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Abstract

Pre-protein sequence data was used to design substrates for SpsB, the bacterial signal peptidase I enzyme from Staphylococcus
aureus . Key elements were an alkyl membrane anchor, proline at P5 and lysine at P2. The proline at P5 induced a helical turn in the
lipopeptide, as deduced from NMR studies, from P6 to P2 in membrane mimetic solvents. The substrate Decanoyl-
LTPTAKAASKIDD-OH was cleaved by SpsB, as expected, between the P1 and P1’ alanines with a k,/K, of 2.3 x 10°
M~ 's~!at pH 8.5. Insertion of proline at P1’ converted substrates to competitive inhibitors, whilst the incorporation of an a-

ketoamide at the cleavage site transformed substrates to time dependent inhibitors of SpsB.
© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Signal peptidase I enzymes (SPases) are broad-spec-
trum antibacterial targets essential for growth [1,2]. As
serine proteases they cleave N-terminal signal sequences
from pre-proteins, thus liberating mature proteins from
the bacterial cytoplasmic membrane. The pre-protein
cleavage site is defined by Ala—X—Ala motifs [3], found
at P3—P1 in the signal sequence. Unusually for pro-
teases, small peptides that mirror these protein cleavage
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sites have proven inefficient as substrates in SPase
assays [4]. A major advance was the identification of a
fusion protein, pro-OmpA—Nuclease-A, as an HPLC
assay substrate efficiently cleaved by LP [1], the SPase
from the Gram negative pathogen Escherichia coli.
More recently, and concurring with our own thoughts
on substrate design, the beneficial role of the membrane
anchor has been demonstrated for LP with a fluoro-
phore labelled peptide substrate [6]. However, substrates
for LP have proven to be less efficient substrates for
SpsB the SPase enzyme from Staphylococcus aureus.
This Gram positive pathogen plays a significant role in
infectious disease, including life threatening methicillin-
resistant (MRSA) infections; so the ability to screen for,
and characterise, inhibitors of SpsB would represent a
significant advance for the discovery of antibacterial
agents.
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To address this situation we have used S. aureus
genomic sequence data to design small lipopeptide
substrates for SpsB, both to facilitate high throughput
screening and as the basis for inhibitor design.

2. Chemistry
2.1. Design strategy

Our strategy was to incorporate the key structural
features of a signal sequence into a small lipopeptide: a
membrane anchor, a helix terminus or turn motif and
the AXA cassette. To this end we analysed 17 S. aureus
pre-protein sequences around the cleavage site, Fig. 1.
The sequences were formatted into several broad amino
acid types: (a) hydrophobic, (b) turn stabilising, (c)
conformationally restricted helix-breaker or turn indu-
cing, (d) flexible helix-breaker or turn inducing, (e)
basic, and (f) acidic residues. It should be noted that
asparagine, N, belongs to groups (b) and (d).

These data were reduced to a ‘group’ consensus
sequence which, in combination with a decanoyl moiety
to act as a membrane anchor and a turn inducing motif
at P4—P6, formed the basis for our design of substrates
1-3, Fig. 2. The final selection of residues was biased
towards future compatibility with the additional moi-
eties required for fluorescence based assays, and towards
enhancing aqueous solubility where possible.

Lysine was selected for P2 to give an AKA recogni-
tion cassette and proline or asparagine for P5 due their
preponderance at this position in native sequences; this
being structurally significant due to their turn inducing
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Fig. 1. Pre-protein cleavage site sequences from S. aureus. Single letter
codes for amino acids with colour coded groups (a) ll=A, V, L, I, F,
W, M, Y;(b)T=S, T, N, Q; (c) M=P; (d) I =G; () M=K, H, R; ()
=D, E. Arrow indicates cleavage site.

Residue Positions
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Fig. 2. Consensus sequence for S. aureus pre-protein cleavage sites
and target lipopeptides 1, 2 and 3. Colour coding according to Fig. 1.

properties. The remaining residues were chosen in
accordance with the consensus sequence to reflect the
hydrophobicity profile of signal sequences whilst enhan-
cing the probability of a turn structure at P5. The
counter intuitive choice of iso-leucine at P4" was to
mimic the effect of an alkyl chain tethering future
fluorophore tags.

2.2. Synthetic methodology

Lipopeptides 1-3, 5-10 and 13 were synthesised by
standard solid phase chemistry on a peptide synthesiser,
and purified to 95% purity or greater using reverse phase
preparative HPLC. Lipopeptide a-ketoamide inhibitors
14-17 were similarly prepared, but with the additional
incorporation of a 3-amino-2-hydroxy-butyric acid unit
at P1’. For 16 and 17 this was oxidised to an o-
ketoamide, using Dess-Martin periodinane [7], prior to
cleavage from resin support. For 14 and 15 the terminal
hydroxy-butyric acid was cleaved from the resin and
coupled to l-naphthalenemethylamine, utilising stan-
dard EDC/HOAT peptide formation procedures, prior
to hydroxyl oxidation using Dess-Martin periodinane.

3. Experimental protocols

3.1. General procedures for lipopeptides 1-3, 510 and
13

Lipopeptides were prepared on a peptide synthesiser
using literature methodology [9] and purified to 95% or
greater by reverse phase prep HPLC (Gilson; water+
0.1% TFA/MeCN+0.1% TFA, gradient elution); purity
was established using at least two analytical HPL
methods and MS.

3.1.1. General oxidative procedure for o-ketoamides 16
and 17

Resin bound lipopeptides, containing an unprotected
2-hydroxy-butanoylamino unit at P1” (otherwise ¢-butyl
protected OHs, trityl protected NH,s), prepared by



G. Bruton et al. | European Journal of Medicinal Chemistry 38 (2003) 351-356 353

general literature procedures [9] on WANG resin
(0.0338 mmol, 61 mg), was swollen in DMF (5 x5
mL), filtered, and suspended in DMF (1 mL). Dess-
Martin periodinane reagent [7] (0.135 mmol, 0.0569 g) in
DMF (2 mL) was then added under argon. The reaction
was shaken for 5 h, then filtered and the resin washed
with DMF (5 x 5 mL), Dioxane (5 x 5 mL), and DCM
(5 x5 mL). The resin was dried, under vacuum, over
night and then treated with TFA/water (95:5) (3 mL)
and agitated for 1.5 h. The resin was filtered off and the
filtrate evaporated to a minimum and then co-evapo-
rated with toluene (3 x 5 mL) to give a white powder.
Purification by preparative reverse phase HPLC (Gil-
son; water+0.1% TFA/MeCN+0.1% TFA, gradient
elution) gave lipopeptide o-ketoamides 16 and 17.
Assigned NMR for 17: 6 (methanol-ds, 292 K);
Decanoyl 2.2 (H2), 1.55 (H3), 1.26 (H4-H9), 0.87
(H10), P7 Leu 4.47 (Hw), 1.53 (HB), 1.66 (Hy), 0.91
(Hd), 0.87 (Hd), P6 Thr 4.63 (Ha), 4.22 (HP), 1.35 (Hy),
P5 Pro 4.47 (Ha), 2.1 (HB), 2.0 (Hy), 3.8 (H5), P4 Thr
4.63 (Ha), 4.12 (HP), 1.15 (Hy), P3 Ala 4.26 (Hw), 1.19
(HB), P2 Asn 4.5 (Hw), 2.8 (HB), P1 Ala 4.25 (Ha), 1.15
(HB), P1” BAla 3.49 (Ha), 2.46 (HB), P2 Asp (Ha,
masked by HOD), 2.66 (HB). Accurate TOF MS/MS:
[MH]™" 1056.56 (Calc. [M]™", 1055.56).

3.2. Structural determination of 1 by NMR

NMR sample of 1 (2 mM) in 90% H,O/10% D,O
containing 200 mM perdeuterated sodium dodecyl
sulphate (SDS-d,5) and the pH adjusted to 4. NMR
spectra were recorded at 307 K on a Bruker AVANCE
600 and proton chemical shifts referenced to 2,2-
dimethyl-2-silapentane-5-suphonic acid at 0 ppm. 2D
DQF-COSY, TOCSY and NOESY experiments were all
acquired in the phase sensitive mode using time propor-
tional phase incrementation and water suppression
achieved using continuous pre-irradiation of the residual
water signal. All processing and analysis was performed
within the xwiNNMR software (Bruker); NMR: 6 (SDS
dys); Decanoyl 2.42 (H2), 2.32 (H2), 1.60 (H3), 1.29
(H4), 1.26 (H5-H9), 0.84 (H10), P7 Leu 7.99 (NH), 4.19
(Ha), 1.75 and 1.63 (HP), 1.73 (Hy), 0.97 (H9),
0.91(Hd%), P6 Thr 8.31 (NH), 4.42 (Hwa), 4.42 (HB),
1.25 (Hy), P5 Pro 4.36 (Ha), 2.35 and 1.88 (HP), 2.10
(Hy), 2.02 (Hy), 3.73 (H5), P4 Thr 7.64 (NH), 3.99 (Ha),
4.22 (HB), 1.22 (Hy), P3 Ala 8.03 (NH), 4.18 (Ha), 1.52
(HB), P2 Lys 7.96 (NH), 4.07 (Ho), 1.9 (HB), 1.56(Hy),
1.44 (Hy), 1.70 (H9), 2.97 (He), 7.42 (-NH), P1 Ala 8.14
(NH), 4.08 (Ho), 1.48 (Hp), P1’ Ala 8.23 (NH), 4.05
(Ha), 1.48 (HP), P2 Ser 7.81 (NH), 4.32 (Ha), 4.0 (HB),
P3’ Lys 7.73 (NH), 4.29 (Ha), 1.95 (Hp), 1.52 (Hy), 1.72
(Hd), 3.00(He), 7.42 (e-NH), P4’ Ile 7.56 (NH), 4.12
(Ha), 1.93 (HP), 1.55(Hy), 1.22 (Hy), 0.92 (Mey), 0.87
(HJ), P5" Asp 8.13 (NH), 4.78 (Ha), 2.97 and 2.81 (Hp),
P6’ Asp 7.91 (NH), 4.68 (Ha) and 2.89 (Hp).

NMR: 6 (90% methanol-d;, 10% H>0O); Decanoyl
2.26 (H2), 2.16 (H2), 1.59 (H3), 1.27 (H4-H9), 0.87
(H10), P7 Leu 8.43 (NH), 4.4 (Ha), 1.61 (HP), 1.66 (Hy),
0.94 (H9), 0.88(HS), P6 Thr 7.56 (NH), 4.68 (Ha), 4.51
(HP), 1.3 (Hy), P5 Pro 4.27 (Ha), 2.39 and 2.0 (Hp), 2.19
(Hy), 2.05 (Hy), 3.91 (H3), P4 Thr 7.71 (NH), 3.96 (Ha),
4.06 (HP), 1.23 (Hy), P3 Ala 7.89 (NH), 4.12 (Ha), 1.48
(HPB), P2 Lys 8.17 (NH), 4.0 (Ha), 1.86 (HB), 1.38(Hy),
1.62 (Hy), 1.56 (Hd), 2.9 (He), P1 Ala 8.1 (NH), 4.12
(Ha), 1.47 (HP), P1” Ala 8.16 (NH), 4.14 (Hw), 1.46
(HB), P2’ Ser 7.81 (NH), 4.28 (Ha), 3.95 and 3.94 (Hp),
P3’ Lys 7.77 (NH), 4.24 (Ha), 1.95 and 1.91 (Hp), 1.5
(Hvy), 1.68 (Hd), 2.94 (Heg), P4’ 1le 7.75 (NH), 4.13 (Ha),
1.88 (HP), 1.55(Hy), 1.19 (Hy), 0.92 (Mey), 0.87 (HJ),
P5” Asp 8.25 (NH), 4.74 (Ha), 2.90 and 2.75 (HB), P6’
Asp 7.91 (NH), 4.72 (Ha) and 2.85 (HB). MS; (ES)
1486.2 [M+2H]**. Amino acid analysis; D 2.2(2), S
0.9(1), T1.8(2), A273), P 1.3(1),11.1(1), L 1.2(1), K
1.8(2).

3.2.1. Conformation modelling using NMR dihedral
angles and NOE derived distance restraints

Calculations were performed using the distance geo-
metry program DGII within the NMR-Refine module
of Insightll. Distance restraints were classified into three
categories with upper bounds of 2.7, 3.5 and 4.5 A based
on NOESY (150 ms) peak volumes. Pseudoatoms were
used for non-resolvable methylenes and methyls and the
upper bounds adjusted by 1 A. A force constant of 10
kcal mol ~! was used to enforce all restraints. Calcula-
tions consisted of three steps; smoothing, embedding
and optimisation. Optimisation involved simulated
annealing with a maximum temperature of 1000 K and
step sizes of 0.2 ps followed by energy minimisation
using a conjugated gradient. From the 50 structures
generated, 15 low energy structures were selected which
had no distance restraint violations greater than 0.2 A
and acceptable dihedral angle restraint violations.

3.3. Assay protocols

3.3.1. Substrate cleavage by SpsB and LP

The assay protocol was similar to those described
previously [9—11]: assays of SpsB and LP activity were
performed in 50 mM CHES, pH 8.5, 1 mM EDTA,
0.1% Triton X-100, 0.5 mM PMSF. Enzyme, 10 nM
SpsB or 20 nM LP, and substrate was incubated at 37 °C
for appropriate time and reactions were quenched by
addition of methanol to 50% (v/v) or addition of TFA to
0.5% (v/v) respectively. Percentage cleavage was deter-
mined by separation and quantitation of substrate and
product peptides by HPLC analysis. SpsB and LP
display apparent Michaelis—Menten kinetics towards
the peptide substrate and specificity constants (k¢./Kiyn)
were determined by linear regression of double recipro-
cal plots.
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Table 1
Cleavage of substrates 1-6 by SpsB

Substrate % Cleavage at
S min 20 min 30 min 60 min
1 Decanoyl-LT-P-TAKA'-A-SKIDD-OH 60 96 100 -
2 Decanoyl-LT-N-TAKA-A-SKIDD-OH - - - <5
3 Decanoyl-LT-N-TAKA!-E-SKIDD-OH - - - 7
4 Pro-OmpA-NucA*® - <12 - 20
5 Octanoyl-LT-P-TQAKA!-A-SKIDD-OH 48 91 - 99
6 Hexanoyl-LT-P-TQAKA'-A-SKIDD-OH 22 58 - 99

4 Cleavage sequence, FATVAQA'ATSTKK.

3.3.2. Fluorescence assays for inhibitors

Assays of SpsB [11] activity were performed in 50 mM
MOPS at pH 7.5 with | mM EDTA and 2 mM Triton
TX-100 using black Dynex 96-well microtitre plates.
Enzyme and fluorescent substrate [9], exhibiting a k¢,
K, of 46x10* M~ 's™! were incubated at room
temperature and cleavage was monitored continuously
by the increase in fluorescence intensity using a BMG
Polarstar fitted with a 485 nm excitation filter and a 520
nm emission filter. Determination of IC50 values were
performed by incubating the enzyme with varying
inhibitor concentrations (11 concentrations plus con-
trol) for 15 min followed by addition of substrate (100
nM). Initial rate data was fitted to a four parameter
logistic equation to determine the IC50.

Table 2
Cleavage of P2 variant
Dec—LTPTA-X-A'ASKIDD-OH

substrates by SpsB

%Cleavage at

Substrate X 5 min 30 min
1 Lys 60 >99

7 Arg 56 98

8 Asn 48 >99

9 Leu 29 88

10 Asp 7 59
Table 3

Comparative efficiency of substrates with SpsB and LP

4. Results and discussion

4.1. Substrate cleavage

Substrates 1-10 were incubated with S. aureus SpsB
at pH 8.5, aliquots were removed and analysed for
cleavage by reverse phase LC/MS which confirmed that
cleavage had occurred between P1 and P1’. The rates of
processing identified lipopeptide 1 as an efficient sub-
strate for SpsB, Table 1.

The rapid cleavage of lipopeptide 1 cannot be
attributed to the decanoyl membrane anchor alone as
2 and 3 were poor substrates, Table 1. Conversely the
conformational restrictions imposed by proline at P5 are
thus shown to be pivotal for successful cleavage.
However the contribution of the membrane anchor to
substrate processing is evident when comparing 1 with 5
and 6; decreasing lipid length correlates with decreasing
rates of processing, though all three substrates are
superior to the full length protein 4, Table 1. Probing
the significance of the P2 residue, Table 2, revealed a
preference for basic residues and tolerance for a hydro-
phobic residue, but an acidic residue resulted in a
significantly reduced rate of processing. Structural
studies on SPases suggest that the side chain of the P2
residue is orientated out of the binding cleft into solvent
and does not interact with the enzyme [la]. Conse-
quently the detrimental effects of P2 substituents are
best attributed to changes in the conformational pre-
ferences of the substrate.

Substrate pH S. aureus SpsB E. coli LP
kcal (57 ]) Km (HM) kcal/Km (Mil sil) kcat (57 I) Km (”M) kcal/Km (Mil sil)
1 Dec-LTPTAKA'ASKIDD 8.5 67 29 2.3 x 10° 418 988 4.2 x10°
4  Pro-OmpA—Nuclease-A [5] 8.0 saturation kinetics 8.7 16 5.4 % 10° -
unachievable
11 YNOIFSASALA'KIKAY [] 8.5 0.00133 72 18.4 0.0098 144 68
12 K5LI0OYNO2FSASALA'KIKAbz [6] 8.1 - - - 1.5 0.6 2.5 % 10°
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A detailed kinetic analysis was obtained for the
processing of lipopeptide 1 by both SpsB and LP, Table
3. The kinetic profiles obtained for these two enzymes
were found to differ, suggesting different substrate
requirements. Lipopeptide 1 proved to be an excellent
substrate for SpsB with a ke, /Ky, of 2.3 x 106 M~ s~!
and a K,,, of 29 uM, which contrasted with LP where the
K., of 988 uM would preclude the use of 1 as a suitable
substrate for LP assays.

4.2. Substrate conformation

Structural studies of lipopeptide 1 indicated the
presence of random conformations in an aqueous
environment, versus helical conformations in membrane
mimetic solvents (sodium dodecyl sulphate or trifluor-
omethanol), particularly between P6 and P2. This
behaviour mirrors that of the native signal sequences
in similar environments. The NMR data showed that a
helical turn rather than a B-turn had been initiated by
the PS5 proline, see Fig. 3a.

Although the data could suggest that the cleavage site
lies on a widening helix, Fig. 3b, the susceptible face of
the scissile bond [1,2] is shielded from the active site
serine on the inside surface of the helix. Thus alternative
conformations with more exposed cleavage sites must be
involved in the cleavage process. Such conformations
are found within the NMR derived family, Fig. 3a, and
are exemplified in Fig. 4.

Fig. 3. (a) NMR determined structures. (b) Average NMR structure.

Fig. 4. Orthogonal views; an NMR determined conformation of 1
with exposed cleavage site.
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4.3. Substrate based inhibitors

Classically, either the incorporation of a proline at
P1’, or the introduction of a serine trap at the cleavage
site may convert serine protease substrates to inhibitors.
Competitive inhibitor 13, Table 4, confirmed that SpsB
could be inhibited in this classic manner with a Pl’
proline. The incorporation of a-ketoamides into 1 as
serine traps is not practical, due to the incompatibility of
lysine with this functionality. However the P2 lysine of 1
can be readily replaced with asparagine, see 8 Table 2,
and a-ketoamide analogues 14-17 were found to be
potent time dependant inhibitors of SpsB, Table 4. The
truncated substrate analogues 16 and 17 were racemic at
the P1 alanine, so their potency is underestimated in this
analysis as p-alanine analogues, such as 14, are less
potent. SpsB inhibitor 17 showed no inhibition of
trypsin, chymotrypsin, thermolysin or eclastase at 10
pg mL ! (unpublished data).

5. Conclusions

We have demonstrated a successful design strategy for
small, efficiently cleaved, substrates for SpsB. As a
consequence SpsB is now shown to be capable of high
catalytic efficiency, contrary to previous experience [4].
Combined with a membrane anchor, the conformation
of peptides prior to the cleavage site is a key determinant
of this cleavage efficiency by SpsB. We have also shown
that SpsB is susceptible to classic protease inhibition

strategies, providing that key structural features of the
substrate are present.
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