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Abstract

The lethal factor of Bacillus anthracis is a major factor for lethality of anthrax infection by this
bacterium. With the aid of the protective antigen, lethal factor gains excess to the cell cytosol
where it manifests toxicity as a metalloprotease. For better understanding of its specificity, we
have determined its residue preferences of nineteen amino acids in six subsites (from P3 to P3’) as
relative keat/Kn values (specificity constants). These results showed that lethal factor has a broad
specificity with preference toward hydrophobic residues, but not charged or branched residues.
The most preferred residues in these six subsites are, from P1 to P3’, Trp, Leu, Met, Tyr, Pro, and
Leu. The result of residue preference was used to design new substrates with superior hydrolytic
characteristics and inhibitors with high potency. For better use of the new findings for inhibitor
design, we have modeled the most preferred residues in the active site of lethal factor. The
observed interactions provide new insights to future inhibitor designs.
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1. Introduction

Anthrax is a disease caused by the infection of Bacillus anthracis, a gram-positive spore-
forming bacterium usually found in the soil [1]. The infectious spores of the bacterium can
enter human body through the gastrointestinal tracts (ingestion), skin (cutaneous), and lungs
(inhalation) and produce distinct clinical symptoms [2]. Inhalational anthrax is the most
dangerous form to human and is usually fatal. There has been an increasing interest in the
development of treatment for Anthrax especially in view that B. anthracis spores have been
used as a bio-weapon. Therefore, the understanding of the lethal mechanism of anthrax is of
basic scientific importance.
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Once B. anthracis spores are inhaled into the host, they rapidly germinate and proliferate in
the circulation system. Vegetative B. anthracis secretes three plasmid-encoded toxin
proteins named protective antigen (PA), lethal factor (LF) and edema factor (EF). They
work together to cause most of the pathological consequences in the host. PA can combine
with LF to form lethal toxin (LeTx) or with EF to form edema toxin (EdTx). These
complexes gain entrance to cells through receptor binding to PA, a process ultimately
delivers LF and EF to the cytosol. The pathological activities of these toxins are manifested
in the cytosol by their enzymic activities. EF is an adenylate cyclase which causes increased
level of cCAMP in the cells. LF is a metalloproteinase and is by far the most toxic component
of the B. anthracis infection [3,4]. The administration of low dosage of LT is lethal to
experimental animals [1]. In human inhalation anthrax, the elimination of bacteria by
antibiotics was frequently insufficient to rescue the patients [5]. Such clinical failure was
thought to have caused by the presence of active LF in the cells. The best established
cellular targets of LF are the members of MAP kinase kinase (MAPKK) family and the
inactivation of these enzymes may account for some of the toxicity of LF [6-8]. However,
other protein substrates of LF have also been proposed [9]. These observations suggest that
LF is a potential therapeutic target of anthrax for the development of small molecular
inhibitor drugs and the full understanding of LF specificity would be beneficial to this end.

The catalytic unit of LF which performs substrate recognition and hydrolysis is formed by
three of the four domains in LF. The catalytic active site comprises a bound Zn atom and
three histidine side chains. From the crystal structure of substrate peptide bound to LF [10],
the binding cleft is large enough to accommodate several amino acid residues (subsites).
Preliminary specificity of the subsites has been derived from the alignment of sequences
around the LF cleavage sites of MAPKK enzymes [11]. The lack of clear consensus residues
in the subsites (Table 1) suggests that LF has a broad amino acid preference in nearly all the
subsites, an assumption supported by kinetic data on synthetic peptide substrates [12].
Although peptide inhibitors of LF based on cleavage site sequence of MAPKKSs have shown
good potency [13], they are too large in molecular size to be useful in clinical settings.
Detailed knowledge on LF subsite specificity would provide insights for the design of small
potent inhibitors with pharmacological potentials. Here we report the residue preferences in
six subsites of LF (from P3 to P3) determined as kinetic parameter, relative kqat/Km. The
protein-substrate interactions was also studied by molecular modeling of binding modes of
the most preferred residues in these subsites.

2. Materials and methods

2.1. Design of the substrate mixtures

Peptide mixtures were designed and synthesized based on a peptide template as
RGKKKVLR* ILLN (in which the star denotes the cleaving site) which was known to be
cleaved by LF. For characterization of each of the six subsites studied, a peptide mixture
composed of 19 equal molar peptides which were differed only by one amino acid at a
single subsite was designed and synthesized in an appropriate cycle of solid-phase peptide
synthesis (Synpep, Dublin, CA). Because limiting the number of peptides in a mixture
facilitated their identification [14], the 19 peptides were grouped into four sets of substrate
mixtures according to their molecular weights of all the amino acid studied. Thus, 24
substrate mixtures in total were required for characterization of all the six subsites. A
substrate with known k,t/Kpy, will be added to each mixture to work as an internal standard.

2.2. Initial rate determination

Substrate mixtures were dissolved in DMSO at 10 mM as stocks and were further diluted to
10 uM in 20 mM HEPES, pH 7.4, 0.1 mg mI~1 BSA. Reactions were initiated at 37 °C by
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the addition of 10 nM LF. Aliquots were removed at different time points and reactions were
stopped by the addition of formic acid (10% of reaction system in volume). Quantitative
analysis was conducted by ESI-LC MS. The system was composed of an Agilent 1100
HPLC, a Clipeus 1 x 50 mm 5 mm C-18 column, and a Bruker Microtof ESI-LC MS. The
HPLC buffers used were: A —99.5% H20, 0.5% Formic Acid, and B — 99.5% ACCN, 0.5%
Formic Acid. Separations were conducted using a 5% to 50% B gradient over 4 minutes at a
flow rate of 200 ml/min. lon detection was accomplished using the time of flight instrument
in positive reflector mode with ion detection between 200 and 2000 m/z through an ESI
interface. Data were analyzed by Quant Analysis software equipped with the ESI mass
spectrometer to obtain peak areas of the substrates and their corresponding products in a
given reaction.

Each of the libraries was incubated with LF and the hydrolysis was analyzed in ESI-LC MS.
To work out the hydrolytical conditions and monitor procedures, a mode peptide with the
sequence of RGKKKVLRILLN was incubated with LF and analyzed. In order to compare
their hydrolysis rates, relative product formation was calculated as a ratio of the peak area of
a product to the sum of the areas of both the product and its corresponding substrate. Data
were plotted in terms of relative product formation as a function of reaction incubation time.
Initial velocity was obtained from nonlinear regression analysis representing the initial 15%
formation of product. The relative initial velocity of different substrate is equal to the
relative Keat/Km.

2.3. Determination of kinetic parameters

The kinetic experiments for investigating K, and kg4 for synthesized LF fluorogenic
substrates were performed in a buffer of 0.1 M HEPES, pH 7.4 at 37 °C. Reactions were
performed in black flat-bottomed 96-well plates by mixing LF (10 nM) with varying
concentrations of the fluorogenic substrates. The hydrolysis of substrate was monitored by
continuously measuring the increase of fluorescence intensity using a TECAN 200, a
fluorescence microplate reader. An excitation wavelength of 325 nm and an emission
wavelength of 393 nm were used to monitor the changes of fluorescence intensity. The
reaction rate of substrate hydrolysis for each substrate concentration was obtained as the
initial velocity which was calculated as the ratio of initial 15% product formation to the
reaction time. The final reaction curve was plotted as reaction rate as a function of substrate
concentrations. The kinetic parameters, K, and Vyax, Were gained by fitting the reaction
curve using GraFit 5 (Erithacus Software, Horley, Surrey, U.K.), a nonlinear regression
analysis software. Kqot Was calculated as the ratio of Ve to the initial LF concentration
[14-15].

2.4. Investigation of inhibition constants of LF inhibitors

Both the kinetic assays for investigating inhibition constants (K;) and data analysis were
similar to 2.3 except that investigation of inhibition constants of LF inhibitors required the
presence of LF inhibitor at different concentrations. The final result was plotted as different
initial velocities as a function of varying concentrations of LF inhibitor. The K; values were
obtained by fitting the curve using software of GraFit 5 [16].

2.5. Molecular modeling of subsite binding

A hexapeptide containing the most preferred residues was modeled into the active site of LF
using the X-ray structure of LF complexed with a MAPKK peptide (PDB access code
1pww) [12]. Firstly, the side chains of the original peptide were replaced with the optimized
residues and then the substrate and surrounding LF residues (residues A297-1345, L368-
Q417, P551-S776) were subjected to 20 cycles of conjugate gradient energy minimization
calculations using program CNS / Crystallography & NMR System [17]. During the
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process, the total energy decreased from 3058.5 to 2767.7, finally, the residues were fixed
and examined for their contacts in graphic models.

3. Results

3.1. Determination of substrate side-chain preference

We examined the residue preference of LF on six central subsites, S3, S2, S1, S1’, S2’, and
S3’, which bind 3 residues on each side of the scissile bond. These subsites are the major
determinants for substrate binding of proteases in general and the interaction of small potent
inhibitors would not be expected to involve subsites outside of these six. We determined the
relative koot K, (Specificity constant) values of 19 amino acids in all six subsites using a
competitive hydrolysis strategy which has been successfully used in the determination of
subsite specificities of two other proteases [14,16,18,19]. The procedure involved the
determination in a mass spectrometer of the initial rates of hydrolysis from a substrate
mixture which differed only by the amino acids at a single subsite from a template sequence
of RGKKKVLR*ILLN (where the subsites to be studied are shown in boldface and the
astrisk denotes the cleaving site). Under such conditions, the relative rates are directly
related to the relative keq/Krn, the specificity constant (see method section). This approach
generated rapidly the specificity information but did not require the tedious determination of
individual kege and Ky, values.

The substrate side-chain preferences for the six subsites from P3 to P3” as expressed in
relative Keat/Kim, are shown in Figure 1 and numerically listed in Table 1. These results show
that LF has somewhat broad specificity in all six subsites. In general, residue preferences in
subsites P1, P2 and P3 are more stringent than those in subsites P1’, P2” and P3’. Subsites
P1 and P2 each prefer three residues (Met, Ala and Pro for P1 and Leu, Phe and Tyr for P2)
with very low activity toward other amino acids. Subsites P3 and P1’ each prefer a single
amino acid (Trp for P3 and Tyr for P1”) but have high background activities for many other
residues. Subsites P2’ and P3’ showed some preferences (Pro and Ala for P2’ and Leu, lle,
Met and Phe for P3’) but can also accommodate many other residues almost as well. All the
most preferred residues are hydrophobic amino acids while acidic residues (Asp and Glu)
are disfavored in all subsites. Branched residues (lle and Val) are not preferred in the P
subsites but are better accommodated in the P” subsites. Basic residues (Lys, Arg and His)
are tolerated only in P2’ and P3’ subsites.

3.2. Design new LF substrate with preferred subsite residues

We used the subsite preference information in Fig. 1 to design a new LF substrate No. 3,
Mca-KKWLM-YPLEK-Dnp, that incorporated six most favored residues (in boldface
letters). Two franking residues at each of the N- and C-terminus were added for direct
comparison with a previously reported LF substrate No. 2 [12] (Table 2). Mca and Dnp are
fluorophore and quenching groups for quantitative FRET based fluorescent assay. A third
substrate No. 1 (Table 2) contains the sequence from LF cleavage site of MAPKK-1. Kinetic
data Keat, Ky and keat/ Ky for LF hydrolysis of substrates Nos. 2 and 3 were obtained by
steady state kinetic method while kqo/Ky, Was determined for substrate No. 1 by competitive
hydrolysis method. We found that the k.,/Kr, value of the newly designed substrate No.3
(140 min~1 M~1) is about two-fold higher than that of the previously reported substrate No.
2 (76 min~1 M™1) and more than 90-fold higher than that of substrate No. 1 ( 1.5 min~!
M~1) from MAPKK1 sequence (Table 2). The kinetic data indicated that the newly designed
fluorogenic substrate is the most efficient LF substrate reported so far. The high efficiency
of this substrate substantiated the findings on the residue preference of LF subsites.
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3.3. Design new LF inhibitor with preferred subsite residues

Information on subsite specificity was used to design new inhibitor of LF. We had
previously tested a LF inhibitor A (D-R)gVLR-CO-NHOH, which was designed based on
the consensus P1, P2 and P3 residues from MAPPK sequences (Table 1). At the N-terminus
of Inhibitor A are nine D-Arg residues as they have been shown to increase LF to legend
affinity [20]. The C-terminal hydroxylamine is for chelating the active site zinc. This
inhibitor has a very good potency with Ki value of 1.45 nM (Table 3). We designed and
synthesized inhibitor B (D-R)gWLM-CO-NHOH using the best preferred residues in P1, P2
and P3 subsites and otherwise the same design as inhibitor A for direct comparison. As
shown in Table 3, inhibitor B had a K; value of 0.28 nM, which is about five times more
potent than inhibitor A. To demonstrate the importance of subsites P1, P2 and P3, we
designed inhibitor C (D-R)gLPY-CO-NHOH which contains moderately or poorly preferred
residues at these subsites. Inhibitor C is about 26 times less potent than inhibitor B (Table
3). These results also substantiate the findings of LF subsite preference and confirms that the
binding of sidechains P1, P2 and P3 contribute substantially the potency of the LF
inhibitors.

4. Discussion

In our current research, we successfully applied a rapid approach to determine the relative
specificity at six major LF subsites. We again confirmed that the use of this approach was
very powerful in yielding quickly detailed specificity information of a protease with
multiple subsites. Our results showed that all the most preferred residues are hydrophobic
ones (Fig. 1 and Table 1). This seems reasonable as the LF active site is a deep cleft and a
hydrophobic interaction with the substrate side chains could be buried deeply inside of LF
structure to form stable associations. Also, the hydrophobic side chains are mostly inside of
the three-dimensional structure of globular protein substrates of LF, therefore, the utilization
of these residues for subsite recognition would be expected to have significant specificity for
a few cytosolic protein targeted by LF. In general, the preferences of 3 P-subsites are much
more stringent than that for 3 P’-subsites. For example, subsites P1 and P2 have each 3 most
preferred residues and very low preference for the remainder amino acids (Fig. 1). This is in
contrast with the P2’ and P3’, which prefer many residues with activities close to one
another. These results suggest that the specificity for the recognition of protein substrates by
LF relies mainly on the subsites of the P side. We have confirmed the new residue
preference information by the design of new substrates and inhibitors. The substrates and
inhibitors incorporated the preferred residues had superior activities toward LF (Tables 2
and 3).

In the light of our new findings, we have examined the residues in 6 subsites, from P3 to
P3’, of six MAPKK sequences (Table 1) for their relative preferences of LF cleavages.
Interestingly, Pro (third preferred) is found at P1 in only 2 MAPKKS while the remaining 4
MAPKKSs have at this subsite Arg, Lys and Gln, all have very low preferences indexes. The
most high preference subsite is P2 in which 5 out of 6 MAPKKS have the highest ranking
Leu residue. These results suggest that the possibility of P2 is most important among the
subsites in LF substrate recognition and this line of reasoning is supported by molecular
modeling to be described below. MAPKK-1 has Thr at P1 which has only a trace activity
toward LF. In addition, the preference scores for MAPKK-1 in 5 subsites, from P3 to P2’,
are all moderate or low, suggesting that the LF cleavage toward MAPKK-1 may be much
lower than toward its other homologues. Overall, residues of various degrees of preferences
appeared at many positions of these 6 MAPKKSs. The lack of a consistent trend of high
preference in general suggests that the specificity of LF is selected in evolution as a
multifunctional protease. Logical extension from this view point is the possibility that other
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yet undiscovered LF substrates may be present in the cytosol of the cells which may
contribute to the shaping of LF specificity.

Besides the implication for inhibitor design, we attempted to identify other possible LF
substrates based on side-chain preference of LF active center. We searched a protein
database and found several proteins who have the same sequences as the most preferred
amino acids from P3 to P3’, such as NADH dehydrogenase subunit 1. However, after it
incubated with LF even for hours, this protein was not hydrolyzed (results not shown). Thus,
with known LF substrates, the relative rates determined in this study can be helpful in
assessing the rate of their hydrolysis. However, the new information is not a good predictor
of whether a protein is a LF substrate due to the limitation of the tertiary structures on the
availability of the potential cleavage sites.

We have used molecular modeling to assess the interactions of the side chains of the six
most preferred residues in the subsites of LF. We found that the interaction of Met side
chain in LF subsite S1 is very limited. While the side chain of P1 Met position is extended
toward the entrance of the active site cleft between side chains of H686 and K656, only the
first three carbon atoms make hydrophaobic interaction with the side chain of V653 of LF
(Fig. 2, a). The meagerness of interactions does not indicate why Met is being preferred in
this subsite. It is possible that Met is being preferred by catalytic steps of LF not directly
related to its binding in the S1 subsite. Side chain of P2 Leu is located in a partial pocket
formed by side chains of LF residues Y659, P661, H690, L707, A734 with ample
hydrophobic interactions with side chains of Y659, P661 and H690 (Fig. 2, b). This side
chain is well situated at S2, changes in side chain structure would likely result in either steric
violations or reduced interactions. The model supports the above described hypothesis on
the importance of P2 recognition for LF activities. For P3 Trp, the indole ring is stabilized
with a polar and a hydrophobic interaction with the atoms of the enzyme. The NH1 atom of
the ring interacts with the OE2 atom of the E662 while the carbon atoms of the ring interact
with side chain atoms of the E651 and main chain atoms of residues H645, Q646 and D648
(Fig. 2, ¢). The aromatic ring of P1” Tyr interacts with neighboring residues of the LF
molecule (Fig. 2, d). Although the phenolic OH does not interact with LF, it may indeed
interact with surrounding water molecules thus have a preference over Phe. The rigid Pro
residue of the peptide at P2’ position is involved in weak hydrophobic interactions with the
side chain atoms of residues Y728 and V675 of the lethal factor (Fig. 2, ). Additionally the
carbonyl group of P2’ Pro and the backbone NH group of V675 is within a H-bond distance.
The contribution of Pro to the rigidity of substrate conformation may also contribute to the
preference at this subsite. The P3” Leu is positioned at the edge of the cleft with limited
hydrophobic interactions with C atom of the G674 and C and C atoms of the S655 of LF
(Fig. 2, f). The position of this side chain is such that its substitution will be reasonably
tolerated. This explains the lack of stringency for the preference at this position. It is clear
that the interactions observed here do not always explain the side chain preference because
the influence of many steps in LF catalytic mechanism to kinetic constants. However,
information on subsite specificity and molecular interactions together may be taken into
consideration to assist the new inhibitor designs.
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Figure 1. Amino acid preference in the six subsites of LF substrates

The preference was shown as preference index derived from relative keq/Kiym. Amino acids
are in conventional single letter codes. In each subsite, the preference index for the amino
acid with the highest hydrolytic rate is designated 100.
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Figure 2. Stereoview of the side chains of the most preferred residues interacting with LF subsite
residues

(a) Met in subsite S1; (b) Leu in subsite S2; (c) Trp in subsite S3; (d) Tyr in subsite S1’; (e)
Pro in subsite S2” and (f) Leu in subsite S3’.
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Table 2

Kinetics parameters for LF-mediated hydrolysis of LF fluorogenic substrates

Substrate Source Km Keat Keat/Km
M min~l  mint M1
1. Mca-KKPTP-IQLN-Dnp MAPKK-1 = ==-omm ooeee- 1.52

2. Mca-KKVYP-YPMEK-Dnp  Reference 11  58.53 4450 76
3. Mca-KKWLM-YPLEK-Dnp  New design 16.86 2390 140

&I'he kcat/Km value for this substrate was determined by competitive hydrolysis method and the individual kcgt and Km were not determined.
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Table 3

Structures and potency of LF inhibitors.

Inhibitor  Inhibitor sequence Ki(nM)
A (D-R)gVLR-CO-NHOH 1.45
B (D-R)gWLM-CO-NHOH  0.28
C (D-R)gLPY-CO-NHOH 7.32
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