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Summary
Lon, also known as protease La, is an ATP-dependent protease functioning to degrade many
unstructured proteins. Currently, very little is known about the substrate determinants of Lon at the
proteolytic site. Using synthetic peptides constituting different regions of the endogenous protein
substrate λN, we demonstrated that the proteolytic site of Escherichia coli Lon exhibits a certain
level of localized sequence specificity. Using an alanine positional scanning approach, we discovered
a set of discontinuous substrate determinants surrounding the scissile Lon cleavage site in a model
peptide substrate, which function to influence the kcat of the peptidase activity of Lon. We further
investigated the mode of peptide interaction with the proteolytically inactive Lon mutant S679A in
the absence and presence of ADP or AMPPNP by 2-dimensional nuclear magnetic resonance
spectroscopy, and discovered that the binding interaction between protein and peptide varies with
the nucleotide bound to the enzyme. This observation is suggestive of a substrate translocation step,
which likely limits the turnover of the proteolytic reaction. The contribution of the identified substrate
determinants towards the kinetics of ATP-dependent degradation of λN and truncated λN mutants
by Lon was also examined. Our results indicated that Lon likely recognizes numerous discontinuous
substrate determinants throughout λN such to achieve substrate promiscuity.
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Introduction
Lon, also known as protease La, is an ATP-dependent serine protease that is localized in the
mitochondria of eukaryotes and the cytosol of prokaryotes (1-7). It is a member of the
AAA+ (ATPases associated with various cellular activities) family of proteases and is
responsible for degrading regulatory and damaged or misfolded proteins in the cell into short
peptides from 5-15 amino acids in length (3,4,6,8-10). Lon is a homo-oligomer, comprised of
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six identical subunits, each containing an N-terminal domain which has, in some instances,
been implicated in substrate binding, an ATPase domain, a proposed substrate sensor and
discriminatory (SSD) domain, and a protease domain (11,12). These subunits oligomerize into
a barrel shape with the ATPase domain and protease domains at opposite ends. Upon hydrolysis
of ATP, the protein is speculated to enter through the axial pore and be translocated to the
protease domain where it is cleaved. Though optimal peptide bond cleavage occurs with
hydrolysis of ATP, the ATPase and protease functions are not stoichiometrically linked, as
degradation of certain unstructured protein and peptide substrates can occur in the presence of
non-hydrolyzable ATP analogs such as AMPPNP (10,13,14).

Many in vivo substrates of bacterial Lon have been identified (SulA, RcsA, SoxS, λN) by
genetic knock out studies (8,15-17), but the mechanism by which the protease recognizes and
initiates substrate degradation is not well understood. Currently, the accepted paradigm is that
loosely folded or unstructured regions in a protein interact or bind to the proposed SSD domain
of Lon followed by unfolding and translocation into the proteolytic chamber where the protein
substrate is degraded (14,18-23). Furthermore, synergistic interactions between Lon and
different regions along an unfolded protein substrate lead to enhanced affinity of the enzyme
substrate complex, thereby facilitating protein degradation (24). While these studies
collectively present a global view of how Lon processes protein substrates, they do not address
how the proteolytic site of Lon confers promiscuity in substrate cleavage specificity, nor do
they reveal the extent to which the efficiency of peptide bond cleavage and ATP hydrolysis
are affected by variation in the sequence of peptide substrate surrounding the scissile site.

Analysis of Lon cleavage profiles of protein substrates suggests that this protease prefers to
cleave peptide bonds preceded by hydrophobic or aliphatic amino acids, but the presence of
such residues alone does not warrant peptide bond cleavage (10,25). As exemplified by the
degradation of the intrinsically unstructured endogenous protein substrate, the λN protein (Fig
1), no consensus sequence could be discerned from the cleavage sites, suggesting that E. coli
Lon displays promiscuity in the specificity of peptide bond cleavage. Another parameter that
may dictate specificity of bond cleavage is which amino acid residues are located distal from
the scissile site. An example from the λN protein substrate that supports this, is that only the
peptide bond flanked by residues Ala16 – Gln17 and not Ala3 – Gln4 was cleaved (Fig 1)
(10). Therefore, the substrate specificity at the proteolytic site of E. coli Lon likely constitutes
the combined effects of enzyme interacting with substrate residues at and distal from the scissile
sites. Previously, we developed a proteolytic site-director inhibitor of bacterial Lon by
replacing the carboxyl terminal of a hydrolyzed peptide product with a boronic acid moiety.
The resulting inhibitor exhibits a submicromolar inhibition constant against bacterial Lon
(26). Therefore, an understanding of the mechanism of how Lon confers substrate specificity
at the proteolytic site will likely benefit the next generation of specific active site-directed
inhibitors, which could be further exploited as chemical agents to selectively inhibit bacterial
Lon or as chemical genetic tools to identify the physiological functions of Lon in cells.

In this study, we utilized the degradation profile of the endogenous E. coli Lon substrate, λN
protein, to generate a panel of peptides to probe the substrate specificity of E. coli Lon (14).
From the full length λN protein, we developed short peptides, eleven amino acids in length,
that contain a single cleavage site and a fluorescent donor-quencher pair positioned on opposite
termini, which allows us to monitor an increase in fluorescence upon cleavage and separation
of the donor and quencher. An alanine scan of the model peptide FRETN 89-98 further
identified the substrate determinants necessary for E. coli Lon cleavage. The substrate
recognition residues are located at the cleavage site (P1) and 2 additional positions distal to
the cleavage site (P3 and P3’ sites). After identifying these important residues, we synthesized
analogs of FRETN 89-98 that were 13C and 15N labeled at the P1, P3 and/or P3’ positions and
employed NMR spectroscopy to monitor the interaction of E. coli Lon and the peptide in the
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absence and presence of various nucleotides. The contribution of the peptide sequence
constituting residues 89-98 of λN in directing protein degradation was also investigated.
Collectively, our results implicate the existence of discontinuous substrate determinants
located at the vicinity of the scissile sites of substrates. Interactions of these substrate
determinants with E. coli Lon affect the kcat of peptide bond cleavage, which may be attributed
to the ATP-dependent substrate translocation step in Lon.

Materials and Methods
Materials

ATP, ADP, AMPPNP, dansyl chloride, TPCK-treated Trypsin, HEPES, and PEI-cellulose
TLC plates were purchased from Sigma and Fisher. All Fmoc-protected amino acids, Fmoc-
protected Lys Wang resin, Boc-anthranilamide (Abz), and HBTU were purchased from
Advanced ChemTech and EMD Biosciences. [α-P32]ATP was purchased from Perkin-Elmer.
Ligate-IT Rapid Ligation Kit was purchased from USB. Primers were purchased from
Integrated DNA Technologies. All enzyme concentrations are reported as E. coli Lon monomer
concentrations, as determined by Bradford assay using BSA as a standard (27). All experiments
were performed at 37° C. All reagents are reported as final concentrations. All peptides were
synthesized using standard Fmoc solid-phase synthesis protocols as described previously
(28-30). Fluorescent peptides corresponding to various regions of the λN protein are shown in
Figure 2. All peptides contain the Y(NO2) - Abz internal fluorescence quenching pair used in
the FRETN 89-98 peptide previously designed for the kinetic characterization of E. coli Lon
(31). Nonfluorescent analogs, in which a tyrosine residue was used in place of the Y(NO2) and
Bz was used in place of the Abz, were also synthesized (similar to the FRETN 89-98 peptide,
(13)). FRETN 79-89 contains the Y(NO2) at the C-terminal and the Abz on the N-terminal due
to the additional possibility of monitoring the cleavage using the W82 and Y(NO2) FRET pair.
This puts both fluorescence donors on the N-terminal side of the cleavage site. Peptidase
activity was detected by monitoring an increase in fluorescence upon excitation at 320 nm and
emission at 420 nm.

ATP-dependent peptidase assay
Peptidase activity was measured using a Fluoromax 3 spectrofluorimeter (Horiba Group) with
a circulating water bath to maintain reactions at 37 °C and 3 mm path length microcuvettes
from Hellma. Reactions contained 50 mM HEPES pH 8.0, 75 mM KOAc, 5 mM Mg(OAc)2,
5 mM DTT, 125 nM to 1 μM wild-type E. coli Lon and varying concentrations of peptide
substrate. In all kinetic assays, a mixed substrate was utilized (10% fluorescent and 90%
nonfluorescent or 1% fluorescent and 99% nonfluorescent when ≥ 10 mM substrate was used)
to avoid problems from the inner filter effect where intermolecular quenching rather than
intramolecular quenching occurs at high concentrations of Y-NO2 (13,32). Previously, we
demonstrated that the fluorescent and nonfluorescent analogs of FRETN 89-98 were degraded
by E. coli Lon identically (13). Therefore, this study assumes that both analogs of the other
λN peptides were processed by E. coli Lon identically. A 1% fluorescent and 99%
nonfluorescent peptide mixture was used for the λN25-35 peptide due to the very high Km
value and the need to employ very high peptide concentrations (25 μM – 2 mM) to determine
kcat. For all other peptides a 10% fluorescent substrate mixture was used (25 μM – 1.5 mM)
to determine the kinetic parameters. After equilibrating at 37°C for 1 minute, the reaction was
initiated with 500 μM ATP. The amount of hydrolyzed peptide was measured by determining
the maximum fluorescence generated per micromolar peptide after complete digestion by
trypsin, chymotrypsin or elastase. The steady-state rate of the reaction was determined from
the tangent of the linear portion of the time course. This rate was converted to an observed rate
constant (kobs) by dividing the rate by the enzyme concentration used in the assay. Using
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KaleidaGraph (Synergy Software), all of the rate constants were plotted as a function of peptide
concentration and fit with eq. 1

(1)

where kobs is the observed rate constant,kmax is the maximum rate constant, S is the
concentration of peptide, n is the Hill coefficient. Km, the concentration of peptide required to
reach 50% kmax, is calculated from the relationship log Km’ = n log Km. All kinetic data shown
is a result of averaging at least 3 separate experiments.

ATPase Activity of E. coli Lon
Steady-state ATP hydrolysis activity was measured using the [α-32P]ATP as described
previously (13). Briefly, each reaction contained 50 mM HEPES pH 8.0, 75 mM KOAc, 5 mM
Mg(OAc)2, 5 mM DTT, 150 nM E. coli Lon, and the peptide stimulated reactions contained
1 mM peptide. The reactions were initiated with ATP and 5 μL aliquots were quenched at
various time points with 10μL 0.5 N formic acid. The reaction was spotted onto a PEI-cellulose
TLC plate and developed in 0.3 M potassium phosphate buffer (pH 3.4). The radiolabeled ADP
was quantified using the Packard Cyclone storage phosphor screen Phosphor imager from
Perkin-Elmer Life Science. The concentration of ADP at each time point was determined using
eq. 2

(2)

where ADPdlu is the amount of ADP quantified, ATPdlu is the amount of ATP quantified, and
[ATP] is the initial amount of ATP. The initial rates of ATP hydrolysis were defined by the
[ADP] produced over time, when < 10% of ATP was consumed in the reactions. Dividing the
initial rates of ATP hydrolysis by enzyme concentration yielded the kobs values.

λN purification and generation of λN deletion mutants
PCR was used to amplify the His tag λN insert from λN DNA using oHF014 (5’-
CGCGGATCCAATGGATGCACAA-3’) as the forward primer and oHF013 (5’-
AATTAAAGCTTCTAGATAAGAGGAATCGA-3’) as the reverse primer. The pCOLA-
Duet vector and the new insert were digested with BamHI and HindIII restriction enzymes,
purified, ligated using the Ligate-IT Rapid Ligation Kit (USB) and transformed into DH5α
competent cells (Invitrogen). The plasmid pHF012 containing an N-terminal 6x His tag was
transformed into the BL21 (DE3) E. coli Lon cell strain and the cells grown to OD600 = 0.6 in
30 μg/mL kanamycin in SB (superbroth) and induced for 2 hours with 1 mM IPTG. The cells
were pelleted by centrifugation and lysed by adding 5 mL of lysis buffer per gram of cells (lysis
buffer: 100 mM sodium phosphate pH 8.0, 10 mM Tris, 1 mM beta-mercaptoethanol, 8 M
urea) and stirring for 45 minutes. All cell debris was pelleted by centrifugation. The cleared
lysate was loaded onto a Ni-NTA agarose column (Qiagen) equilibrated with lysis buffer. The
column was then washed with lysis buffer to remove all excess proteins. The λN protein was
eluted from the column with elution buffer (elution buffer: 100 mM sodium phosphate pH 4.5,
10 mM Tris, 1 mM beta-mercaptoethanol, 8 M urea). The eluted protein was extensively
dialyzed into λN storage buffer to remove urea (λN storage buffer: 20 mM Tris pH 7.6, 50 mM
sodium chloride, 1 mM beta-mercaptoethanol, 20% glycerol). A white precipitate formed
during dialysis and was removed by centrifugation. The λN protein in λN storage buffer was
analyzed by SDS-PAGE on a 12.5% acrylamide gel and stained with Coomassie Brilliant Blue
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to assess purity. The protein was quantitated using the extinction coefficient at A280 (ε = 14,060
M-1 cm-1).

λN deletion mutants (λNΔ89-98, λNΔ89-107 and λNΔ99-107) were generated using basic
cloning techniques. The forward primer used for all the mutants was oHF014 (5’-
CGCGGATCCAATGGATGCACAA-3’). The reverse primers used were oJW103 (5’-
ATGCTATAAGCTTCTAGATAAGAGGAATCGATTTTCCCTTAATTTCGCCAGGCTT
-3’) for λNΔ89-98, oJW102 (5’-ATGCTATAAGCTTCTATTCGCCAGGCTT-3’) for
λNΔ89-107 and λNΔ99-107rev (5’-ATGCTATAAGCTTCTATTTCTGGCGTCCACT-3’)
for λNΔ99-107. PCR was used to amplify the λN gene with the desired deletions from plasmid
pHF012. The PCR products were gel purified using a 0.8% agarose gel. The pCOLA-Duet
vector (Novagen) and the purified PCR products (insert) were digested with Bam HI and Hind
III restriction enzymes. The digested vector was gel purified and the digested inserts were
purified by phenol chloroform extraction. The vector and insert were ligated using the Ligate-
IT Rapid Ligation kit (USB) and transformed into XL1 Blue competent cells (Stratagene). The
λN protein deletion mutant plasmids were verified by DNA sequencing analysis and
transformed into the BL21 (DE3) E. coli cell strain.

λN degradation assay
λN degradation assays contained 50 mM HEPES pH 8.0, 15 mM magnesium acetate, 5 mM
DTT, 10 μM wild-type or mutant λN protein, 1 μM E. coli Lon and the reaction was initiated
with 5 mM ATP. At various time points, reaction aliquots were quenched with 5x SDS-PAGE
loading dye and incubated at 90°C for 1 minute. The aliquots were loaded and run on a 12.5%
SDS-PAGE gel and stained with Coomassie Brilliant Blue to detect the protein.

Results
Examining E. coli Lon substrate specificity using λN peptides

To examine the substrate specificity of E. coli Lon, we generated a panel of fluorescent λN
peptides based on the cleavage profile of λN by E. coli Lon (Fig 1). The peptide sequences are
shown in Figure 2. Despite the addition of the internal fluorescence quenching groups Y
(NO2) and K(Abz), all the peptides have the same length but different amino acid sequences.
Therefore comparing the kinetic parameters of ATP-dependent peptide cleavage and the extent
of ATPase stimulation at saturating peptide concentration allows the evaluation of the
contribution of substrate sequences towards the peptidase as well as the ATPase activities of
Lon.

With the exception of FRETN 55-65, complete steady-state kinetic analyses of E. coli Lon
degrading the FRETN 1-21, FRETN 35-45, FRETN 79-89 and FRETN 89-98 peptides were
performed using the continuous fluorescence based assay. The steady-state rate (kobs) of
peptide hydrolysis was determined under conditions of saturating ATP and varying
concentrations of peptide. A complete kinetic study of the FRETN 55-65 peptide could not be
completed due to peptide solubility issues. Nevertheless, ATP-dependent peptide cleavage
occurred up to 25 μM of FRETN 55-65 (the solubility limit of this peptide), but the rate of the
reaction was significantly slower compared to the one observed for FRETN 89-98 under
identical substrate concentration (data not shown). Therefore FRETN 55-65 is likely a poorer
substrate than the FRETN 89-98 substrate (data not shown).

As shown in Fig 3, sigmoidal plots are observed when the kobs (observed rate/[Lon]) values
of ATP-dependent peptidase reactions are plotted as a function of peptide concentration. The
data are best fit with eq. 1 and the results are summarized in Table 1. Comparing the kcat and
Km values for the various peptides (Fig 2) in Table 1, reveals that FRETN 89-98 has the highest
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kcat/Km value, suggesting that it is a more “optimized” substrate compared to the others shown
in Fig 2. There is also a difference in the Km and kcat values for peptide cleavage, but not in
the extent of ATPase stimulation (Table 2) among the substrates examined. The observed rate
constants for ATPase activity with the various FRETN peptides (with the exception of FRETN
55-65 due to problems with solubility) as well as the enhancement over the intrinsic ATPase
activity without peptide are reported in Table 2. All the peptides stimulate the ATPase activity
of E. coli Lon to approximately the same extent as FRETN 89-98. The relative sensitivity of
the peptidase, but not ATPase activity towards variations in peptide substrate sequence,
implicates the existence of “localized” substrate determinants for the proteolytic site of E.
coli Lon within the ~ 9 amino acid substrates.

Alanine scan of FRETN 89-98 peptide
We performed an alanine scan of FRETN 89-98 to examine which residues within the substrate
are important for recognition by the enzyme. Each amino acid in FRETN 89-98 was
systematically substituted by an alanine residue to yield the Class I peptides (Table 3). The
ATPase activity of E. coli Lon in the presence of the alanine scan peptides was measured using
the radiolabeled ATPase assay previously described (13). All the peptides stimulated the
ATPase activity of E. coli Lon to approximately the same extent as the FRETN 89-98 peptide
(data not shown).

The steady-state rates of peptide hydrolysis for each peptide with saturating ATP and varying
concentrations of peptide (25 – 200 μM) were measured using the continuous fluorescence
based assay used previously for FRETN 89-98 (14). Calibration curves for each peptide were
created by completely digesting known amounts of peptide with trypsin and measuring the
maximum amount of fluorescence generated. At peptide concentrations greater than ~ 150
μM the linear change in fluorescence was decreased due to the inner filter effect (32). The inner
filter effects were corrected at peptide concentrations greater than 150 μM by determining the
percentage of fluorescence that is reduced relative to the linear calibration curve. The rates of
peptide hydrolysis were corrected by dividing the rate at a specific peptide concentration by
the percentage of fluorescence reduction at the same peptide concentration (14). All of the rates
were converted to observed rate constants (kobs) by dividing by the enzyme concentration. The
observed rate constants were plotted as a function of peptide concentration and the data were
fit best with eq. 1 to yield the kinetic parameters summarized in Table 3. Comparing the kcat
and Km values among the Class I peptides reveal that the latter values are relatively insensitive
to positional alanine substitution. The kcat values of the FRETN 89-98 I91A, FRETN 89-98
C93A, and FRETN 89-98 R96A peptides are ~ 3-to 4-fold reduced compared to the rest of the
Class I and FRETN 89-98 peptides (Fig 4 and Table 1), suggesting that these positions, which
are I91 (P3), C93 (P1), and R96 (P3’) contribute to the peptidase specificity.

To further evaluate the involvement of I91, C93 and R96 in FRETN 89-98 (Fig 2), the steady-
state kinetic parameters of peptide cleavage in the Class II substrates were determined (Table
3). Within the errors of analyses, the Km values of the Class II substrates were comparable.
However, switching the positions of I91 and R96 reduces the kcat of peptide cleavage by almost
30-fold (C2-001 in Table 3). In addition, the kcat values of the peptides containing alanine
replacement at > 1 of the aforementioned recognition sites (C2-002 to C2-003 in Table 3) differ
from FRETN 89-98 by 30-to 50-fold. By contrast, the kcat values of peptides retaining 2 or
more of the recognition sites (C2-004 and C2-005) are comparable to those determined for
FRETN 89-98 or the Class I substrates. Taken together, these results indicate that the P3, P1
and P3’ positions are crucial for determining the substrate cleavage efficiency as manifested
in the kcat of E. coli Lon protease, and a set of localized but discontinuous substrate
determinants exist in the proteolytic site of E. coli Lon.
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Importance of the C-S cleavage site in the FRETN 89-98 peptide
The FRETN 89-98 peptide is cleaved by E. coli Lon at a single site between the Cys93 and
Ser94 residues (13). Results from the alanine scan experiment (Table 3, Class I peptides)
indicate that replacing Cys93 with Ala reduces the kcat of peptide cleavage by approximately
3 fold, but replacing Ser94 with Ala imposes little effect. To further explore the importance of
the P1 and P1’ positions in conferring peptide cleavage efficiency in the proteolytic site of E.
coli Lon, we synthesized and determined the steady-state kinetic parameters for ATP-
dependent cleavage of the Class III peptides (Table 3). According to Table 3, the Km values
of the FRETN 89-98 C93G and FRETN 89-98 C93S peptides are similar to the Km of FRETN
89-98 (Table 1); but the kcat values of peptide cleavage are reduced by 180-to 300-fold. On
the contrary, replacing the Ser94 (at the P1’ position) with a Gly residue (FRETN 89-98 S94G)
results in very little effect on Km, and a 3-fold reduction in kcat.

Taken together, our results suggest that P1 has a lower tolerance than P1’ in accommodating
substrate diversity. The significant reduction of the kcat in the Gly-and Ser-but not Ala-
substituted C93 in FRETN 89-98 could be attributed the hydrophobicity of the substituted
amino acid. Black and Mould calculated the logarithm of the partition coefficient (log P) for
transfer from a polar to nonpolar phase (a measure of hydrophobicity) (33). Using the log P
values they assigned a value from 0 (most polar) to 1.0 (most hydrophobic) to all 20 amino
acids. The peptides with the most hydrophobic amino acid at the P1 position are the best
substrates for Lon: Cys (0.680) > Ala (0.616) > Gly (0.501) > Ser (0.359). In addition, Gly
contains a hydrogen atom as side chain, and is thus structurally less constrained than the other
amino acids. As such, it is plausible the scissile bond in the FRETN 89-98 C93G peptide could
not be oriented productively in the proteolytic site of E. coli Lon, which leads to the observed
low kcat value.

Examine peptide binding to E. coli Lon by NMR spectroscopy
Previously, we demonstrated that the proteolytically inactive E. coli Lon mutant S679A
displays wild type-like ATPase activity (34). The kinetic mechanism of peptide interaction
with S679A has been determined. Upon defining the importance of the P3, P1 and P3’ sites in
this study, we examined the extent to which nucleotide binding to E. coli Lon affects enzyme
interaction with these three sites. To accomplish this, we utilized HSQC NMR spectroscopy
to probe changes in the interaction between S679A Lon with the respective substrate
recognition sites within the peptide containing residues 89-98 of λN. Three peptides, which
contained uniformly labeled 13C (at the α-carbon and side chains), and 15N at the amide
nitrogen at the P3 Ile and P3’ Arg, 13C and 15N labels at the P1 Leu, and 13C and 15N labels
at the P3 Ile, were synthesized and used as probes to monitor peptide interaction with Lon upon
binding to the protease inhibitor ADP and activator AMPPNP.

The 1H-15N HSQC spectra for the Ile/Arg and Leu isotopically labeled peptides are shown in
Fig 6. The spectra of the Ile labeled peptide (not shown) were used as references to assign the
Ile and Arg signals in the Ile/Arg peptide spectra shown in Fig 6A to E. The 1H-15N HSQC
spectra, which detects 1H atoms directly attached to 15N atoms, is a standard NMR experiment
that provides structural information about the backbone of peptides and proteins. As can be
seen in Fig 6, significant signal broadening is observed in the peaks of both peptides in the
presence of nucleotide (ADP or AMPPNP) and E. coli Lon. Interestingly, in the presence of
E. coli Lon alone, the Ile/Arg exhibit a slight chemical shift change but little signal broadening
(compare Figs 6A, 6C and 6E), whereas the Leu has no significant change in chemical shift,
but signal broadening is observed (compare Figs 6F, 6H and 6J). The signal broadening
phenomenon reflects that the peptide/enzyme interaction is occurring relatively fast on the
NMR timescale, and is correlated with an increase in binding affinity. On the other hand,
changes in the chemical shifts of the labeled peptides reflect a relatively rapid binding
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equilibrium on the NMR data acquisition timescale, and a weaker ligand binding scenario
compared to the signal broadening situation. Analysis of the 1H-13C HSQC spectra showed
similar broadening in the α-carbon and no peak movement in the side chains (data not shown).
Differences in the spectral signals are further detected in the peptide samples containing E.
coli Lon and ADP or AMPPNP (compare Figs 6B, 6D and 6E; Figs 6G, 6I and 6J), suggesting
that the extent of peptide interaction with E. coli Lon is dictated by the specific nucleotide
present. The signal broadening observed at the Leu residue in the presence of AMPPNP (Fig
6G) is more pronounced than that of the spectra corresponding to the presence of ADP (Fig
6I). Furthermore, the relative weakening of signal detected in Fig 6I compared to Fig 6G
suggests that the association of peptide to E. coli Lon is probably stronger in the presence of
AMPPNP.

It is also interesting to note that in the absence of nucleotide, the different regions of the peptide
behave differently with the enzyme alone, as can be seen in Figs 6E and 6J. The change in
chemical shift seen in 6E suggests that the Ile and Arg residues are in a different chemical
environment, but may not be interacting as strongly with the enzyme as the Leu (Fig 6J) residue,
where the detection of signal broadening is consistent with the binding equilibrium strongly
shifted to the S679A:peptide complex.

Wild type λN and λN deletion mutant protein purification and degradation
E. coli Lon cleaves the λN protein at seven major cleavage sites (10). We synthesized and
tested model peptides corresponding to these cleavage sites and found that the region spanning
residues 89-98 of the λN protein is kinetically favored compared to the others (Fig 2 and Table
1). As some substrates contain a “recognition tag sequence”, which functions to aid the binding
of substrates to Lon, we question whether residues 89-98 of λN confer a similar function. To
evaluate this possibility, three λN mutants (λNΔ89-98, λNΔ89-107, and λNΔ99-107) were
generated and purified using the same procedure as for the wild-type enzyme. The protein
NΔ89-98 lacks residues 89-98, λNΔ89-107 lacks residues 89-107 and λNΔ99-107 lacks
residues 99-107 (Fig. 7). The ATP-dependent degradation of mutant λN by E. coli Lon was
monitored like wild type λN using a discontinuous protease assay, where each time point was
quenched by gel loading dye containing 0.1% SDS that denatured the enzyme. The time courses
of protein degradation are shown in Fig 7. It is discerned from Fig 7 that λNΔ89-98 is degraded
with comparable efficiency as the wild type protein, but λNΔ89-107 and λNΔ99-107, which
both lack the carboxyl terminus containing residues 99-107, are degraded at a slower rate.
These results indicate that residues 99-107 rather than 89-98 are required for optimal λN protein
degradation by E. coli Lon. The λN mutant study suggests that the carboxyl terminus of the
λN protein contains some sort of Lon recognition sequence that functions to promote substrate
degradation. However, additional signals located beyond residues 99-107 in λN likely
contribute to substrate recognition, as the λNΔ89-107 and λNΔ99-107 mutants are still
degraded by E. coli Lon, albeit with reduced efficiency.

Discussion
Lon catalyzes the hydrolysis of proteins into small peptides ranging from 5 – 15 amino acids
in length (3). No consensus sequence has been determined which allows the prediction of
cleavage sites a priori, however, some preference has been seen for cleavage after hydrophobic
and non-polar residues (10,35-37). Examining the degradation profile of the λN protein by the
E. coli enzyme implicates the involvement of residues distal to the scissile bond in cleavage
site selection, as sites with identical amino acids sequences are not cleaved (Fig 1) (10). On
the basis that the kcat and Km values in the peptidase activity of E. coli Lon vary with peptide
sequences (Table 1), we conclude that the cleavage specificity at the proteolytic site of E.
coli Lon extends beyond the scissile site (P1-P1’). Through a positional alanine scan of FRETN
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89-98 as substrates of E. coli Lon (Table 2, Classes I and II peptides), we further demonstrated
the existence of multiple discontinuous substrate determinants located distal from the scissile
site. In the case of FRETN 89-98, the substrate determinants are located at P3, P1 and P3’. As
evident from the kcat values in the Class II peptide (Table 2), removal of side chain interaction
by Ala at any one of these three positions modestly affects the cleavage of the respective
substrate, elimination of multiple interactions between peptide with E. coli Lon significantly
hampers substrate efficacy. Previously, we employed transient kinetic techniques to
demonstrate that an ATP-dependent substrate delivery step constitutes the rate-limiting step
in the first peptidase turnover in E. coli Lon (38). Therefore, the interaction between E. coli
Lon and the three substrate determinants may be attributed to reduction in the substrate delivery
step, which is manifested in the reduction in kcat of the peptidase activity of E. coli Lon.

The interactions between E. coli Lon and the substrate determinants in FRETN 89-98 were
further investigated by monitoring the HSQC signals between peptides isotopically labeled at
the P3, P1 and P3’ sites. In the case of the P1 site-labeled peptide, the Cys residue (Fig 2) was
replaced by 13C and 15N labeled Leu. This replacement did not affect the kinetics of peptide
cleavage (data not shown) and greatly simplified the peptide synthesis procedure. As suggested
by the data presented in Fig 6, the Lon, Lon:ADP and Lon:AMPPNP complexes exhibit
differences in their mode of interaction with the labeled peptides; and Lon:AMPPNP, which
represent the ATP bound enzyme form, appears to bind peptide at higher affinity than
Lon:ADP. The detection of variation in substrate affinity associated with different nucleotide
binding to Lon is reminiscent of the “alternating affinity” mechanism proposed to account for
the processive protein degradation activity of the heterosubunit ATP-dependent protease
ClpAP (39). In the alternating affinity mechanism, the ATP and ADP bound enzyme forms
exhibit different affinity for the polypeptide substrate such that repeated cycles of ATPase leads
to processive translocation of the substrate to the proteolytic subunit. As Lon is also a
processive protease, it is conceivable a similar alternating mechanism exists. Therefore, it is
plausible that the P3, P1 and P3’ sites in the FRETN 89-98 substrate are important for substrate
translocation, the rate-limiting step of the peptidase reaction catalyzed by E. coli Lon. Removal
of these interactions, such as by alanine scan, will thus likely reduce the kcat of peptide cleavage,
as has been observed in the Class I and II peptides (Table 3).

Comparing the HSQC data in Fig 6E and 6J also reveals that E. coli Lon interacts more with
Leu at P1 than with Ile at P3 and Arg at P3’. This result explains why the C93G and C93S
replacements in the Class III peptides (Table 3) almost abolish substrate efficacy, which results
in significantly low kcat values. Possibly, the lack of productive side chain interaction at the
P1 position hinders proper positioning of the scissile bond for attack by the proteolytic site
S679 in Lon. Additional experiments concerning the investigation of uniformly-labeled
FRETN 89-98 interacting with E. coli Lon by NMR spectroscopy are currently underway to
further elucidate the mechanism of peptide interaction with Lon.

In some Lon substrates, certain regions within the substrate interact more strongly with Lon
to increase the affinity of substrate binding, thereby facilitating subsequent degradation. In
light of the relatively higher kcat and lower Km of FRETN 89-98 (Table 1), we question whether
residues 89-98 in λN bear such a function. To this end, we compared the time courses of λN
and truncated λN mutants lacking residues 89-98 and/or 99-107 degradation by E. coli Lon
(Fig 7), and discovered that residues 99-107 rather than 89-98 of λN promote substrate
degradation. Therefore, our results indicate that favorable kinetic parameters within a peptide
substrate do not necessary constitute an “affinity tag” in a substrate. Interestingly, residues
99-107 in λN, which was previously shown by Maurizi to be relatively resistant to cleavage
by E. coli Lon (10), facilitate λN degradation. Conceivably, this stretch of peptide may act as
an affinity tag to promote substrate binding to Lon. As the deletion of residues 89-98 alone
does not affect the efficiency of λN degradation (Fig 7), E. coli Lon likely binds to different
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regions of λN during protein degradation such that eliminating the interaction between residues
89-98 and the enzyme does not hinder substrate binding and degradation efficiency. Additional
experiments will be needed to further elucidate the function of residues 99-107 of λN.

In conclusion, this work demonstrates that the proteolytic site of E. coli Lon exhibits sequence
specificity by interacting with multiple substrate residues in a discontinuous manner.
Previously, it has been shown that E. coli Lon interacts synergistically with a protein substrate
at multiple sites (10,25). It appears that the strategy is also employed in a more localized area
to confer cleavage efficiency and/or specificity at the proteolytic site. As Lon is a stress-induced
protease that needs to process damaged proteins of diverse sequences, the aforementioned
substrate sampling strategy justifies the promiscuity of the peptide sequences that are processed
by Lon. We propose that the use of synthetic peptides as mechanistic probes will be beneficial
strategy for the development of proteolytic site-directed inhibitors for Lon. Recently, studies
have indicated that Lon protease is required for systemic infection of the bacterial pathogen
Salmonella enterica Typhimurium causing gastroenteritis in humans (40,41). Therefore the
production of specific inhibitors against bacterial Lon could potentially benefit antibiotic
development. The work presented here provides a starting point for such an endeavor.
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Abbreviations
Abz  

anthranilamide

ATP  
adenosine tri-phosphate

ADP  
adenosine di-phosphate

AMPPNP  
adenylyl 5-imidodiphosphate

Boc  
tert-butoxycarbonyl

BSA  
bovine serum albumin

Bz  
benzoic acid amide

Dansyl  
5-(dimethylamino)naphthalene-1-sulfonyl

Dlu  
density light units

DTT  
dithiothreitol

Fmoc  
9H-fluoren-9-ylmethoxycarbonyl

FRET  
fluorescence resonance energy transfer

HBTU  
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O-benzotriazole-N,N,N’,N’-tetramethyluroniumhexafluorophosphate

HEPES  
N-2-hydroxyethylpiperzaine-N’-ethanesulphonic acid

IPTG  
isopropyl-beta-D-thiogalactopyranoside

KOAc  
potassium acetate

λN  
also known as the lambda N protein, a lambda phage protein that allows E. coli
RNA polymerase to transcribe through termination signals in the early operons
of the phage

Mg(OAc)2  
magnesium acetate

NO2  
nitro

PEI-cellulose 
polyethyleneimine-cellulose

SDS  
sodium dodecyl sulfate

SDS-PAGE  
sodium dodecyl sulfate polyacrylamide gel electrophoresis

TLC  
thin layer chromatography

TPCK  
tosyl phenylalanyl chloromethyl ketone

Tris  
2-amino-2-hydroxymethyl-1,2-propanediol
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Figure 1. λN protein sequence and cleavage profile by E. coli Lon (10)
The λN protein is an intrinsically unstructured endogenous protein substrate of E. coli Lon. It
has seven major Lon cleavage sites as indicated by the arrows. The amino acids that make up
the FRETN89-98 peptide are highlighted in the rectangle. The underlined A-Q pairs highlight
the lack of specificity of Lon, in that the amino acid residues flanking the scissile site alone do
not warrant peptide bond cleavage, as 16A-17Q but not 3A-4Q was selectively cleaved by
E.coli Lon.
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Figure 2. Amino acid sequences of the fluorescent FRETN peptide substrates designed based upon
the degradation profile of λN by E. coli Lon
Peptides were synthesized corresponding to various regions of the λN protein cleaved by Lon.
The Lon cleavage sites are underlined. With the exception of FRETN 79-89, all peptides
contain the Y(NO2) on the N-terminal and the Abz on the C-terminal. The kinetic parameters
for the cleavage of L60-A61 and A61-E63 in the peptide substrate (see Figure 1) could not be
determined because the concentrations of substrate needed to obtain a velocity saturation plots
exceeds the solubility limit of this peptide in the reaction buffer. Each peptide contains the
same length and the same internal fluorescence quenching pair: Y(NO2) which quenches the
fluorescence of Abz in the intact substrate. Though not native to the full length protein, in the
peptides the Y(NO2) is assigned a number in the peptide sequence. Upon peptide bond
cleavage, separation of Y(NO2) from Abz allows the detection of fluorescence emission
generated by the latter at excitation 320 nm and emission 420 nm.
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Figure 3. Steady-state kinetics of ATP-dependent hydrolysis of FRETN peptide substrates by E.
coli Lon
The steady-state rate constants (kobs) of peptide hydrolysis with varying concentrations of
FRETN11 21 (●), FRETN25-35 (■), FRETN35-45 (○), FRETN79-89 (◊),and FRETN89-98
(X) were determined using the continuous fluorescence based peptidase assay as described in
materials and methods (13). The kobs values, determined by dividing reaction rates with enzyme
monomer concentration, were plotted as a function of peptide concentration. The data were
best fit with eq 1 (materials and methods) to yield the kinetic parameters summarized in Table
3. The fit of the data is illustrated by solid lines.
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Figure 4. Graphical comparison of the kcat values of FRETN 89-98 alanine-substituted peptides
degradation by E. coli Lon
The kcat values for the ATP-dependent cleavage of the Class I peptides by E. coli Lon were
determined using the fluorogenic peptidase assay described in methods and materials, in the
presence of 150 nM Lon monomer and various concentrations of the indicated peptide at
saturating ATP (500 μM). The velocity data were best fit with eq 1 to yield a Hill coefficient
of 1.6 and the corresponding kcat and Km values. The kcat values of the respective peptides are
compared. The kcat values for the peptides containing Ala substitution at the P3, P1 and P3’
positions are relatively lower than the others. Additional kinetic parameters are summarized
in Table 3, under Class I peptides.
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Figure 5. The P3, P1 and P3’ positions are crucial for determining substrate specificity
The kcat (■) and Km ( ) values for ATP-dependent cleavage of the Class II peptides (Table 3)
by E. coli Lon are compared. The rates of peptide cleavage were determined using the
fluorogenic peptidase assay described in materials and methods in the presence of 150 nM Lon
monomer, various concentrations of the indicated peptides and 500 μM ATP. The Km values
vary slightly among the peptide substrates but the kcat values exhibit significant reduction when
> 1 Ala substitution are introduced into the peptide substrate.
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Figure 6. Detect binding interaction between peptide substrate interacting with the proteolytically
inactive Lon mutant S679A in the absence and presence of ADP or AMPPNP
1H-15N HSQC spectra of synthetic peptide with 15N-labels on the backbone nitrogens of Ile
and Arg (A-E) or Leu (F-J) in the presence of 0.1 mM ADP without (A, F) and with (B, G)
Lon, 0.1 mM AMPPNP without (C, H) and with (D, I) Lon and Lon alone (E, J). The data
suggests that the peptide-enzyme association is stronger in the presence of AMPPNP than ADP
and Lon appears to interacts more with P1-Leu than P3-Ile and P3’-Arg.
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Figure 7. Compare the time course of λN deletion mutants degradation by E. coli Lon
Purified wild-type and truncated λN lacking residues 89-98 (λNΔ89-98), 99-107 (λNΔ99-107)
and 89-107 (λNΔ89-107) were digested with E. coli Lon in the presence of 1 mM ATP at the
indicated times. The progress of the degradation reactions were monitored by 12.5% SDS-
PAGE as described in materials and methods. All three mutants are degraded by Lon, but the
wild type and λNΔ89-98 proteins are degraded faster than the λNΔ89-107 and λNΔ99-107
proteins, indicating that the presence of residues 99-107 promotes protein degradation by Lon.
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Table 1
Steady-state kinetic parameters for peptidase activity with λN peptides
The steady-state rates of peptide cleavage of the following peptides were monitored by fluorescence spectroscopy as
described in the peptidase section of materials and methods to yield the velocity saturation plots of the corresponding
substrates. The velocity data were best fit with eq 1 to provide a Hill coefficient (n = 1.6) and the kcat and Km values
as summarized below.

kcat (s
-1) Km (μM) kcat/Km (× 104 M-1s-1)

FRETN 11-21 0.97 ± 0.06 524 ± 149 0.18

FRETN 25-35 11.3 ± 0.7 836 ± 290 1.3

FRETN 35-45 9.5 ± 0.2 461 ± 92 2.0

FRETN 55-65 ND ND ND

FRETN 79-89 3.0 ± 0.1 479 ± 87 0.6

FRETN 89-98 9.0 ± 0.5 102 ± 30 8.8

ND: not determined due to solubility problem
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Table 2
Steady-state kinetic parameters for ATPase activity with λN peptides
The reported kobs values for the ATPase activity of Lon in the absence and presence of various peptides were obtained
by dividing the rate of ATP hydrolysis determined using the radiolabeled ATPase assay described in materials and
methods by the concentration of enzyme monomer used. Stimulation values show the degree to which the rate of ATP
hydrolysis was increased in the presence of peptide by dividing the kobs in the presence of peptide by the kobs in the
absence of peptide. All peptides with the exception of FRETN 55-65 stimulated the ATPase activity of Lon to
approximately the same extent.

kobs (s
-1)

Stimulation 
kobs (peptide)

kobs (intrinsic)

intrinsic 0.34 ± 0.02 -

FRETN 11-21 1.00 ± 0.25 2.9

FRETN 25-35 1.35 ± 0.29 4.0

FRETN 35-45 1.47 ± 0.39 4.3

FRETN 55-65 ND -

FRETN 79-89 1.08 ± 0.02 3.2

FRETN 89-98 1.21 ± 0.06 3.6

ND: not determined due to solubility problem
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Table 3
Steady-state kinetic parameters for peptidase activity with λN 89-98 peptide variants
From the FRETN 89-98 model substrate, additional peptides were synthesized to identify the residues important for
activity. Steady-state kinetic parameters for peptidase activity were determined using the fluorogenic peptidase assay
as described in materials and methods. Class I peptides represent the alanine scan, in which each residue, in turn, was
replaced by an alanine while other residues remained the same. Of the Class I peptides, alanine substitutions at I91
(P3), C93 (P1), and R96 (P3’) showed a large decrease in the kcat/Km values, identifying these residues as important
for maximal peptidase activity. Class II peptides contain substitutions of the three residues that were identified as
integral to peptidase activity. Maximum activity occurred in C2-005, where the only non-alanine residues were at I91,
C93 and R96. In the peptide C2-003, with alanine substitution at all three residues, peptidase activity was practically
abolished. Class III peptides contained substituted at the cleavage site, indicating the importance of the C93 (P1).

Class I peptides kcat (s
-1) Km (μM) kcat/Km (×104 M-1s-1)

FRETN 89-98 R89A 8.5 ±0.4 165 ± 38 5.1

FRETN 89-98 G90A 7.2 ± 0.6 104±36 6.9

FRETN 89-98 I91A 2.1 ±0.3 168±69 1.2

FRETN 89-98 T92A 6.2 ±0.5 121±41 5.1

FRETN 89-98 C93A 3.3±0.3 146±47 2.2

FRETN 89-98 S94A 6.7±0.8 80±40 8.4

FRETN 89-98 G95A 8.7±0.6 123±38 7.0

FRETN 89-98 R96A 2.5±0.2 117±39 2.1

FRETN 89-98 Q97A 5.6±0.8 99±51 5.6

Class II peptides

FRETN 89-98 I91R, R96I (C2-001) 0.33±0.03 156±58 0.21

FRETN 89-98 I91A, R96A (C2-002) 0.24±0.03 199±83 0.12

FRETN 89-98 I91A, C93A, R96A (C2-003) 0.16±0.05 325±200 0.04

FRETN 89-98 All Ala except I91, R96 (C2-004) 6.7±0.1 133±75 5.0

FRETN 89-98 All Ala except I91, C93, R96 (C2-005) 4.7±0.2 56±15 8.4

Class III peptides

FRETN 89-98 C93G 0.031±0.01 206±98 0.01

FRETN 89-98 C93S 0.051±0.01 208±92 0.02

FRETN 89-98 S94G 3.67±0.57 196±92 1.9
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