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ABSTRACT: Bacterial type I signal peptidase (SPase I), an essential membrane-bound endopeptidase with a
unique Ser/Lys dyad mechanism, is being investigated as a potential novel antibiotic target. We present here
binding and inhibition assays along with crystallographic data that shows that the lipohexapeptide-based
natural product arylomycin A2 and the morpholino-β-sultam derivative (BAL0019193) inhibit SPase I by
binding to non-overlapping subsites near the catalytic center. The 2.0 Å resolution crystal structure of the
soluble catalytic domain of Escherichia coli SPase I (SPase I Δ2-75) in ternary complex with arylomycin A2

and BAL0019193 reveals the position of BAL0019193 adjacent to arylomycin A2 within the SPase I binding
site. BAL0019193 binds in a noncovalent manner in close proximity to SPase I residues Ser88, Ser90, Lys145,
Asn277, Ala279, and Glu307, as well as atom O45 of arylomycin A2. The binding mode of arylomycin A2 in
this 2.0 Å resolution ternary complex is compared to that seen in the previous 2.5 Å resolution arylomycin
A2-SPase cocrystal structure. This work contributes to our understanding of SPase I inhibitor/substrate
recognition and should prove helpful in the further development of novel antibiotics based on the inhibition of
SPase I.

Bacterial type I signal peptidase (SPase I,1 EC 3.4.21.89)
belongs to a family of membrane-bound serine endopeptidases
constituting a novel protease clan (SF) and protease family
S26 (1), that use a serine/lysine catalytic dyad mechanism instead
of a classical serine/histidine/aspartic acid triad catalytic mechan-
ism (2, 3). SPase I is an essential enzyme for bacterial viability. A
lack of bacterial SPase I activity leads to an accumulation of
exported pre-proteins in the plasma membrane of the cell that
eventually results in lysis of the membrane and cell death (4).
Therefore, SPase I is being investigated as a target for structure-
based rational design of novel antibiotics.

SPase I is not inhibited by the standard serine protease
inhibitors; nevertheless, to date, five types of SPase I inhibitors
have been discovered. (1) Signal peptides, the N-terminal pro-
ducts of SPase I catalyzed pre-protein cleavage, have been shown
to inhibit SPase I in a competitivemanner (5). (2) Preproteins that
carry signal peptides with a proline at the þ1 position (P10)

relative to the cleavage site have been shown to effectively inhibit
SPase I (6). (3) A group of β-lactam type (penem) inhibitors (7-9)
have been discovered to irreversibly inhibit SPase I by reac-
ting covalently with the nucleophilic serine Oγ. Penems with
5S stereochemistry have the highest potency. The compound allyl
(5S,6S)-6-[(R)-acetoxyethyl]-penem-3-carboxylate has an inhibi-
tory concentration (IC50) value of less than 1 μMagainstEscheri-
chia coli SPase I. The crystal structure of E. coli SPase I Δ2-75, a
soluble catalytically active fragment of SPase I, has been solved in
complex with the 5S-penem (2). (4) Rationally designed lipopep-
tide based aldehydes have recently been shown to be effective
SPase I inhibitors (10). (5) Interestingly, a family of lipohexapep-
tides isolated from Streptomyces sp was shown to be SPase I
inhibitors (11-13). These lipohexapeptides have been named
arylomycins. The inhibitor arylomycin A2 has been cocrystallized
with E. coli SPase I Δ2-75 (14). Arylomycin A2 consists of
two structural features: a hexapeptide (D-MeSer-D-Ala-Gly-
L-MeHpg-L-Ala-L-Tyr) and a 12-carbon branched fatty acid
(Figure 1A). The first two residues of the peptide have
D-stereochemistry. Two of the residues are methylated at the
main-chain amide nitrogen (MeSer andMeHpg). The amino acid
residue MeHpg is N-methyl-4-hydroxyphenyglycine. Three resi-
dues (L-MeHpg-L-Ala-L-Tyr) of the hexapeptide form a macro-
cyclic ring via a (3,3)-biaryl bridge of the ortho-carbon atom of
the MeHpg phenol ring and the ortho-carbon atom of the Tyr
phenol ring. The branched 12-carbon fatty acyl chain is attached
via an amide bond to the amino terminal D-MeSer of the peptide
(Figure 1A). The cocrystal structure of arylomycin A2 bound to
E. coli SPase I has served as a template for investigations using
molecular dynamic simulation techniques (15) and modeling
studies (16). Excitingly, the first total synthesis of arylomycin
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A2 has been reported, which will provide an avenue for the design
of arylomycin A2 analogues(17).

While pursuing analogues of the irreversible, β-lactam-based
inhibitors, it was discovered that β-sultams are weak inhibitors of
SPase I (Roussel, Dreier, Page, unpublished data). The morpho-
lino derivative, BAL0019193 (Figure 1B), was found to inhibit
substrate hydrolysis but not to interfere with arylomycin A2

binding. In order to understand the structural reasons for the
independent inhibition of SPase I by these two compounds, we
have solved the crystal structure, at 2.0 Å resolution, of arylomy-
cin A2 and BAL0019193 bound to E. coli SPase I. The structure
reveals that these two inhibitors form a ternary complex in which
each forms multiple interactions with the protein but have little
interaction with each other.

MATERIALS AND METHODS

SPase IΔ2-75, Arylomycin A2 and BAL0019193. SPase
IΔ2-75 was expressed and purified as described previously (18).
The concentration of SPase I Δ2-75 was adjusted to 15 mg/mL
(0.54 mM), in 20 mM Tris-HCl pH 7.5 and 0.5% Triton-100.

Arylomycin A2 was isolated from Streptomyces sp. from the
Basilea strain collection. Stock solutions of arylomycin A2 were
prepared at a concentration of 20 mM in 100% DMSO and
stored at -80 C�.

BAL0019193 was synthesized as follows (19): DMAP (0.036 g,
0.3 mmol, 0.2 equiv) and morpholine-4-carbonyl chloride
(0.261 mL, 2.24 mmol, 1.5 equiv) were added to a solution
of 1,2-thiazetidine-1,1-dioxide (0.160 g, 1.49 mmol) in DCM
(15 mL) at 0 �C under a nitrogen atmosphere. After the addition
of DIPEA (0.320 mL, 1.87 mmol, 2 equiv), the reaction was
allowed to warm up to room temperature for 3 h. After the
addition of DCM (8 mL), the mixture was washed with brine and
extracted thrice. The organic layers were dried over sodium sulfate
and concentrated under reduced pressure. The crude product was
purified by flash chromatography (ethyl acetate/cyclohexane: 2/1)
to afford BAL0019193 (0.220 g, 1 mmol) in a 66.9% yield. The

solid was stored under N2 at -18 �C. 1H NMR (CDCl3) δ ppm:
4.24 (t, J = 7.7 Hz, 2H, SO2-CH2), 3.80 (t, J = 6.7 Hz, 2H,
thiazetidine N-CH2), 3.76-3.73 (m, 4H, 2 O-CH2), 3.70-3.66
(m, 4H, 2 morpholine N-CH2). m/z (þESI): 221.2 ([M þ H]þ,
100%). HPLC: 100% purity by ELSD. An authentic sample of
BAL0019193 was generously provided by Prof. Michael I. Page
(Department of Chemical and Biological Sciences, University of
Huddersfield, Queensgate, Huddersfield, HD1 3DH, U.K.).
BAL0019193 was not stable in DMSO, as a result of a probable
DMSO-mediated hydrolysis. However, BAL0019193 was shown
to be stable in ACN, water and the TRIS buffer within the time
frame of the assay. Stock solutions of BAL0019193 were prepared
at a concentration of 75 mM in 100% acetonitrile.
In Vitro SPase I Activity Assay. The activity of purified

SPase I Δ2-75 was measured by following the cleavage of a
fluorogenic peptide substrate (20). The IC50 was determined by
curve fitting with GraFit software (Leatherbarrow, R. J., 2001
GraFit Version 5, Erithacus Software Ltd., Horley, U.K.) using
eq 1,

y ¼ range

1þ x
IC50

� �s ð1Þ

where y is the enzyme activity at an inhibitor concentration
x, range is the fitted uninhibited value and s is a slope factor.
Inhibitor Binding Assays. To investigate the competition

between the β-sultam and arylomycin A2, 3.7 μMSPase IΔ2-75
was incubated with different concentrations of BAL0019193 in
20 mM Tris-HCl pH 7.4, 5 mM MgCl2, 0.5% DMSO, 0.8%
acetonitrile. The volumes of control reactions without inhibitor
were adjusted with buffer. After 30 min at 25 �C, 10 μM
arylomycin A2 was added and the reaction was incubated for
another 5 min. Fluorescence emission scans were recorded from
300 to 550 nm using a Perkin-Elmer LS 50B spectrometer with
excitation at 280 nm.
Cocrystallization. Before setting up crystallization screens,

SPase I Δ2-75 was mixed with BAL 0019193 (5 molar excess of

FIGURE 1: Inhibitors in ternary complex with E. coli type I signal peptidase. (A) Arylomycin A2. (B) The morpholino-β-sultam derivative
(BAL0019193).
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BAL 0019193) and the solution was incubated on ice for one
hour. Arylomycin A2 solution was then added to the
BAL0019193/SPase I Δ2-75 mixture at a 1:1 molar ratio.
The ternary mixture solution of SPase I Δ2-75/arylomycin
A2/ BAL0019193 was kept on ice for one additional hour.

The initial screening for cocrystallization conditions was
performed by the sitting-drop vapor-diffusion method at 18 �C
using commercial Hampton Research crystallization screens.
The final optimized reservoir condition that produced diffrac-
tion quality crystals was 0.2 M ammonium formate, 25% PEG
2000, 0.1 M sodium cacodylate pH 6.5, and 5% tertiary-amyl
alcohol. The drop was set up with 2 μL of the protein and
inhibitor mixture (described above), and 2 μL of the reservoir
solution. The drop was equilibrated over 1 mL of reservoir
solution.
Crystallographic Data Collection. Before data collection,

the crystal was transferred by pipet from the growth drop to a
cryoprotectant composed of 0.2 M ammonium formate, 25%
PEG 2000, 0.1 M sodium cacodylate pH 6.5, 5% tertiary-amyl
alcohol, and 20% v/v glycerol and incubated for two days. The
data set was collected on beamline 8.2.2 at the Advanced Light
Source of Lawrence Berkeley National Laboratory, using a
Quantum-315 ADSC detector. The X-ray wavelength was
1.1217 Å. The crystal was rotated 100�, with a 1.0� oscillation
per frame. The exposure time used for each image was 10 s. The
crystal to detector distance was 300 mm. The data revealed
significant diffraction to a resolution of 2.0 Å.Datawere indexed,
integrated, and scaled using the program HKL2000 (21). The
crystals belong to the tetragonal space groupP43212. The unit cell
dimensions were determined to be a = 70.0 Å, b = 70.0 Å, and
c = 259.9 Å. The Matthews coefficient (Vm) is 2.88 Å3/Da for
two molecules in the asymmetric unit. The fraction of the crystal
volume occupied by solvent was 56.5% calculated by the
program Matthews in the CCP4i suite of program (22, 23). For
crystal and data collection statistics see Table 1.
Phasing, Model Building, and Refinement. A molecular

replacement solution was found using CaspR (24). PDB atomic
coordinates 1T7D (protein chain A with all ligands removed)
were used as the search model (14). The topology and parameter
files for the inhibitor coordinates were generated using the
program PRODRG (25). Atomic coordinates for arylomycin
A2 and BAL0019193 were manually docked into electron differ-
ent densities (Fo - Fc) near the active site. In addition, the main
chain trace and the side chain assignments for the dynamic
regions corresponding to residue Ser197-Asn200 in molecule B
and residues 304-314 in both molecule A and B were built
manually. Model building and analysis was performed with the
program XFIT in the suite XTALVIEW and the program
COOT (26, 27). Cycles of refinement were carried out using rigid
body refinement followed by restrained NCS refinement in
Refmac 5, and simulated annealing, energy minimization, and
B-factor refinement in CNS (23, 28). In addition, a cycle of TLS
refinement was carried out using the TLSMotion Determination
Sever and TLS-restrained refinement with Refmac 5 within the
CCP4i suite (23, 29). In all cycles of refinement, 5% of the
reflections were set aside for cross-validation. Final refinement
and analysis statistics of this ternary complex are provided in
Table 1.
Structural Analysis. The stereochemistry of the structure

was analyzedwith the programPROCHECK (30). Superposition
of structures was performed by the program SuperPose (31). The
measurement of the substrate binding site was calculated using

the program CASTp, and the Accessible Surface Areas (ASA)
was calculated by the program AREAIMOL within the CCP4i
suite (32, 33). In both CASTp and AREAIMOL, a solvent probe
radius of 1.4 Å was used.
Figure Preparation. Figures were prepared using program

ISIS Draw version 2.5 (MDL Information System, Inc.),
XFIT (26), Raster 3D (34) and PyMol (35).

RESULT AND DISCUSSION

Binding of Inhibitors to SPase I in Solution. The morpho-
lino-β-sultam (BAL0019193) inhibited SPase I Δ2-75 in a dose
dependent manner with an IC50 of 610 ( 18 μM (Figure 2A).
Arylomycin A2 inhibits SPase I Δ2-75 with an IC50 of 1 (
0.2 μM (14).

Arylomycin A2 fluoresces at 418 nm when excited at 280 nm.
This fluorescence signal was shown to increase significantly upon
binding to SPase I Δ2-75, which allows for direct binding
measurements (14).

Competition between arylomycin A2 and the β-sultam inhi-
bitor for binding to SPase I Δ2-75 was investigated by measur-
ing fluorescence at 418 nm. Figure 2B shows fluorescence
emission spectra of the β-sultam and arylomycin A2 inhibitors
alone and bound to SPase I Δ2-75. The assay was performed
with saturating arylomycin A2 (10 μM) and concentrations up to
1 mM of the β-sultam molecule, which inhibited the enzymatic

Table 1: Crystallographic Data Collection and Refinement Statistics for

the Ternary Complex Structure of SPase I Δ2-75/Arylomycin A2/BAL

0019193a

Data Collection

wavelength (Å) 1.1217

space group P43212 (No. 96)

unit-cell dimensions (Å) a = 70.0, b = 70.0, c = 259.9

molecules in asu 2

resolution range (Å) 67.4-2.0 (2.14-2.04)

Vm (Å3/Da) 2.88

% solvent 56.5%

total observed reflections 285869

unique reflections 40272

redundancy 7.1 (4.3)

completeness (%) 95.2 (95.1)

Rmerge (%) 6.8(43.0)

mean I/σ(I) 10.4 (5.1)

Refinement

protein residues 469

atoms 3943

waters 252

Rwork 20.7

Rfree 25.0

rms deviations

bonds (Å) 0.030

angles (deg) 2.348

estimated overall coordinate error (Å) 0.181

average B (Å2) for protein atoms chain A, 36.3; chain B, 39.2

average B (Å2) for water atoms 49.5

average B (Å2) for inhibitors in chain A, 54.0; in chain B, 64.2

aRmerge =
P

||Io,i|- |Iave,i||/
P

|Iave,i|, where Iave,i is the average structure
factor amplitude of reflection I and Io,i represents the individual measure-
ments of reflection I and its symmetry equivalent reflection. Rwork =P

|Fobs- Fcalc|/
P

Fobs. Rfree =
P

hkl⊂T (|Fobs| - |Fcalc|)
2/
P

hkl⊂T |Fobs|
2,

where
P

hkl⊂T are reflections belonging to a test set of 5% of the data, and
Fobs and Fcalc are the observed and calculated structure factors, respectively.
The data collection statistics in brackets are the values for the highest
resolution shell (2.14-2.04 Å).
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reaction by 65.4 ( 4.6%. No decrease of the arylomycin A2

fluorescence signal at 418 nm was detected at the highest
concentration of BAL0019193 tested. The fluorescence signal
of enzyme-bound arylomycin A2 remained stable for at least 2 h
even in the presence of the β-sultam inhibitor. The absence of
detectable competition between the two compounds suggested
two independently occupied binding sites, both of which interfere
with the reaction of SPase I with its substrate. These inhibitors do
not exhibit any observable synergy in these mixed competition
experiments.
Cocrystallization, Structure Solution, and Refinement.

Cocrystallization conditions for the ternary complex of SPase I
Δ2-75/arylomycin A2/BAL0019193 were obtained in the novel
condition; 0.2 M ammonium formate, 25% PEG 2000, 0.1 M
sodium cacodylate pH 6.5, and 5% tertiary-amyl alcohol. The
crystals are box (or parallelepiped) shaped, approximately 0.3 �
0.3 � 0.4 mm in size, and belong to the space group P43212 with
unit cell dimensions of a=70.0 Å, b=70.0 Å, and c=259.9 Å.
The crystals gave ordered diffraction to beyond 2.0 Å resolution,
and the crystal structure was solved by molecular replacement.
The final refinement yielded a model that fits to the experimental
electron density withRcryst = 20.7% andRfree = 25.0% at 2.0 Å
resolution. In the final model, the dynamic surface loops
(residues 106-125, 171-177, 196-205) are incomplete or miss-
ing due to a lack of electron density for these residues. Two
arylomycin A2 molecules, two β-sultan molecules, two Triton
X-100 detergent molecule fragments, four glycerol molecules,

and two acetonitrile molecule were included in the model during
the end stages of refinement. Superposition of the two SPase I
molecules in the asymmetric unit yields a root mean square
deviation (rmsd) value of 0.96 Å (R carbon, CR), 1.02 Å
(backbone). The structure refinement statistics are summarized
in Table 1.
Arylomycin A2/SPase I Interactions in the Ternary

Complex. The ternary complex crystal structure presented here
at 2.0 Å resolution reveals an enhanced view of arylomycin A2 in
the binding cleft of SPase I when compared to a previously
determined 2.5 Å cocrystal structure of arylomycin A2 alone in
complex with E. coli SPase I (14). After completing one cycle of
simulated annealing refinement with CNS, the electron density
for the complete arylomycin A2 including the 12-carbon fatty
acid of arylomycin A2 was clearly observed in the SPase binding
cleft (in molecule A, Figure 3). The previous structure of SPase I
alone with arylomycin A2 did not reveal electron density for the
fatty acid (14). The dihedral angle about the C48-C50 bond
within the inhibitor is approaching an eclipsed conformation
resulting in the fatty acid having a curved structure (Figure 3).
The methylene groups of the fatty acid make van der Waals
interaction with part of a large hydrophobic surface (inhibitor
atoms C50-52, C53, C58, and C59 contact SPase I residues Pro
83, Gln 85, Phe 100 andTrp 300 respectively) (Figures 3-6). This
region of SPase I corresponds to the predicted membrane
association surface (2). Interestingly, an amino-terminal fatty
acid has been found to improve the effectiveness of both SPase I
substrates and inhibitors. For example, a recent report on peptide
aldehyde inhibitors of SPase I showed that the amino-terminal
decanoyl fatty acid chain of the lipopeptides was critical for its
activity (10). It is possible that the fatty acid at the amino-
terminus of SPase I peptide substrates and inhibitors helps to
orientate the peptide relative to the SPase I binding cleft,
mimicking the hydrophobic region of the signal peptide at the
amino-terminus of pre-protein substrates in vivo. It is also
possible that the fatty acid helps the lipopeptide to partition into
the hydrophobic milieu of the detergent micelle upon which
SPase I is most likely traveling in solution in vitro. Even the so-
called “soluble catalytic domain” of SPase I, which lacks the two
transmembrane anchor regions, requires detergent for optimal
activity and crystallization(36, 37).

The noncovalently bound arylomycin A2 buries an average of
487.8 Å2 of solvent accessible surface area on SPase IΔ2-75. The
inhibitor is positioned in the binding pocket in a similar orienta-
tion to what was seen previously in the 2.5 Å resolution
structure (14), with its C-terminus (the 3-residue biaryl-bridged
ring system, MeHpg-L-Ala-L-Tyr) pointing toward the active
site, and makes a parallel β-strand interaction with a β-strand
(residues 142-145) that lines the SPase I binding cleft.
The main chain of the N-terminus of the inhibitor (D-MeSer-
D-Ala-Gly) makes interactions with β-strand 83-90 that lines the
other side of the binding cleft (Figures 4A,B and 5). The
C-terminal caboxylated oxygen atom O45 interacts with three
catalytic residues including the nucleophile Ser90 Oγ, the
general base Lys145 Nζ, and the oxyanion hole Ser88 Oγ. Its
carbonyl oxygen atom O44 is hydrogen-bonded to Ile144 N
and the general base Lys145 Nζ. The N-terminal end of the
3-residue biaryl-bridged ring system (MeHpg-L-Ala-L-Tyr)
makes hydrogen bonding interactions through N33, N28,
O27, O15, O11, N7, and O4 to protein residues Asp142, Ser88,
Gln85, Phe84, Pro83, and Glu82. The hydrogen bond from O27
of the inhibitor to the residue Asp142 N is through a

FIGURE 2: (A) Dose dependence of SPase I Δ2-75 inhibition by the
morpholino-β-sultam inhibitor. The red curve shows a fit described
by eq 1. (B) Fluorescence emission spectra of SPase I Δ2-75 and
inhibitors, alone and in various combinations (excitation at 280 nm).
The blue line corresponds to SPase I Δ2-75 alone. The green line
corresponds to the morpholino-β-sultam alone. The dashed black
line corresponds to arylomycin A2 alone. The dashed red line
corresponds to arylomycin A2 and morpholino-β-sultam together.
The black line corresponds to SPase I Δ2-75 with arylomycin A2.
The red line corresponds to SPase I Δ2-75 with morpholino-
β-sultam and arylomycin A2. The fluorescence was measured in
arbitrary units as counts per second.
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