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ABSTRACT: Penicillin-binding proteins (PBPs) are ubiquitous bacterial enzymes involved in cell wall
biosynthesis. The development of new PBP inhibitors is a potentially viable strategy for developing new
antibacterial agents. Several potential transition state analogue inhibitors for the PBPs were synthesized,
including peptide chloromethyl ketones, trifluoromethyl ketones, aldehydes, and boronic acids. These
agents were characterized chemically, stereochemically, and as inhibitors of a set of low molecular mass
PBPs: Escherichia col(EC) PBP 5Neisseria gonorrhoeaNG) PBP 3, and NG PBP 4. A peptide boronic

acid was the most effective PBP inhibitor in the series, with a preference observen-fmraAla-based

over anL-boroAla-based inhibitor, as expected given that physiological PBP substrates are bas&idon

at the cleavage site. The lowé&tof 370 nM was obtained for NG PBP 3 inhibition by Bod-ys(Cbz)-
D-boroAla (L0b). Competitive inhibition was observed for this enzysiehibitor pair, as expected for an

active site-directed inhibitor. For the three PBPs included in this study, an inverse correlation was observed
between the values for log, with 10b and the values for log{./K) for activity against the analogous
substrate, anl/K; ratios were 90, 1900, and 9600 for NG PBP 4, EC PBP 5, and NG PBP 3, respectively.
These results demonstrate that peptide boronic acids can be effective transition state analogue inhibitors
for the PBPs and provide a basis for the use of these agents as probes of PBP structure, function, and
mechanism, as well as a possible basis for the development of new PBP-targeted antibacterial agents.

Penicillin-binding proteins (PBPsare ubiquitous bacterial Bacteria possess a number of different PBEscpli has
enzymes that catalyze the final steps of cell wall biosynthesis at least eight) which can be divided into two groups, the
(reviewed in refsl—5). In Escherichia colithese enzymes low molecular mass (LMM) PBPs and the high molecular
catalyze the reactions shown in Figure 1. Variations of the mass (HMM) PBPs3). The LMM PBPs are composed of a
pentapeptide substrate are known in other bacteria andsingle transpeptidase/hydrolase domain whereas the HMM
include p-1soGIn (GIuNH) in place ofy-b-Glu, L-Lys in PBPs possess an additional domain N-terminal to the PBP
place of diaminopimelic acid (DAP), and bridging amino domain which is in some cases a penicillin-insensitive
acids on the-amino group of Lys or DAP (reviewed in ref  transglycosylase. Both LMM and HMM PBPs can each be
6). Additional variation of the carboxy terminus is associated further subdivided into three classes (A, B, and C) on the
with vancomycin resistance and includes replacing the Pasis of sequence homolog§)(Active site motifs within -
terminalp-Ala in position 5 byp-Lac (7—9). In view of the the P.B.Ps include the h!ghly conserved active site serine
variation naturally present in pentapeptide substrates, it is containing the SXXK motif and the S(Y)XN and K(H)T(S)G
noteworthy for the development of peptide-mimetic PBP motifs (were X is a variable amino acid 'an_d parent_heses
inhibitors that b-Ala is highly conserved as the fourth ~denote a less frequently occurring substitution) (reviewed
(penultimate) residue, and a high degree of specificity for I 'éfs4 and11). Both HMM and LMM PBPs are inhibited

: . g by g-lactam antibiotics, but it is the HMM PBPs which are
this residue has been observed in model enzysubstrate ' N
specificity studies (reviewed in ref0). the lethal targets fof-lactam antibiotics, whereas LMM

PBPs are not lethal targets. An additional feature of the PBPs
is that the LMM PBPs give readily detectable enzyme
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Ficure 1: PBP-catalyzed bacterial cell wall biosynthesis reactiorts. icoli. A PBP attacks the pentapeptide cell wall precursor to release

the terminab-Ala residue and form an acyl-enzyme intermediate. The acyl group can either be hydrohgd) (hydrolase activity) or

be transferred to an amino group on an adjacent pentapeptide (down arrow) to form a cross-link (transpeptidase activity). Cross-linked
peptides are also cleaved by PBPs (up arrow) (endopeptidase activity).

which act as suicide substrates for the PBPs by forming stableantibacterial agents, we describe here the synthesis and
acyl-enzyme intermediate4§—18). Bacterial resistance to  characterization of a series of potential transition state
pB-lactam antibiotics has emerged primarily through two analogue inhibitors for the PBPs. The classes of agents
mechanisms: the production gflactam-degrading enzymes  synthesized were peptide aldehydes, peptide trifluoromethyl
(B-lactamases)1©) and the accumulation of mutations in  ketones, peptide chloromethyl ketones, and peptide boronic
their HMM PBP targets which render them less susceptible acids. These compounds were characterized as inhibitors
to inhibition by -lactam antibiotics4, 20). The emergence against a set of LMM PBPs with readily detectible enzyme
and spread gf-lactam-resistant bacteria is a serious public activity against~p-Ala-p-Ala-based substrates: EC PBP 5,
health issue, especially in view of the simultaneous emer- Neisseria gonorrhoea@NG) PBP 3, and NG PBP 4. This
gence and spread of resistance to other classes of antibioticsset includes one class A (EC PBP 5) and two class C
New antibacterial agents are urgently needed to combat drug{NG PBP 3 and NG PBP 4) LMM PBPs.
resistant bacteria. Alternative nghlactam inhibitors for the
PBPs could provide such new antibacterial agents. EXPERIMENTAL PROCEDURES
Transition state analogues are compounds that mimic the General.Tris, p-Ala, horseradish peroxidase (HRP, type
transition state of enzyme-catalyzed reactions and are oftenX, 21 mg/mL as an ammonium sulfate suspension, 250 units/
potent enzyme inhibitors (reviewed in refsl and 22). mg), ampicillin, and FAD were purchased from Sigma
Transition state analogues are also useful for mechanistic,Chemical Co. (St. Louis, MO). Pig kidneg-amino acid
structural, and functional studies of enzymes. Several classe®xidase (DAO, 6.0 mg/mL as an ammonium sulfate suspen-
of such inhibitors have been developed for the serine sion, 12 units/mg) was purchased from Roche Molecular
proteases, including peptide boronic acig3-<25), peptide Biochemicals (Indianapolis, IN). BacLys(Chz) and other
aldehydesZ6), peptide chloromethyl ketoneg7, 28), and protected amino acids were purchased from Sigma or
peptide tri- and difluoromethyl ketone9—31) (Figure 2). Bachem (King of Prussia, PA). The two PBP substrates,
Given that both serine proteases and PBPs form transientdiacetyl+-Lys-p-Ala-p-Ala (Ac,-KAA) and Boc+-p-Glu-
serine-linked acyl-enzyme intermediates with their substratesL-Lys(Cbz)b-Ala-p-Ala, and the synthetic intermediates,
during catalysis, it seems reasonable that one or more classeBoc+-Lys(Cbz)p-Ala and Boct-Lys(Cbz)+-Ala, were
of serine protease inhibitors might be effective PBP inhibi- synthesized using standard methods of solution-phase peptide
tors. In related studies, transition state analogues have beemsynthesis41, 42). The fluorescent HRP substrate 10-acetyl-
developed for th@-lactamases, including boronic aci@2( 3,7-dihydroxyphenoxazine (Amplex Red, AR) was purchased
36) and phosphonates37—39), and may provide new  from Molecular Probes (Eugene, OR). Reagents for syntheses
pB-lactamase inhibitors to help combgtlactam-resistant  of intermediates and inhibitors, general reagents, and solvents
bacteria. A phosphonate monoester inhibitor for a PBP haswere purchased from Aldrich (St. Louis, MO). HPLC was
been described briefly3g), but potent inhibitors have not  performed on a Hewlett-Packard series 1050 system equipped
emerged from these studie4(y. with a diode array detector on C18 columns (Econosphere
As part of our effort to develop new ngfdactam 3.2 x 250 mm, 5.0um particles) at 0.6 mL/min with an
inhibitors for the PBPs that could provide a basis for new elution gradient of solvent A (0.1% TFA in water) for 1 min,
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Substrate Scheme 1
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FIGURE 2: Substrate specificity and corresponding transition state
analogues for serine proteases and related enzymes. The P2
P1-//—P1 terminology is from Schechter and Berg88), where

// designates the proteolytic cleavage site. The four transition state
analogue classes shown at the bottom can form tetrahedral adducts
with the active site serine. In the case of chloromethyl ketones an
additional alkylation reaction is possible with an active site
nucleophile, which in the case of serine proteases is often the active
site histidine.

then 0-100% of solvent B (0.1% TFA in 30% water, 70%
acetonitrile) in 10 min, and then-0L00% of solvent C
(0.1% TFA in acetonitrile) in 5 min. Preparative HPLC was
performed on a C18 column (Econosil, 22250 mm, 10

um particles) at 5 mL/min with an elution gradient of 10%
of solvent B initially, then 16-100% of solvent B in 30 min,
and then 100% of solvent B to 100% of solvent C in 30
min. TLC was performed on Riedel-deHaKieselgel 60 F
254 plates, layer thickness 0.2 mm, elution system 9:1
CHCIl3:MeOH, and detection with 0.5% ninhydrin in ethanol
and heating. LCMS was carried out on an aQa ThemoQuest
(Finnigan) system equipped with an atmospheric pressure
ionization (API) electrospray source or by direct infusion.
Proton spectra were obtained using a Bruker AC-250
spectrometer on samples in CR@k the solvent. Chemical

Biochemistry, Vol. 42, No. 2, 200381

Lo
HN” B
o
4

Boc—N R
(o)
Boc-L-Lys(Cbz)—R

R= NP(\?—CHzCI

5; Boc-L-Lys(Cbz)-D-Ala-CH,ClI

R= NH/QCFa

7; Boc-L-Lys(Cbz)-DL-Ala-CF3

R= NH)\i‘H

9a; Boc-L-Lys(Cbz)-D-Ala-H
9b; Boc-L-Lys(Cbz)-L-Ala-H

Ao
R= N B
(o]

10a; Boc-L-Lys(Cbz)-DL-boroAla-pinacol

i o
= N OB, @
o

10b; Boc-L-Lys(Cbz)-D-boroAla-(-)-pinanediol

o
R= N~ B |
o~

10c; Boc-L-Lys(Cbz)-L-boroAla-(+)-pinanediol

shifts are reported in parts per million relative to tetramethyl- mmol) of Diazald (Aldrich). After overnight at OC, the
silane as internal standard. Elemental analysis was performedeaction mixture was concentrated on a water bath, and the

by Galbraith Laboratories (Knoxville, TN).

residue was diluted with 10 mL of diethyl ether and treated

Boc1-Lys(Cbz)ep-Ala-CH,CI (5). This compound was  with 3 mL of 2 M hydrogen chloride in diethyl ether (6

synthesized by the method of Kettner and Shd®).(To a
solution of 0.451 g of Boe-Lys(Cbz)b-Ala-OH (1 mmol)
and 0.12 mL of NMM (1.1 mmol) in 15 mL of THF at15

mmol). After 30 min, the solvent was evaporated, and the
residue was treated with ether (50 mL) and water (20 mL).
The ether layer was separated, washed with 20 mL of water,

°C was added 0.136 mL of IBCF (1.05 mmol). After 20 min dried over anhydrous magnesium sulfate, and evaporated to
at this temperature, the solid was filtered off and washed dryness to give 0.32 g of a brown crystalline mass. This
with 10 mL of THF. The combined THF solutions were material was dissolved in 10 mL of chloroform and treated
treated with etheral diazomethane obtained from 2.15 g (10with 20 mL of hexane to give a white precipitate which was
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filtered and dried to give 0.23 g (0.48 mmol, 48%) of product
(R 0.65). This product was 98% pure by HPLEL NMR:

0 1.3-1.9 [m, 6H, CH,5, CHyy, CH26 (lysine)], 1.38 (d,J
=7.5Hz, 3H, Gi5CH), 1.43 (s, 9H{BuU), 3.19 [m, 2H, Gl
(lysine)], 4.06 [m, 1H, Ela (lysine)], 4.28 (s, 2H, CORB.ClI),
4.72 (m, 1, CHCH), 4.94 (m, 1H, CbzM), 5.10 (s, 2H,
CH,Ph), 5.24 (dJ = 7.25 Hz, 1H, BocM), 6.97 (d,J =7
Hz, 1H, LysNH), 7.35 (s, 5H, Ph). LCMSnv/e 483.8 ([M]").
Anal. Calcd for GgH3aN3O6Cl: C, 57.08; H, 7.08; N, 8.68;
0, 19.83; Cl, 7.33. Found: C, 56.03; H, 7.15; N, 8.45; O,
19.20; CI, 8.36.

Boc1-Lys(Cbz)-NHCH(CH)CH(OH)CF; (6). To a solu-
tion of 1.14 g of Boce-Lys(Cbz) (3 mmol) and 0.88 mL of
NMM (8 mmol) in 20 mL of THF maintained at15 °C
was added 0.39 mL of IBCF (3 mmol). After 20 min at this
temperature, a solution of 0.539 g of 2-amino-1-(trifluoro-
methyl)-1-propanol hydrochloridd) [prepared as described
previously @4)] (3 mmol) in 3 mL of DMF was added to

Pechenov et al.

sium sulfate and evaporated to dryness to give 1.15 g (2.33
mmol nominally, 102%, containing residual solvent as an
impurity) of a syrup, which slowly crystallized upon storage
(R 0.63).*H NMR: ¢ 1.3—-1.9 [m, 6H, GH,, CH,y, CH20
(lysine)], 1.33 (d,J = 6.0 Hz, 3H, G43CH), 1.44 (s, 9H,
tBu), 3.19 [m, 5H, @ (lysine), CH3N], 3.77 (s, 3H,
CH3ON), 4.13 [m, 1H, Gl (lysine)], 4.92 (m, 1H, CKCH),
5.00 (m, 1H, CbzMl), 5.09 (s, 2H, Ph#8y), 5.22 (d,J =
7.5 Hz, 1H, BocM), 6.91 (d,J = 6.0 Hz, 1H, LysNH),
7.35 (s, 5H, Ph). LCMS:nve 495.2 ([M + H]™).
Boc+i-Lys(Cbz)p-Ala-H (9a). Following the method of
Fehrentz and Castratf) and Nahm and Weinreb16), 2
mL of 1 M lithium aluminum hydride in THF (2 mmol) was
added to a solution of 0.495 g of Beekys(Cbhz)p-Ala-
N(OCH;)CH;z (8a) (1 mmol) in 10 mL of THF at O°C. By
the end of the addition a thick gel was formed. After 30
min at 0°C, 50 mL of ethyl acetate and 15 mL of 1 M
hydrochloric acid were added to the reaction mixture. The

the reaction mixture. After 12 h at room temperature, the ethyl acetate layer was separated and washed with 10 mL

reaction mixture was concentrated under reduced pressureof water, 10 mL of saturated aqueous sodium bicarbonate,

The residue was diluted with 20 mL of diethyl ether and and 10 mL of water, dried over anhydrous magnesium

washed with 10 mL b1 M hydrochloric acid, 10 mL of  sulfate, and evaporated to dryness to give 0.419 g (0.96

water, 10 mL of saturated aqueous sodium bicarbonate, andnmol, 96%) of product as an 0iR(0.56).*H NMR: 6 1.3—

10 mL of water. The ether layer was dried over anhydrous 1.9 [m, 6H, GH,3, CHyy, CH20 (lysine)], 1.33 (dJ = 7.25

magnesium sulfate and evaporated to dryness to give 1.33 ¢Hz, 3H, CH3CH), 1.44 (s, 9H,tBu), 3.17 [m, 2, G

(2.64 mmol, 88%) of product as a white foaR 0.65). This (lysine)], 4.13 [m, 1H, Ela (lysine)], 4.44 (m, 1H, CHCH),

product was used without further purification for the prepara- 5.00-5.15 (m, 3H, CbzM, CH,Ph), 5.31 (m, 1H, BocN),

tion of 7. LCMS: m/e 506.3 ([M + H]™). 7.00 (m, 1H, LysM), 7.35 (s, 5H, Ph), 9.50 (s, 1HHD).
Boc1-Lys(Cbz)pL-Ala-CFs (7). This compound was syn- LCMS: m/e 436.3 (M + H]").

thesized fron® by the method of Imperiali and Abele44). Boc1-Lys(Cbz)e-Ala-N(CH;)OCH; (8b). This compound

To a solution of 0.224 g of Boc-Lys(Cbz)-NHCH(CH)- was prepared as described & starting from 0.677 g of

CH(OH)CF; (6) (0.44 mmol) in 5 mL oftert-butyl alcohol Boc1-Lys(Cbz)t-Ala (1.5 mmol). The yield was 0.713 g

maintained at 0C was added 2.2 mL of a 0.6 M solution (1.44 mmol, 96%) of product as a syrup (0.63). H

of sodium hydroxide (1.33 mmol) and 3.5 mL of 6% aqueous NMR: ¢ 1.3—1.9 [m, 6H, H,53, CHzy, CH20 (lysine)], 1.33

potassium permanganate (1.33 mmol). After 3 h, the reaction(d, J = 6.0 Hz, 3H, G45CH), 1.44 (s, 9H{Bu), 3.13 (s, 3H,

was quenched by the addition of 10 mL of methanol. After CH3N), 3.20 [m, 2H, ®GHz¢ (lysine)], 3.75 (s, 3H, E30N),

10 min, the reaction was poured into a mixture of 25 mL of 4.12 [m, 1H, Ga (lysine)], 4.89 (m, 1H, CHCH), 5.08-

ether and 25 mL of water. The ether layer was separated5.30 (m, 4H, CbzM, CH,Ph, BocNH), 6.70 (d,J = 9 Hz,

and washed with 20 mL of 10% citric acid and 20 mL of 1H, LysNH), 7.35 (s, 5H, Ph). LCMS:m/e 495.1 ([M +

water, dried over anhydrous magnesium sulfate, and evapo-H]™).

rated to dryness to give 0.297 g of product as an oil. After
being dried over fOs under vacuum, 0.218 g (0.43 mmol,
98%) of a glass product was obtaineg .66, broad).
LCMS: m/e 504.3 (M + H]") and 522.4 ((M+ H +
H,O]*). Anal. Calcd for GsH3:N3OeF3: C, 54.86; H, 6.41;

N, 8.35; F, 11.32. Anal. Calcd for&H3sN30F; (hydrate):

C, 52.97; H, 6.57; N, 8.06; F, 10.93. Found: C, 53.19; H,
6.72; N, 8.00; F, 10.71.

Boc+-Lys(Cbz)p-Ala-N(CH;)OCHs (8a). A solution of
1.03 g of Boce-Lys(Cbz)p-Ala (2.28 mmol) and 0.3 mL
of NMM (2.7 mmol) in 25 mL of DCM maintained at 15
°C was treated with 0.33 mL of IBCF (2.6 mmol). After 30
min at this temperature, a mixture of 0.25 g MNO-
dimethylhydroxylamine hydrochloride (2.6 mmol) and 0.43
mL of triethylamine (3 mmol) in 15 mL of acetonitrile was
added, which was prepared 10 min before addition with
intensive shaking. After being stirred for 12 h the reaction

Boc+i-Lys(Cbz)e-Ala-H (9b). This compound was pre-
pared as described f@a by reduction of 0.495 g of Boc-
L-Lys(Cbz)+-Ala-N(OCHs)CHjs (8b) (1 mmol) to give 0.419
g (0.96 mmol, 96%) of product as an 0iR(0.56). 'H
NMR: 6 1.3—-1.9 [m, 6H, CGH,53, CH,y, CH0 (lysine)], 1.33
(d,J = 7.25 Hz, 3H, Gi5CH), 1.44 (s, 9H}Bu), 3.18 [m,
2H, CHx¢ (lysine)], 4.12 [m, 1H, Ela (lysine)], 4.45 (m,
1H, CH;CH), 5.00-5.15 (m, 3H, ChzM, CH,Ph), 5.32 (d,

J =6 Hz, 1H, BocNH), 6.94 (m, 1H, LysM), 7.35 (s, 5H,
Ph), 9.52 (s, 1H, B0). LCMS: m/e 436.2 (M + H]™).

HPLC Purification and Stereochemical Analysis of Peptide
Aldehydes9a and 9b. Peptide aldehydes prepared by
reduction of Weinreb amides are reported to retain the optical
integrity of the amino acid aldehyde residéé). However,
the crude aldehydeSa and 9b demonstrated high back-
grounds in the redox reaction-based PBP activity assays, and
additional purification by preparative HPLC was required.

mixture was concentrated under reduced pressure. ThePeptide aldehydes are highly susceptible to racemization, and
residue was diluted with 75 mL of ethyl acetate and washed the HPLC-purified peptide aldehydes were analyzed for

with 15 mL o 1 M hydrochloric acid, 15 mL of water, 15

racemization by conversion to the corresponding carboxylic

mL of saturated aqueous sodium bicarbonate, and 15 mL ofacids by reduction with sodium borohydride and oxidation

water. The organic layer was dried over anhydrous magne-

with potassium permanganaté7}. This was followed by



Transition State Analogue Inhibitors for PBPs

hydrolysis wih 6 N hydrochloric acid at 120C for 6 h,

Biochemistry, Vol. 42, No. 2, 2003583

reduced pressure to give 2.2 g (8.5 mmol, 67%) of product.

derivatization with Marfey’s reagent, and separation of the H NMR: 6 0.83-2.4 (m, 16H, pinanyl), 1.52 (dl = 7.25

D- andL-Ala diastereomeric Marfey’s derivatives by analyti-
cal HPLC with detection at 340 nnd@, 49). This analysis
demonstrated 20% racemization & (to 9b), and 20%
racemization oBb (to 9a).

Hz, 3H, (H;CHB), 3.07 (br s, 1H, CECHB), 4.39 (d,J =

8.5 Hz, 1H, GHOB), 8.23 (br s, 3H, M3™).
Stereochemical Characterization ob-BoroAla-(—)-

pinanediol @). This was performed by NMR analysis of the

Pinacol 1-Amino-1-ethylboronate Hydrochlorid®) (oL- acetyl derivative according to the method of Matteson et al.
BoroAla-pinacol Hydrochloride)This compound was pre-  (51). TEA (63 uL, 0.45 mmol) was added to a solution of
pared similarly to the trifluoroacetate salt as described by 40 mg ofp-boroAla-(—)-pinanediol hydrochloride3) (0.15
Kettner and Shenvi2d). To a solution of 2.25 g of 1-[bis- mmol) in 3 mL of DCM at—10 °C, followed by addition of
(trimethylsilyl)amino]ethylboronate (7.14 mmol) in 10 mL 17 uL of acetyl chloride (0.23 mmol). Aftel h atroom
of ether at—80 °C was added 11 mL (22 mmolfa 2 M temperature, the reaction mixture was diluted with 7 mL of
solution of hydrogen chloride in ether. The reaction mixture DCM and washed with 3 mLfol M hydrochloric acid, 3
was allowed to warm to room temperature and diluted with mL of water, 3 mL of saturated sodium bicarbonate solution,
25 mL of hexane. The precipitate formed upon hexane and 3 mL of water. The organic layer was dried over
addition was filtered, washed with hexane, and dried to give anhydrous magnesium sulfate and evaporated to dryness to
1.46 g (7.07 mmol, 99%) of a white crystalline solitH give 38 mg (0.14 mmol, 96%) of the produet)-pinanediol
NMR: 6 1.279 (s, 12H, pinacolyl), 1.506 (d,= 7.5 Hz, (19-(1-acetamidoethyl)boronate as a glass. Recrystallization
3H, CH3;CHB), 2.92-3.10 (br s, 1H, CHCHB), 8.10-8.35 from 0.7 mL of acetonitrile gave 28 mg (0.10 mmol, 70%)
(br s, 3H, NHz™). of crystals.XH NMR: 6 9.058 to 8.409 (M) ratio 25:1 (the

Boc+-Lys(Cbz)eL-boroAla-pinacol (0a). To a solution same ratio as for the product before crystallization). This
of 0.761 g of Boce-Lys(Cbz) (2.0 mmol) and 0.286 mL  result demonstrates 4% ofboroAla present im-boroAla-

(2.6 mmol) of NMM in 10 mL of DCM at—20°C was added  (—)-pinanediol 8).

0.272 mL of IBCF (2.1 mmol). After 30 min at this Boc+i-Lys(Cbz)e-boroAla-(—)-pinanediol @0b. To a
temperature, 0.425 g afL-boroAla-pinacol hydrochloride  solution of 0.266 g of Boe-Lys(Cbz) (0.7 mmol) and 88
(2) (2.05 mmol) and 0.286 mL of NMM (2.6 mmol) were uL of NMM (0.8 mmol) in 5 mL of DCM at—20 °C was
added to the reaction mixture. Aft2 h atroom temperature,  added 97uL of IBCF (0.75 mmol). After 30 min at this
the reaction mixture was diluted with 70 mL of ethyl acetate, temperature, 0.182 g af-boroAla-(—)-pinanediol hydro-
washed with 20 mL ©1 M hydrochloric acid, 10 mL of chloride @) (0.7 mmol) and 8&L of NMM (0.8 mmol)
water, 10 mL of saturated sodium bicarbonate solution, and were added, and the reaction mixture was allowed to warm
10 mL of water, dried over anhydrous magnesium sulfate, to room temperature. After 2 h, the reaction mixture was
and evaporated to give 1.03 g (1.92 mmol, 96%) of product diluted with 25 mL of ethyl acetate and washed with 10 mL
as a white solid foam. The product obtained showed a singleof 1 M hydrochloric acid, 10 mL of water, 10 mL of saturated
spot on TLC R 0.52).*H NMR: ¢ 1.15 [d,J = 7.25 Hz, sodium bicarbonate solution, and 10 mL of water. The
1.5H, HsCH (p- or L-boroAla)] and 1.16 [dJ = 7.25 Hz, organic layer was dried over anhydrous magnesium sulfate
1.5H, CH3CH (L- or p-boroAla)], 1.22 (s, 12H, pinacolyl),  and evaporated to dryness to give 0.388 g (0.67 mmol, 95%)
1.3-1.9 [m, 6H, 53, CHzy, CH20 (lysine)], 1.43 (s, 9H, of product as a white foani¥ 0.67).'H NMR: 6 0.83-2.4
tBu), 2.91 (s, 1H, CHCHB), 3.17 [m, 2H, G (lysine)], [m, 22H, pinanyl, G5, CH.y, CH.0 (lysine)], 1.20 (d,J
4.13 [m, 1H, Ha (lysine)], 5.05-5.13 (m, 4H, CbzM, = 7.25 Hz, 3H, Gi3CHB), 1.43 (s, 9H,tBu), 3.08 (br s,
CH,Ph, BocNH), 6.85 [m, 0.5H, LysM (p- or L-boroAla)], 1H, CHCHB), 3.17 [m, 2H, G2 (lysine)], 4.07 [m, 1H,
6.95 [m, 0.5H, LysMH (L- or p-boroAla)], 7.35 (s, 5H, Ph).  CHa (lysine)], 4.29 (d,J = 7.25, 1H, G10OB), 4.95-5.20
Mass (infusion): m/e 534.4 (M + H]"). Anal. Calcd for (m, 4H, CbzNH, CH,Ph, BocNH), 6.38 [br s, 0.04H, LysN
C,7H4N307B: C, 60.79; H, 8.31; N, 7.88; B, 2.03. Found: (L-boroAla, assigned as described below)] and 6.54 [br s,
C, 60.04; H, 8.69; N, 7.60; B, 1.83. 1H, LysNH (p-boroAla, assigned as described below)], 7.35

(—)-Pinanediol (1S)-(1-Aminoethyl)boronate Hydrochlo- (s, 5H, Ph). LCMS:m/e 586.4 (M + H]*). Anal. Calcd for
ride (3) (p-BoroAla-(—)-pinanediol Hydrochloride).To a CaiHagN3O7/B: C, 62.77; H, 8.26; N, 7.17; B, 1.85. Found:
solution of 3.1 mL of HMDS (14.5 mmol) in 15 mL of THF  C, 62.77; H, 8.52; N, 6.72; B, 1.64.
at —100 °C was added 9.1 mL of a 1.6 M solution of Chemical Shift Assignment for BoroAla NH Diastereomers
n-buthyllithium in hexane (14.5 mmol) down the cold side in Boci-Lys(Cbz)eL-boroAla-(—)-pinanediol.(—)-Pinanediol
of the reaction flask. The reaction mixture was allowed to (0.102 g, 0.6 mmol) was added to a solution of 0.32 g of
warm to room temperature and then cooled-ttD0°C. This Boc+-Lys(Cbz)bL-boroAla-pinacol 108) (0.6 mmol) in 3
was followed by the addition of 3.07 g of-|-pinanediol mL of wet (1% HO) acetonitrile. After 3 days at room
(1R)-(1-chloroethyl)boronate (prepared as described in ref temperature, the transesterification reaction was completed
50) (12.7 mmol). The reaction mixture was allowed to warm (TLC, startingRs 0.52, productR: 0.67). Acetonitrile was
to room temperature and stand for 24 h. After this period, evaporated under reduced pressure, and the residue was
the reaction mixture was cooled te80 °C followed by dissolved in 20 mL of ethyl acetate and washed with
addition of 21.7 mL (43.5 mmol) foa 2 M solution of saturated sodium chloride solution 310 mL). The ethyl
hydrogen chloride in ether. The reaction mixture was allowed acetate layer was dried with anhydrous magnesium sulfate
to warm to room temperature and concentrated under reducecnd concentrated to dryness to give 0.37 g of the product
pressure to give a brown solid. This material was washed Boc--Lys(Cbz)bL-boroAla-(—)-pinanediol. This product
with 40 mL of ethyl acetate, then dissolved in chloroform contained residual pinacol and was purified by preparative
(250 mL), and filtered. The resulting solution was dried under HPLC to give an analytical sampléHd NMR: 6 6.39 to



584 Biochemistry, Vol. 42, No. 2, 2003

6.55 (boroAla MNH) ratio 1:1.28. After addition of an
approximately equal amount of Baekys(Cbz)b-boroAla-
(—)-pinanediol (0b) to the sample, NMR showed®6.42
to 6.56 (boroAla NH) ratio of 0.26:1. Hence, the former
signal was assigned to the boroAl&Mf Boc+-Lys(Cbz)-
L-boroAla-(—)-pinanediol and the latter to the boroAlaHN
of Boc+-Lys(Cbz)b-boroAla-(—)-pinanediol.
(+)-Pinanediol (1R)-(1-Aminoethyl)boronate Hydro-
chloride @) (L-BoroAla-(+)-pinanediol Hydrochloride)This
compound was prepared as described 3ousing )-

Pechenov et al.

as a white foamR; 0.67).*H NMR: 6 0.83-2.4 [m, 22H,
pinanyl, 3, CHyy, CH20 (lysine)], 1.20 (dJ = 7.25 Hz,
3H, CHsCHB), 1.43 (s, 9H,tBu), 3.05-3.20 [m, 3H,
CH3CHB, CHz¢ (lysine)], 4.06 [m, 1H, Ela (lysine)], 4.28
(d, J = 7.5 Hz, 1H, GiOB), 4.95-5.20 (m, 4H, CbzMi,
CH,Ph, BocNH), 6.51 [br s, 1H, LysM (L-boroAla, assigned
as described below)], 7.35 (s, 5H, Ph). LCMBve 586.4
(IM + H]"). Anal. Calcd for GiHsgN3O;B: C, 62.77; H,
8.26; N, 7.17; B, 1.85. Found: C, 62.71; H, 8.53; N, 6.74;
B, 1.68.

pinanediol as the chiral directing agent. To a solution of 2.56  Chemical Shift Assignment for BoroAla NH Diastereomers
mL of HMDS (12.9 mmol) in 5 mL of THF at-100 °C in  Boc1i-Lys(Cbz)eL-boroAla-(+)-pinanediol. Boc-.-

was added 8.1 mL of a 1.6 M solution ofbutyllithium in Lys(Cbz)bL-boroAla-pinacol was reesterified witht{-
hexane (12.9 mmol) down the cold side of the reaction vessel. pinanediol as described above for the chemical shift assign-
The reaction mixture was allowed to warm to room tem- ment for 10b, and an analytical sample was prepared by

perature and then cooled 100 °C followed by the addition
of 2.73 g of (+)-pinanediol (B)-(1-chloroethyl)boronate
[prepared as described previoushQ)] (11.3 mmol). The

HPLC. 'H NMR: ¢ 6.53 to 6.64 (boroAla M) ratio 1:2
(partially overlapping). (Note that HPLC purification en-
riched one of the stereocisomers, skewing the ratio away from

reaction mixture was allowed to warm to room temperature 1:1.) After addition of an equal amount of Baekys(Cbz)-

and stirred for 48 h. After this period, the reaction mixture
was cooled to—-80 °C followed by the addition of 17.7 mL
of 2 M hydrogen chloride in diethyl ether (35.5 mmol). The

L-boroAla-()-pinanediol to the sample, the6.49 to 6.57
(boroAla NH) ratio was 1:5. Hence, the former signal was
assigned to the boroAlailof Boc--Lys(Cbz)b-boroAla-

reaction mixture was allowed to warm to room temperature (+)-pinanediol and latter to the boroAlaHNof Boc--
and concentrated under reduced pressure to give a browrLys(Cbz)+-boroAla-(+)-pinanediol.

solid. This residue was washed with 20 mL of ethyl acetate,

then dissolved in chloroform, and filtered. The resulting

Penicillin-Binding ProteinsEC PBP 5 was expressed in
E. coliand purified by Sepharosampicillin affinity chro-

solution was concentrated to dryness under reduced pressurenatography as described previous§2 NG PBP 3 and

to give 2.32 g (8.9 mmol, 79%) of product as a light brown
foam.

Stereochemical Characterization of-BoroAla-(+)-
pinanediol @). This compound was converted to the acetyl

NG PBP 4 were expressedfin coli as fusion proteins with
Hise-maltose-binding protein ((4MIBP) in a modified version
of pMAL-C2 expression vector (New England Biolabs,
Beverly, MA) and purified from soluble fractions on a

derivative for stereochemical characterization according to HiTrap chelating column (Amersham Biosciences, Piscat-

the method of Matteson et abl) as described above 8¢
TEA (84 uL, 0.6 mmol) was added to a solution of 52 mg
of L-boroAla-(+)-pinanediol hydrochloride4 (0.2 mmol)

in 3 mL of DCM at—10 °C, followed by addition of 2L

of acetyl chloride (0.3 mmol). Aftel h atroom temperature,
the reaction mixture was diluted with 7 mL of DCM and
washed with 3 mL 61 M hydrochloric acid, 3 mL of water,

away, NJ) complexed with Rii. Following cleavage of the
PBP from H-MBP by tobacco etch virus protease C, the
PBPs were purified by repassage over &@'NHiTrap
chelating column and elution with 15 mM imidazole. The
proteins were concentrated to between 2 and 5 mg/mL,
dialyzed against 10 mM Tris-HCI, pH 8.0, 1 mM EDTA,
and 10% glycerol, and frozen at80 °C in small aliquots.

3 mL of saturated sodium bicarbonate solution, and 3 mL Complete details of NG PBP 3 and NG PBP 4 expression
of water. The organic layer was dried over anhydrous and purification will be presented elsewhere.
magnesium sulfate and evaporated to dryness to give 52 mg PBP Inhibition AssaysPBP activity assays were per-

(0.196 mmol, 98%) of the product-)-pinanediol (R)-(1-

formed as described previously3 54). Stock solutions of

acetamidoethyl)boronate as a glass. Recrystallization frominhibitors were prepared in 50% methanol/water. Enzyme

1 mL of acetonitrile gave 38 mg (0.143 mmol, 72%) of
crystalsH NMR: 6 8.59 to 9.26 (M) ratio 1:55 (the same
ratio for product before crystallization). This result demon-
strates 2% ob-boroAla present in-boroAla-(+)-pinanediol
(4).

Boc+1-Lys(Cbz)e-boroAla-(+)-pinanediol (0¢. To a
solution of 0.266 g of Boe-Lys(Cbz) (0.7 mmol) and 88
uL of NMM (0.8 mmol) in 5 mL of DCM at—20 °C was
added 97uL of IBCF (0.75 mmol). After 30 min at this
temperature, 0.182 g af-boroAla-(+)-pinanediol hydro-
chloride @) (0.7 mmol) and 8&L of NMM (0.8 mmol)

assays were performed in a buffer comprised of 100 mM
pyrophosphate, 100 mM NacCl, and 0.5 mg/mL alkylated
BSA, at pH 8.5, with 5% methanol included as a cosolvent
for solubilization of inhibitors. The 5% methanol had no
effect on PBP activities. Assays to determkevalues for
PBP inhibitors were performed with 10 mM Ac-Lys-D-
Ala-p-Ala as the substrate. This concentration is below the
Km of this substrate for all three PBPs included in this study
(subsaturating conditionsh4; unpublished resultsks for
inhibitors were determined by performing assays with serially
diluted inhibitors (steps of two in inhibitor concentration)

were added, and the reaction mixture was allowed to warm around the midpoint inhibitor concentration. For analysis of
to room temperature. After 2 h, the reaction mixture was inhibition by peptide boronic acid esters, the boronic acid
diluted with 25 mL of ethyl acetate and washed with 10 mL ester was preincubated in the assay buffer at least 15 min
of 1 M hydrochloric acid, 10 mL of water, 10 mL of saturated prior to addition of PBP to release the free boronic acid from
sodium bicarbonate solution, and 10 mL of water. The the ester for binding to the enzyn24j. Assays were started
organic layer was dried over anhydrous magnesium sulfateby addition of PBP and incubated at 26 for 30—60 min.

and evaporated to dryness to give 0.408 g (99%) of product PBP activity was then inactivated and theAla reaction
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product quantitated using fluor(_esc_er?t_ly detected DAO_/HRP Table 1: K, Values for Transition State Analogue Inhibitors against
coupled enzyme assays3. For inhibition at subsaturating NG PBP 3, NG PBP 4, and EC PBP 5
substrate concentrations ([S] Km) the following equation

inhibitor
will generally apply (except in the case of an uncompetitive K a
e Boc4-Lys(Cbz)-R !
inhibitor) where R= NGPBP3 NGPBP4 ECPBP5
5 p-Ala-CH,CI ~1mM >1mM >1mM
v=uyg/(1+1/K) (1) 7 o-AlaCh 60(10)M  >1mM  >1mM
9a Dp-Ala-H (20%L) 60 (3)uM >1mM >1mM
9b  L-Ala-H (20%Db) 79 (4)uM ND ND

where v is the observed enzyme-catalyzed ratgjs the 102 oLboroAlapinacol 043 (0.04M 30 (A)uM 14 ()M

uninhibited rate] is the inhibitor concentration, an, is 10b  p-boroAla-(-)- 0.37 (0.03uM 34 (8)uM 16 (5)uM
the inhibitor dissociation constark, values were obtained pinanediol (4%.)

by fitting inhibition data with this equation by nonlinear 10c v-boroAla-(+)- 51)uM >1mM 290 (90)uM
regression using BMDP statistical software (SPSS Science, pinanediol (2%)

Chicago, IL). 2 Standard errors are given in parentheses. Dot determined.

Kinetic Mechanism of Inhibition of NG PBP 3 Hoh

The most effective enzymenhibitor pair was NG PBP 3 results also demonstrate the final stereochemical purity of
inhibition by 10b. To characterize the kinetic mechanism of 10b and 10c

inhibition, NG PBP 3 (210 pM) was incubated with a range Enzyme Inhibition.The synthesized compounds were

of substrate concentrations 400 mM Bocy-D-GluL-aqte s inhibitors for three PBPs: NG PBP 3, NG PBP 4,
Lys(Cbz)o-Ala-0-Ala] in the absence and presence of ..y Fc pgp 5 Once the approximate range of inhibition
compoundlOb at concentrations of 200, 400, and 600 nM. was established for each inhibitor against each enzyme, a
set of more focused assays with inhibitor concentrations
centered around the midpoint of inhibition were performed.
Inhibitor Synthesis and Characterizatidnhibitors based  Inhibition data were then analyzed to gievalues for each
on pb-, L-, or bL-Ala (Scheme 2) were synthesized using €enzyme-inhibitor pair (Table 1). The peptide chloromethyl
established methods for these inhibitor classes. Elementalketone ), expected to be predominantly theAla isomer,
analysis of the chloromethyl ketoegave a slightly higher ~ showed little or no inhibition after 30 min incubation with
than expected value for chlorine (8.36 found vs 7.33 the PBPs, and thus no additional effort was made to
expected), which is consistent with 1.25 wt % of residual determine the chiral purity of this compound or to synthesize
CHCls; in the final product. Elemental analysis and LCMS theL-Ala diastereomer. The peptide trifluoromethyl ketone
data for the trifluoromethyl keton®, as summarized in the  (7), which was expected to be a diastereomeric mixture of
Experimental Procedures, indicate that this compound wasp- andL-Ala-trifluoromethyl ketones, showed modest inhibi-
obtained as the trifluoromethyl ketone hydrateNHCH- tion of NG PBP 3. Stereospecific methods for the synthesis
(CH3)C(OH)CF;]. Elemental, LCMS, and NMR data for  of trifluoromethyl ketones have not been developed to our
the other inhibitors were consistent with expected values. knowledge, and no further analysis ofand L specificity
Stereochemical analysis was performed for both the aldehydewas made with this agent. Thee andL-Ala-based peptide
diastereomerf and9b) and the boronic acid diastereomers aldehydesda and 9b initially gave high background fluo-
(10b and10q). The Weinreb reduction method for synthesiz- rescence in our redox-based assay for PBP activity, which
ing aldehydes has been reported to result in products withprecluded activity-based PBP inhibition studies. HPLC
high stereochemical purity46). However, the initial alde-  purification of9aand9b removed the high assay background
hyde products contained impurities that interfered with the but resulted in about 20% racemization of the alanine
enzyme-catalyzed redox reactions used in the PBP assaysgldehyde (Ala-H) residue for both compounds. The two
and HPLC purification of the two peptide aldehydes was aldehydes9aand9b, gave similar levels of inhibition against
required to remove the offending impurities. Peptide alde- NG PBP 3, most likely because of the 20% diastereomeric
hydes are particularly sensitive to racemization, and stereo-impurity between the two samples. Given that the aldehydes
chemical analysis of the peptide aldehydes after HPLC were not outstanding inhibitors, no additional effort was
purification revealed about 20% racemization in botland made to improve the diastereomeric purity of the peptide
L-Ala aldehyde product8aand9b used in the PBP inhibition  aldehyde preparations.

RESULTS

study. The peptide boronic acid was initially synthesized as the
Three peptide boronic acid samples were synthesized fordiastereomefOa and found to be a good inhibitor for all

these studies; Boc-Lys(Cbz)oL-boroAla-pinacol 10a), three PBPs. Additional effort to stereospecifically prepare

Boc4.-Lys(Cbz)b-boroAla-(—)-pinanediol {0b), and Boc- the individual b-boroAla andL-boroAla enantiomers ap-

L-Lys(Cbz)+-boroAla-(+)-pinanediol (0c). Stereochemical  peared warranted and was performed usiidr @nd )-
analysis ofp-boroAla @) andL-boroAla @) revealed 4% pinanediol as a stereospecific-directing group as developed
and 2% of the other boroAla stereoisomer, respectively, by Matteson and co-worker$@ 55). NMR analysis of
consistent with the use of pinanediol stereoisomers as chiral-intermediate8 and4 and productd0b and10crevealed a
directing agents in boronic acid chemisty0( 55). After high level (96 and 98%, respectively) of diastereomeric
incorporation of3 and4 into 10b and10c, respectively, NMR purity. Characterization 010b and 10c as PBP inhibitors
analysis revealed thdiOb contained 4% of-boroAla, and demonstrated that theboroAla-based inhibitolOb was a

10c contained 2% ob-boroAla, demonstrating that racem- >10-fold more effective inhibitor than the-isomer-based
ization of boroAla did not occur during coupling. These 10c(Table 1), with aK, for NG PBP 3 of 370 nM.
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0.03 Matteson 23, 50, 51) and Kettner 24) on peptide boronic
acids.

Peptide boronic acids were found to be the most effective
0.02 |- inhibitors and were the only compounds to inhibit all three
PBPs included in this study (Table 1). NG PBP 3 was
sensitive to all of the inhibitors, although inhibition with the
0.01} chloromethyl ketonef) was very weak at 1 mM after 30

min incubation with the enzyme. After observing good
inhibition by 10a a mixture of diastereomergn- and
0 i 1 1 L-boroAla-based enantiomersQb and 10¢) were prepared

06 -04 02 0 02 04 06 stereospecifically as described by Matteson and co-workers
1/S (mM™) (50, 55) in 96% and 98% diastereomeric purity, respectively,
N and these compounds were tested as PBP inhibitors (Table
Ficure 3: 1/v vs 1S plots for NG PBP 3 inhibition bylOb. The

substrate was Bog-0-Glu--Lys(Chz)o-Ala-p-Ala (0—10 mM). 1). Theb-boroAla-basedlOb gave.3|gn|f|cantly lowelKs
Data were collected with 210 pM NG PBP 3 andi),(200 nM for all three PBPs, as expected giverhla at the cleavage
(®), 400 nM (a), and 600 nM #) 10b. Data were analyzed by  site in the natural PBP pentapeptide substrates (Figures 1
fitting with competitive, noncompetitive, and uncompetitive models. and 2). If the apparent inhibition by theboroAla isomer
The competitive model was found to be statistically best, and the (109 was due to the presence of 2% of thoroAla isomer
best fit lines for the competitive model are included. (10b), then the ratio oK;s for 10910b should be equal to
about 50. However, ratios of 14,30, and 18 are observed
Kinetic Mechanism of InhibitioriThe kinetic mechanism  for NG PBP 3, NG PBP 4, and EC PBP 5, respectively.
for inhibition of NG PBP 3 by10b was assessed by This observation suggests that, at least for NG PBP 3 and
performing assays over a range of substrate and inhibitorEC PBP 5, complete stereospecificity for vs L-based
concentrations. Data from this experiment are presented ininhibitors may not be observed, and some inhibition by the
double-reciprocal form in Figure 3. These data were analyzedL-boroAla isomer may be evident.
by nonlinear regression with models for competitive, non-  PBPs and the mechanistically relaigdactamases often
competitive, and uncompetitive inhibition. The model for exhibit complicated substrate kinetics due to multiple
competitive inhibition gave the best fit to a high degree of substrate binding site§¢—58 and references cited therein).

E /v (sec)

statistical significanceR < 0.05) (Figure 3). Such complicated substrate kinetics make kinetic character-
ization of an inhibitor difficult. In this study the tetrapeptide
DISCUSSION substrate Bog~p-Glu-L-Lys(Cbz)b-Ala-b-Ala, which has

relatively good kinetic properties for NG PBP B (= 1.6

Transition state analogues are often potent enzyme inhibi-mM, k.o = 115 s°*) and, more importantly, lacks apparent
tors and can also be valuable tools for studies on the catalyticsubstrate inhibition for NG PBP 3 (unpublished results),
mechanism, substrate specificity, and structdftmction allowed the kinetic mechanism &Db to be assessed. Data
correlations of target enzymeg1( 22). The development  from the kinetic characterization experiment are presented
of transition state analogue inhibitors for the PBPs would in Figure 3 in double-reciprocal form. These data demonstrate
be of great utility for such studies and could also provide a that 10b is a competitive inhibitor of NG PBP 3 and that
basis for the development of new antibacterial agents. The10b is therefore an active site-directed inhibitor.
goal of the present study was to prepare a series of potential The theory of transition state analogues (reviewed in ref
peptide-mimetic transition state analogue inhibitors for the 21) predicts an inverse correlation between tefor a
PBPs and to examine their inhibition of several available transition analogue and the./K. for the corresponding
LMM PBPs. Boct-Lys(Chz)b-Ala was chosen as the parent enzyme-catalyzed reaction:
structure, since it is a simple dipeptide homologue of the
natural PBP substrate up to the cleavage site (Figure 1), and K, O 1/(kofKr) (2)
the orthogonal Boc and Cbz protecting groups wehys
provide for further elaboration of inhibitors. Lysine was used Such a relationship has been observed in a number of
in place of diaminopimelic acid for several reasons. Foremost examples, both in cases when inhibitors and substrates were
is that suitably protected DAP derivatives are not readily varied, as well as cases where the enzyme was altered by
available. Also, Lys is often found in bacterial cell walls, site-directed mutagenesis (reviewed in2&¥. In the present
and the difference of a remote carboxy group between Lys case the most effective PBP inhibitor, boronic abdh, was
and DAP did not appear likely to have a major effect on the assessed against three different enzymes (PBPs). Among the
observation of inhibition. Established methods were used to three enzymes included in this study, NG PBP 3 was the
prepare peptide chloromethyl ketones, peptide trifluoromethyl most sensitive, EC PBP 5 was of intermediate sensitivity,
ketones, peptide aldehydes, and peptide boronic acids forand NG PBP 4 was the least sensitive to inhibitionlop.
testing as potential PBP inhibitors. Inhibitors were character- This generally parallels the enzymatic activity of these
ized by NMR, elemental analysis, LCMS, and/or chemical enzymes against the analogous substrate, 1Blogs(Cbz)-
derivatization to establish the identity of each agent and, in p-Ala-p-Ala (54; unpublished results), and a comparison of
some cases, stereochemical purity. The present study haginetic parameters for BocLys(Cbz)b-Ala-p-Ala hydroly-
benefitted greatly from the substantial research devoted tosis by these enzymes with thgfor inhibition by 10breveals
the development of transition state analogue inhibitors for an inverse relationship between l&g values and lod¢a/
the serine proteases, especially the pioneering studies oiKy,) values (Figure 4). However, the slope of this relationship
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target PBPs could provide a basis for the development of
NG3 EC5 NG4 nons-lactam inhibitors of the PBPs as novel antibacterial
6| | b agents.
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