibility of the hydrolytic step may suffice
to provide the free energy needed to determine the size
distribution.

The phenotype of peptide product formation in ClpAP is
remarkably similar to that observed for mammalian and
thermophilic proteasomes (4, 5). The product sizes for those
enzymatic systems have a similar skew distribution and are
similarly unaffected by partial inactivation of protease active
sites (4). The proteasome may therefore have a similar
mechanism of peptide product formation, in which translo-
cation of polypeptide substrate alternates with proteolysis.
There is evidence for allosteric coupling between chymo-
tryptic sites and caspase sites in the 20S proteasome (6). The
“measure and cut” and “bite-chew” (6) mechanisms are not
mutually exclusive, and both may contribute to production
of epitopes of the proper size and sequence.

It may be that, for proteasomes, the ability to measure
product sizes serves as an integral part of the generation of
epitope-like peptides from protein substrates. A protease that
initiated proteolysis at one end of the substrate polypeptide
and processively cleaved off peptides of a constant size from
that end would generate a unique set of products even without
being able to cleave specific sequences preferentially. For
such an enzyme, the mechanical precision of product size
measurement, combined with the ability to cleave proces-
sively without slipping, would allow preferential generation
of a small subset of possible peptide products.

NOTE ADDED IN PROOF

While this paper was under review, a phenomenological
mathematical model describing product size control in the
proteasome was published (Luciani, F., Kesmir, C., Mishto,
M., Or-Guil, M., and de Boer, R. J. (2005) A Mathematical
Model of Protein Degradation by the Proteasome,Biophys.
J. 88, 2422-2432).
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SUPPORTING INFORMATION AVAILABLE

The steady-state kinetic data for GFP-ssrA hydrolysis and
ATP hydrolysis and the MATLAB scripts used for numerical
simulations are available as Supporting Information. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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