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ABSTRACT. f3-Lactamases are the most widespread resistance mechanfstadiam antibiotics, such as

the penicillins and cephalosporins. Transition-state analogues that bind to the enzymes with nanomolar
affinities have been introduced in an effort to reverse the resistance conferred by these enzymes. To
understand the origins of this affinity, and to guide design of future inhibitors, double-mutant thermodynamic
cycle experiments were undertaken. An unexpected hydrogen bond between the nonconserved Asn289
and a key inhibitor carboxylate was observed in the X-ray crystal struct@é& oM inhibitor (compound

1) in complex with AmpCgp-lactamase. To investigate the energy of this hydrogen bond, the mutant
enzyme N289A was made, as was an analogué tifat lacked the carboxylate (compoujl The
differential affinity of the four different protein and analogue complexes indicates that the carbexylate
amide hydrogen bond contributes 1.7 kcal/mol to overall binding affinity. Synthesis of an analogjue of
where the carboxylate was replaced with an aldehyde led to an inhibitor that lost all this hydrogen bond
energy, consistent with the importance of the ionic nature of this hydrogen bond. To investigate the structural
bases of these energies, X-ray crystal structures of N2BaAd N289A2 were determined to 1.49 and

1.39 A, respectively. These structures suggest that no significant rearrangement occurs in the mutant
versus the wild-type complexes with both compounds. The mutant enzymes L119A and L293A were
made to investigate the interaction between a phenyl ririgand these residues. Whereas deletion of the
phenyl itself diminishes affinity by 5-fold, the double-mutant cycles suggest that this energy does not
come through interaction with the leucines, despite the close contact in the structure. The energies of
these interactions provide key information for the design of improved inhibitors agalastamases.

The high magnitude of the ierdipole interaction between Asn289 and the carboxylatkisfconsistent

with the idea that ionic interactions can provide significant net affinity in inhibitor complexes.

The proliferation of antibiotic resistant bacteria has become there is a need for novel, ng#Hactam inhibitors of these
a major public health probleml{3). Among the most  enzymes.
pernicious resistance mechanisms failactamas enzymes, Non-3-lactam inhibitors of3-lactamase based on boronic
which inactivatgs-lactam antibiotics, such as penicillins and acids have shown promise as possible leads for drug
cephalosporins4). To combatfs-lactamases, inhibitors of  discovery 6—10). These inhibitors form reversible covalent
these enzymes, such as clavulanic acid, can be administerethonds with the enzyme’s catalytic serine and act as transition-
alongside a primarg-lactam antibiotic; these inhibitors have state analogues of the deacylation step of the hydrolysis
found wide clinical use §). Because these inhibitors are reaction. As these inhibitors have come to increasingly
themselveg-lactams, they are susceptible to the bacterial resemble the substrates, their affinity has improved to the
defense mechanisms that have evolved over evolutionarypoint where they can inhibit the enzymes withvalues as
time to counter the primary-lactam antibiotics. These low as 1 nM and can revergklactam resistance in bacterial
p-lactam-basegd-lactamase inhibitors can have their access culture @, 10).
blocked by porin channel mutations, they may be hydrolyzed  Previously, we had desigdea 1 nMinhibitor of AmpC
by mutant-lactamases, and they can upregulate the expres-s-lactamase that was based on tBdactam antibiotic
sion of the veny-lactamases they are meant to inhibit. Thus, cephalothin (compount, Figure 1a) {0). The benzoic acid

group of1 was intended to mimic the dihydrothiazine ring
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with (b) the high energy intermediate of the substrate cephalothin. One way to quantify this interaction energy is through the
Arrows indicate the carboxylate of interest. use of thermodynamic cycles. Such cycles can be used

through double mutant perturbations to study the direct
aw bw interactions between individual amino acids during protein
s H\(©YO s H\(Q folding, enzyme catalysid b), protein—protein binding 16—
e . 18), and ion channel functiornl@). Similarly, it is possible
HO HO™ >
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OH to use thermodynamic cycles to study the interaction between

OH
c o d o a functional group of a ligand and an active site resid@e-(
WH wH& 22). These experiments use wild-type and “mutant” versions
S NW S N 0o of both the enzyme and ligand, with each “mutant” lacking
B _B. H the interacting groups of interest. The energetic cAaG,
o™ HoToH of removing the ligand functional group both in the presence
E%UFE:E (2b) g)or{]n%%r;fg”a%fs(gaﬂ?gm&?:fg Eml EM(STB:;”O% q and the absence of the residue with which it interacts can
3 ap1é6 M inrr’ribitor’ of AmpC, and (d) com%ohlﬁj a 15pnM be calculated, and the difference between these energies,
inhibitor of AmpC. AAAG, is the energy of the interaction (Figure 3). In these
experiments, analogue (“mutant”) forms of the ligand must
Surprisingly, the crystal structure dfin complex with be synthesized, and for drug-like organic molecules this is
AmpC revealed a hydrogen bond betweenrthearboxylate rarely as straightforward as making a site substitution in a
of the benzoic acid and Asn28aQ), and not Asn343 or  protein. This might explain why this sort of analysis is rarely
Asn346, as we had expected and designed. In addition toused in drug-design efforts, even though it is the surest path
this unique hydrogen bond, the phenyl ring of the benzoic to understanding what interactions are important for affinity.
acid makes van der Waals contacts with both Leu119 and To quantify the energetic contributions of the hydrogen
Leu293, which form a hydrophobic patch within the active bond with Asn289 and the hydrophobic contacts with Leu119
site (11). Comparison ofl with two similar inhibitors ~ and Leu293, we prepared three separate double-perturbation
(compounds2 and 3, Figure 2b,c) suggests that both the thermodynamic cyclesK; values for all four possible
phenyl ring and them-carboxylate of the benzoic acid enzyme-ligand combinations were used to calcul&aG
contribute to the high affinity ofl. The absence of the Values for transitions between each complex. To determine
m-carboxylate in compoun@ decreases inhibitor affinity 35-  the energy of the hydrogen bond, the thermodynamic cycle
fold (2.1 kcal/mol) (0). The further removal of the phenyl A was set up withl as the “wild-type” ligand, an@ as the
ring in compound3 (9) results in another 5-fold drop in  “mutant” ligand (Figure 4a). In this cycle, AmpC N289A
affinity to 186 nM (3.1 kcal/mol overall drop frori). was used as the mutant enzyme. To determine the energies
Although it is clear from the structure dfAmpC that of the phenyl ring interactions with both Leu119 and Leu293,

the benzoic acid hydrogen bonds with Asn289 and makesWO separate thermodynamic cyclBsand C were set up
hydrophobic contacts with both Leu119 and Leu293, the With AmpC L119A and L293A as the respective mutant
energies of these interactions were unknown. For instance €nzymes (Figure 4b.c). In both of these cycléswas

the carboxylate improvet’s binding energy by 2.1 kcal/ ~ considered the “wild-type” ligand, argithe “mutant” ligand.
mol, but it was unclear how much of this energy is To give these energetic studlesad_etalled structgral context,
specifically derived from the hydrogen bond with Asn289. X-ray crystal structures of N289A in complex with bath
This binding energy could alternatively result from ionic @nd2 were determined to 1.49 and 1.39 A, respectively.
interactions between the carboxylate and posmvgly chargedM ATERIALS AND METHODS

protein residues, or through hydrogen bonds with ordered

water molecules. The fact that Asn289 is poorly conserved Enzyme Mutagenesis and Preparatidutants of AmpC
among class (S-lactamases casts further doubt on the were created using the overlap extension polymerase chain

OH
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Ficure 4: (a) Thermodynamic cycle to quantify the hydrogen bond
energy between Asn289 and the inhibitor carboxylates ®ild-
type AmpC, E= AmpC N289A. L= compoundL, L' = compound

2. AAAG = 1.7 kcal/mol. (b) Thermodynamic cycle to quantify
the interaction between the inhibitor phenyl ring and Leul1$: E
wild-type AmpC, E = AmpC L119A. L = compound2, L’
compound3. AAAG = — 1.4 kcal/mol. (c) Thermodynamic cycle
to quantify the interaction between the inhibitor phenyl ring and
Leu293. E= wild-type AmpC, E= AmpC L293A. L= compound

2, L' = compound3. AAAG = —0.5 kcal/mol.

reaction 23). Mutant enzymes were expressed as described
(6, 13). AmpC N289A and L293A were purified on an
m-aminophenylboronic acid affinity columng), AmpC

L119A was purified on an S-Sepharose ion-exchange column

(13). The purified enzymes were concentrated using Cen-
tricon spin concentrators.

EnzymologyThe glycylboronic acids were dissolved in
DMSO! at a concentration of 50 mM; more dilute stocks
were subsequently prepared as necessary. Kinetic measur

ments were performed using nitrocefin as a substrate in 50

mM Tris buffer, pH 7.0, and monitored at 480 nm in an
HP9453 UV-vis spectrophotometer. To prevent overestima-
tion of inhibition due to sequestration of the enzyme on the

1 Abbreviations: Tris, Tris(hydroxymethyl)aminomethakg;inhibi-
tion constant;Ky, Michaelis-Menten constant; DMSO, dimethyl
sulfoxide; RMS, root-mean-square; TMS, tetramethylsilane; rt, room
temperature; THF, tetrahydrofuran.

e-
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walls of the cuvette during the reaction, 0.1% BSA was added
to the buffer in all reactions. ThEy values of nitrocefin

for LL19A, N289A, and L293A were 308, 27, and a8/
respectively; the value for the wild-type enzyme is 127.

To determinéK| values, inhibitor and enzyme were incubated
together in the cuvettes for 5 min before reaction was initiated
by the addition of substrate. A 2Q0M nitrocefin concentra-

tion was used for the reactions with L119A and L293A,
whereas 40&M nitrocefin was used for the reactions with
N289A to shorten the lag phase of the reaction. For the
reactions with N289A, rates were calculated from the later
portions of the curve, once the reactions had achieved steady
state. These rates were compared with portions of the
uninhibited curves that corresponded to the same range of
substrate concentratiorts; values were calculated using the
progress curve method described by Wal24) (which has
been used extensively for boronic acid inhibitorsfelac-
tamase T, 9).

Crystal Growth and Structure DeterminatioBGocrystals
of AmpC N289A in complex with compoundsand2 were
grown by vapor diffusion in hanging drops equilibrated over
1.7 M potassium phosphate buffer (pH 8.7) using micro-
seeding technique®,(14). The initial concentration of the
protein in the drop was 3.8 mg/mL and the concentration of
compoundsl and 2 was 588uM. The compounds were
added to the drop in a 1.2% DMSQ M potassium
phosphate buffer (pH 8.7) solution. Crystals appeare@ 5
days after equilibration at 23C. Before data collection,
crystals were immersed in a cryoprotectant solution of 23%
sucrose, 1.7 M potassium phosphate, pH 8.7, for about 30 s,
and were flash cooled in liquid nitrogen. Data were measured
on the DND-CAT beam line (5IDB) of the Advanced Photon
Source at Argonne National Laboratory at 100 K using a
Mar-CCD detector. Both data sets were measured from single
crystals. Reflections were indexed, integrated, and scaled
using the HKL software packag@%). For both structures
the space group wa€2, with two molecules in the
asymmetric unit, each containing 358 residues. The initial
phasing model for th&2/N289A structure was th@/WT
AmpC complexed structure (PDB code 1MY8) with the
ligand and solvent removed. TRAN289A structure without
compound or solvent was then used as the initial phasing
model for thel/N289A structure. Initial rigid body refine-
ment was followed by positional minimization and B-factor
refinement, using CNS2@). Sigma A-weighted electron
density maps were calculated in CNS and used for manual
corrections of the protein model and water placement in
TURBO (27). The boronic acid inhibitors were fitted into
positiveF, — F¢ density. In thel/N289A structure, the Asn
— Ala substitution was visible as negative density in e
— F. density at position 289. Subsequent refinement cycles
included compound and solvent and consisted of Cartesian
and B-factor refinement in CNS. To create the wild-type/
mutant crystal structure overlays (Figure 6), the two struc-
tures were matched at thean@f all 358 residues of the B
monomers using MidasPIugg). The RMS errors were 0.19
A for the structures with compounti and 0.17 A for the
structures with compoung.

Data Deposition.The coordinates and structure factors
have been deposited in the Protein Data Bank under
accession codes 1PI5 and 1P14 for AmpC N289A in complex
with compoundsl and 2, respectively.
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T319 N289A T319 N289A

Ficure 5: (a) Simulated annealing omit electron density of compalindcomplex with N289A. Thd=, — F. electron density (green) is
contoured at 4. The ZF, — F electron density (blue) is contoured at. Ib) Simulated annealing omit density of compouhith complex
with N289A. TheF, — F. electron density (green) is contoured at Zhe 2F, — F. electron density (blue) is contoured at.1

Synthesis and Analysis of Compoue€ompound was 30 min, a solution of trimethylborate (1.50 mL, 13.0 mmol)
synthesized as outlined in Scheme 1. All reactions were in THF (4 mL) was added, and the mixture was stirred for
performed under argon using oven-dried glassware. Solventsl.5 h. The resulting turbid solution was quenched with
were dried according to classical procedures. A cold bath at TMSCI (1.65 mL, 13.0 mmol) and allowed to reach rt. After
—100 °C was prepared by addition of liquid nitrogen to a 4 h a clear yellow solution is obtained antt)¢pinanediol
precooled {78 °C) mixture of 1:1 EtOH/MeOH. Chromato- (2.21 g, 13.0 mmol) dissolved in a minimum amount of
graphic purification of the compounds was performed on anhydrous EOD was added and stirred overnight. The
silica gel (0.05-0.20 mm). Melting points were obtained on reaction mixture was partitioned in & (75 mL) and HO
a Bichi 510 apparatus. Optical rotations were recorded at (25 mL), and the aqueous phase was extracted wid B2
20 °C on a Perkin-Elmer 241 polarimeter and are in10  x 25 mL). The combined organic phases were dried on
deg cni g L IR spectra were determined in KBr pellets (for MgSOQ,, filtered, and concentrated to give an orange oil,
solids) and films (for liquids) on a Perkin-Elmer 1600 series which was purified by gradient chromatography (9:1 to 7:3
spectrophotometetH and'3C NMR spectra were recorded  EtPet/EtOAc), affordindb (3.21 g, 75%) as a yellow liquid,
on a Bruker DPX-200 (at 200 and 50 MHz, respectively) [a]p = +7.80 € 2.78, CHC}). *H NMR (CDCl): 6 0.88
spectrometer: chemical shifts are reported walues from (3H, s, pinanyl ®&i3), 1.22 (1H, d,J = 10.5 Hz, pinanyl
TMS as the internal standard. Mass spectra were determineHenq9, 1.30 (3H, s, pinanyl 83), 1.47 (3H, s, pinanyl 83),
on a Finnigan MAT SSQ A mass spectrometer (El, 70 eV). 1.8-2.6 (5H, m, pinanyl protons), 3.33 (6H, s, CH(8),),
Elemental analyses were performed on a Carlo Erba El-4.44 (1H, ddJ = 8.8, 1.8 Hz, pinanyl @OB), 5.40 (1H, s,
emental analyzer 1110. CH(OCHg),), 7.37 (1H, t,J = 7.6 Hz,Hs Ph), 7.55 (1H, d,

1-Bromo-3-dimethoxymethyl-benzern)( Commercial J= 7.6 Hz,Hs Ph), 7.78 (1H, d,J = 7.6 Hz,H, Ph), 7.90
2-(3-Bromo-phenyl)-[1,3]dioxolane (1.3 mL, 8.64 mmol) was (1H, s,H, Ph).23C NMR (CDCk): ¢ 25.4, 27.9, 28.5, 30.1,
dissolved in anhydrous MeOH (40 mL) and catalytic amount 36.9, 39.6, 40.9, 52.8, 54.1, 79.7, 87.6, 104.7, 129.0, 130.8,
of H,SO, was added. The resulting reaction mixture was 134.5, 136.3, 138.83B and aromatic quaternaynot seen).
stirred 4 h atroom temperature and finally extracted with EIMS: m/z 330 (M"), 315, 299 (base peak), 289, 261, 247,
petroleum ether (X 50 mL). The combined organic phases 203, 147, 121, 105, 93, 91, 83, 75, 67.
were washed with NaHC{40 mL), dried (MgSQ), filtered Following the same procedure, starting frda 5a was
and concentrated under vacuum to gileas a colorless oil  obtained together with variable quantities&if (5—50%).
(1.76 g, 88%), whose spectroscopic data were in close A careful gradient chromatography (9:1 to 1:1 EtPet/EtOAc)
agreement with literature2). afforded an analitically pure sample ®& as a colorless oil

(+)-Pinanediol (3-Dimethoxymethyl)phenylboronaié)( that solidifies on standing, mp 4T, [o]p = +8.01 € 2.12,
n-BuLi (5.72 mL of a 2.5 M solution in hexane, 14.3 mmol) CHCI). *H NMR (CDCLk): ¢ 0.88 (3H, s, pinanyl €3),
was added dropwise with stirring to a solution4if (3.00 1.22 (1H, dJ = 10.5 Hz, pinanyHengo, 1.31 (3H, s, pinanyl
0, 13.0 mmol) in THF (8 mL) at-78 °C under argon. After ~ CHg), 1.47 (3H, s, pinanyl 83), 1.7-2.5 (5H, m, pinanyl
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Ficure 6: Overlay of wild-type and mutant enzyme complexes with compoundsd 2. (a) Structures of/WT AmpC (10) (carbons
colored gray) and/N289A (carbons colored orange). (b) Structure2®¥T AmpC (10) (carbons colored gray) arIN289A (carbons
colored orange).

Scheme 1: Steps in the Synthesis of Compo8nd mL of a 2.5 M solution in hexane, 4.6 mmol) dropwise to a
solution of CHCI, (0.43 mL, 6.6 mmol) in THF (15 mL)
@\ cl ,,,(©\(o\ with stirring at —100 °C under argon: toward the end of
/@ . O-p R _ B. o the BuLi addition, precipitation of the white microcrystalline
& R o g7 LiCHCI, became evident. After 30 min, the mixture was
4ab Sab treated with the pinanediol borondib (1.368 g, 4.14 mmol)

o ;“Yo 6 and allowed to reach OC with stirring. The tetrahedral
& boronate adduct precipitated as a white solig-80 °C and
P / \ redissolved upon warming. Aftel h at 0°C, the reaction
b YOS ﬁ/@\ ﬁ/@\ mixture was partitioned between petroleum ether (150 mL)
o H H ;
~ s N N and HO (50 mL): the aqueous phase was extracted with
TITT TL7

B petroleum ether (4x 25 mL) and the combined organic

phases were dried on MggCfiltered and concentrated,
@ @ giving the chloroderivativé as an orange oil (1.22 g, 78%),
8 7 which was promptly used for the next step without further

purification. ) *H NMR (CDCl): ¢ 0.81 (3H, s, pinanyl
CHs), 1.13 (1H, dJ = 10.5 Hz, pinanyHeng9, 1.27 (3H, s,

_ _ pinanyl (Hs), 1.38 (3H, s, pinanyl 83), 1.6-2.5 (5H, m,
L L) T I, 6 L P ) ot 220 (o 5, CHOG, 436 (1,
13C NMR (CDCk): 6 25.4, 27.9, 28.5, 30.1, 36.9, 39.5, 40.9, — o:8 Hz, 1.8, €I10B), 4.54 (1H, br s, CIEIB), 5.37 (1H,
52.8, 66.7, 66.6, 79.7, 87.6, 105.2, 129.1, 130.6, 134.3, 137.05: GH(OCHk)2), 7.25-7.38 (2H, m,Hs-Hs Ph), 7.44 (1H,
138.7 CB not seen). EIMS:mz 328 (M*), 327, 312, 259,  dt.J = 6.3, 1.8 Hz,H4 Ph), 7.52 (1H, sH; Ph).

232, 231, 215, 187, 149 (base peak), 105, 77, 73, 51. (+)-Pinanediol (1R) 1-Acetylamino-1-(3-formylphenyl)-
General Procedure for the Synthesis df){Pinanediol methylboronate (7)The crude chloro-derivativé (434 mg,
(1R)-1-Acylamino-1-(3-formylphenyl)methylboronateg). 1.15 mmol) was dissolved in THF (4 mL) and cooled to

Dichloromethyllithium was generated by addimdguLi (1.82 —78 °C; LIN(TMS), (1.15 mL d a 1 M solution in THF,

protons), 4.05 (4H, m, O8,CH,0), 4.44 (1H, dd,) = 8.8,
1.8 Hz, pinanyl ®10B), 5.56 (1H, s, PhBOCH,), 7.39 (1H,
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1.15 mmol) was added, and the resulting solution was
allowed to warm gradually to 20C and stirred overnight.
After 16 h at room temperature, the reaction mixture was
cooled at—78°C and treated with a solution of A0 (0.435
mL, 4.6 mmol) and AcOH (7L, 1.38 mmol) in THF (2
mL), and then was allowed to warm to room temperature
and stirred overnight. The solution was partitioned in EtOAc
(40 mL) and HO (10 mL), and the aqueous phase was
extracted with EtOAc (30, 20, 10 mL). The combined organic
phases were washed with 5% NaH{ @ried over MgSQ

and concentrated in vacuo to give an orange oil which was
purified by chromatography (95:5 £/EtOH), affording7

(50 mg, 12% overall yield fronbb) as a pale yellow solid,
mp 78-80°C, [a]p = —51.9 € 0.9, CHC}), de > 98%. IR
(KBr): 1700, 1604 cm. *H NMR (CDCls): 6 0.76 (3H, s,
pinanyl (Hs), 1.15 (3H, s, pinanyl 83), 0.87 (1H, d,J =
10.5 Hz, pinanyHend), 1.24 (3H, s, pinanyl 85), 1.6-2.4
(8H, m, pinanyl protons and KIzCO at 2.18, s), 3.88 (1H,

s, CHB), 4.05 (1H, ddJ = 7.6 Hz, (HOB), 7.3-7.5 (2H,

m, Hs-Hs Ph), 7.61 (1H, sH, Ph), 7.68 (1H, dJ) = 7.6 Hz,

H, Ph), 8.8 (1H, br, MCO), 9.96 (1H, s, €0). *C NMR
(CDCly): 6 25.4,27.8, 28.6, 30.4, 37.9, 39.4, 41.3,51.0 (br,
CB), 53.8, 77.9, 67.2, 128.1, 130.2, 133.9, 137.8, 143.8,
177.4, 193.9. EIMSz 355 (M"), 286, 284, 259, 220, 205

(base peak), 178, 159, 149, 134, 105, 93, 83, 71, 57. Anal.

Calcd for GoH»eBO4: C, 67.62; H, 7.38; N, 3.94. Found:
C, 67.48; H, 7.30; N, 3.99.

(+)-Pinanediol (1R)-1-(2-Thienylacetylamino)-1-(3-form-
ylphenyl)methylboronate (8Y.he crude chloroderivativé
(602 mg, 1.6 mmol) was dissolved in THF (4 mL) and cooled
to —78 °C; LIN(TMS), (1.6 mL d a 1 M solution in THF,

1.6 mmol) was added, and the resulting solution was allowed
to warm gradually to 20C and stirred overnight. After 16

Roth et al.

Table 1: K; Values for Inhibitors

enzyme inhibitor Ki (nM)
WT AmpC 1 12
WT AmpC 2 35
WT AmpC 3 186
WT AmpC 8 15
AmpC N289A 1 17
AmpC N289A 2 37
AmpC N289A 8 18
AmpC L119A 2 12
AmpC L119A 3 676
AmpC L293A 2 521
AmpC L293A 3 6200

aFrom ref 10.

RESULTS

Enzymology and Binding Affinitie$hree mutant AmpC
enzymes were created to quantify interaction energies:
Asn289— Ala, Leul19— Ala, and Leu293— Ala. These
substitutions were chosen to eliminate the interactions with
the carboxylate and the phenyl ring bfrespectively, while
minimizing the chance of introducing new interactions or
perturbing the enzyme. All three mutant enzymes could be
expressed and purified, although yields for L119A and
L293A were lower than typical for wild-type. In the case of
N289A, the relative stability of the folded enzyme, as
determined by thermal denaturation using CD spectropola-
rimetry, was nearly identical to that of wild-type (data not
shown). All three enzymes retained substantial activity
againsis-lactam substrates such as nitrocefin. Both the “wild-
type” and “mutant” inhibitors were tested against the
corresponding enzymes of their respective thermodynamic
cycles andK; values were determined (Table 1).

Thermodynamic Cycle Analysi$he energy of the hy-

h at room temperature, the reaction mixture was cooled atdrogen bond between Asn289 and the carboxylate of

—78°C, treated with a solution of 2-thiophenacety! chloride
(789uL, 6.4 mmol) and 2-thiophenacetic acid (273 mg, 1.92
mmol) in THF (4 mL), and allowed to warm to room
temperature stirring overnight. EtOAc (90 mL) angdH(15
mL) were added, and the aqueous phase was extracted wit
EtOAc (50, 20 mL). The combined organic phases were
washed with 5% NaHC§ dried over MgS@, and concen-
trated in vacuo to give a brownish oil which was purified
by gradient chromatography (100:0 to 90:1Q@&MeOH),
affording 8 (71 mg, 11% overall yield fronbb) as a pale
yellow solid, mp 68-70 °C, [a]p = +5.0 (¢ 7.2, CHC}),
de > 98%. IR (KBr): 1698, 1601 cmi. 'H NMR (CDCl):

0 0.78 (3H, s, pinanyl E3), 0.89 (1H, d,J = 10.8 Hz,
pinanylHengdd, 1.22 (3H, s, pinanyl 83), 1.30 (3H, s, pinanyl
CH3), 1.6-2.4 (5H, m, pinanyl protons), 3.95 (2H, sH&
CO), 4.06 (1H, s, €B), 4.16 (1H, dd,J = 8.0, 2.0 Hz,
CHOB), 6.90-7.06 (2H, m,H, and Hs thienyl), 7.27 (1H,

m, Hs thienyl), 7.32-7.50 (3H, m He-Hs Ph., NHCO), 7.59
(1H, s,H; Ph.), 7.66 (1H, mH4 Ph.), 9.91 (1H, s, 8O).

13C NMR (CDCh): 6 25.4,27.8, 28.6, 30.1, 35.0, 37.5, 39.5,
41.2, 48.5 (brCB), 53.5, 78.4, 85.9, 126.2, 127.6, 128.6,
128.7, 129.0, 129.6, 130.3, 133.8, 143.3, 17€®DKH),
193.8 COH). EIMS: n/z 438 (M+1), 437, 297, 285, 241,
220, 205, 201, 142, 11, 97 (base peak), 93, 71, 59. Anal.
Calcd for G4H23BNOsS: C, 65.91; H, 6.45; N, 3.20; S, 7.33.
Found: C, 65.80; H, 6.33; N, 3.25; S, 7.17.

compoundl was investigated using the mutant enzyme
N289A. This substitution reduced the affinity afby 17-
fold versus the wild-type enzyme (Table 1). The affinity of
compound?, the decarboxy analogue df(Figure 2b), falls

5-fold for the wild-type enzyme relative to the affinity of

, but only falls 2-fold for N289A relative to the affinity of
1 for the mutant. Construction of a double-“mutant” cycle
reveals that the hydrogen bond between the carboxylate of
1 and the amide of Asn289 contributes 1.7 kcal/mol of net
binding energy to the complex (Figure 4a). Similarly, the
energy of the apparent nonpolar interaction between the
phenyl ring of2, and by extensiod, and the hydrophobic
patch made up of Leull9 and Leu293 was investigated by
the mutant enzymes L119A and L293A. Unexpectedly, the
affinity of 2 for LL19A was actually better than for the wild-
type enzyme. Completion of the thermodynamic cycle by
measuring the affinity of compour?] the achiral analogue
of 2 that lacks the phenyl ring, gives a net interaction energy
between the phenyl ring and L119 efl.4 kcal/mol, i.e.,
this is an unfavorable interaction (Figure 4b). Although the
L293 — Ala substitution does reduce the affinity farby
1.6 kcal/mol, completing the same thermodynamic cycle
suggests that here too the interaction with the phenyl ring is
unfavorable, if only by—0.5 kcal/mol (Figure 4c).

The relatively high magnitude of the hydrogen bond
between Asn289 and the carboxylatelahay be attributed
to its ion—dipole characterl(s). Since the cost of desolvating
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Table 2: Crystallography Statistics

statistics

complex

N289AL

N289AR2

cell constants (A; deg)

space group

resolution range (A)

unique reflections

total observations

Rmerge(%)

completeness (%)

()0

number of protein residues

number of water molecules

RMSD bond lengths (A)

RMSD bond angles (deg)

Rcryst (%)

Rfree (%)

average B-factor, protein atoms3A
average B-factor, inhibitor atoms fA
average B-factor, water moleculesA

a=119.05;b=76.01;c = 97.60;5 = 115.54
Cc2
15:01.49 (1.54-1.49)
128,092 (12,767)
483,237
5.1(18.4)
99.9 (100.0)
23.8 (7.6)
716
1179
0.011
1.61
15.6
16.9
14.3
19.8
31.8

a=118.63;b=76.10;c = 97.84;5 = 115.62
Cc2
20.0-1.39 (1.45-1.397
156,947 (15,495)
903,131
5.8 (13.4)
99.4 (98.3)
29.0 (10.4)
716
1047
0.013
1.71
15.9
17.3
14.2
15.3
29.0

2Values in parentheses are for the highest resolution $hé#llues cited were calculated for the B-monomer of the asymmetric unit.

the inhibitor carboxylate would be expected to be hig, (T4 3; Key Enzymelnhibitor and Active Site Interactions
31), we wondered what the affinity of a neutral hydrogen observed in the Crystal Structures

bond acceptor might be. To investigate this, the aldehyde
analogue ofl, compound8 (Figure 2d), was synthesized.
The affinity for wild-type AmpC was reduced 15-fold relative
to that of1, whereas there was a negligible reduction in the
affinity of 8 for N289A relative to that ofl. Thermodynamic
cycle analysis reveals that the hydrogen bond between

2

O\)L . O\)L
s 19 o2 7 N_10
15 20
o

HO 11 OH HO 11 OH

Asn289 and the aldehyde is negligible. This is an example Compound 1 Compound 2
of an interaction where, notwithstanding the desolvation distance (A)
costs, an ionic interaction contributes significantly not only UWT 2IWT
to specificity @0, 31) but also affinity. interaction 1N289A AmpC:  2/N289A AmpC?
X-ray Crystallographic Structure Determinatiomo un- S64N-012 30 31 31 30
derstand the structural context of the hydrogen bond energy, aA318N—012 28 27 2.8 2.8
the structures of the complexes DN289A and2/N289A A3180-012 3.2 3.3 3.2 3.3
were determined by X-ray crystallography to 1.48 A for Y1500H-013 2.6 2.7 2.6 2.7
1/N289A and to 1.39 A for2/N289A (Table 2). The two  Wat402-012 3.0 2.8 3.1 3.0
- Wat402-013 2.8 3.0 2.9 2.9
structures were refined tBerys/Riee Values of 15.6/16.9% Y1500H-K315NE 29 59 29 29
and 15.9/17.3%, respectively, and the overall statistics y1500H-s640/ 31 30 31 30
suggest well-determined structures (Table 2). The location Y1500H-K67NE 3.3 3.3 3.2 3.2
of the inhibitors in the mutant enzyme, as well as the K67N{—A2200 2.9 2.8 2.9 2.9
presence of the mutation itself, was determined by unam- K67N&—S640y 28 2.6 2.8 2.7
biguous simulated annealing omit electron density (Figure Wiﬁgimi%l 3’2179 g'g gg 32'27
5a,b). For both structures, 100% of the amino acids were \yat403-N346051 27 27 26 238
either in the most favored regions or the additionally allowed wat403-R349N;1 3.0 3.0 31 31
regions of the Ramachandran plots (proline and glycine A3180-N9 3.1 3.1 3.1 3.2
residues excluded). The interactions between the inhibitors N152Ny2—08 2.9 2.8 2.9 2.9
and the enzyme are nearly identical to those between the leg('\;zl igm 35 6.5 34 29
S . : ) £ 2.7 2.6 2.7 2.6
inhibitors and wild-type AmpC X0), with the obvious N152N$2—Q120G1 30 71 31 26
exception of the lost hydrogen bond between time Wat181-022 2.4 3.0 NP NP
carboxylate ofl and residue 289, now substituted by an Wat469-023 NP 3.1 NP NP
alanine (Table 3). Overlays of the active sites of these two N289N»2—022 NP 2.9 NP NP

complexes with the corresponding wild-type complexis) ( aFrom ref 10.> Denotes value for one of two conformations of equal
demonstrate a close match (Figure 6a,b), indicating that thereOCCUIO:’:mCyc Denotes value for conformation with highest occupancy.
has been no significant reorganization of the active site in - NP not present.
the mutant enzyme.

Synthesis.The synthesis of compounds-3 has been

with trimethylborate and transesterification with-)¢pi-
previously describedd( 10); (+)-pinanediol (R)-1-acyl- nanediol, afforded the desired-)-pinanediol (3-[1,3]di-
amino-1-(3-formylphenyl)methylboronat&s8 (Scheme 1) oxolan-2-yl-phenyl)boronateH)-5a together with a variable
were obtained starting from commercial 2-(3-bromo-phenyl)- amount of )-pinanediol (3-dimethoxymethyl)phenylbor-
[1,3]dioxolane 4a), following the same procedure. Metala- onate {+)-5b, this latter probably formed by transacetaliza-
tion of 4awith buthyllithium at—78 °C, followed by reaction tion with the in situ formed methanol. To avoid this problem,
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4awas converted tdb (88%) and subsequently boronated groups to complement(). On the basis of the observation

to (+)-5b (75%). that the phenyl ring il and2 are in close contact with this
Boronate {-)-5b was converted to compouricemploying patch in the enzyme complexed structures determined by
the described procedure for Matteson homologath%3). crystallography 10), we had expected that the interaction
(+)-Pinanediol as chiral auxiliary is known to guide the between the inhibitor and residues would be favorable. In
stereochemical course of the homologation react@n35) fact, it is not. Although having a phenyl ring ih and 2
affording thea-chloro derivatives in the desireds config- improves binding, this does not owe to interactions with

uration. To prevent epimerizatio%, 33), this compound residues with which it interacts most closely. The explanation
was used for the next step without purification and rapidly for this may be that the phenyl ring interacts with other
converted to the acylamino boronic ester in a one-pot hearby residues, such as GIn120, which appears to form a
procedure that involved substitution with bis-trimethylsilyl- quadrupole-dipole interaction with the phenyl ring, or that
lithium amide, acylation (acetic anhydride or thienyl acetyl the hydrophobicity of the phenyl ring is largely responsible
chloride), and aldehyde deprotection {112% overall yield for its contribution to affinity. If this is true, it would suggest
from 5b). Compound (R)-(—)-7 and (1R)-(+)-8 showedH that the exact nature of this hydrophobic group is relatively
and?3C NMR, IR, mass spectra, and elemental analyses in Unimportant, as long as it provides a good spacer for
close agreement with the desired structures; high diastereodelivering the carboxylate or analogous anion to the active
isomeric purity (de> 98%) was displayed by diagnostic ~ Site.

signals in'H NMR analysis 86, 37). We return to the use of thermodynamic cycles in inhibitor
design. Here, double perturbation analysis reveals that
DISCUSSION interactions that appeared important based on affinity changes

L and X-ray crystal structures were energetically fortuitous.

A key result to emerge from these studies is the large gnge thys might question whether we are any closer toward
magnitude of the interaction energy pejtween the amide of 5 good lead for drug design, having undertaken this study.
Asn289 and the carboxylate of the inhibitbrThe 1.7 kcall  \ye contend that these results are critical to such design. In
m_ol_contrlbuted by this hydroge_zn b_ond to overall affinity is 1o absence of this analysis, we would conclude that the
within the range observed for ierdipole hydrogen bonds 4 hoxyiate ontl is a critical feature of future design and
_between substrate groups and conserve(_j recognition residuesnouid be maintained; after all, deleting this group (a)in
in enzymes 15). The importance of the ionic character of o ces affinity by 35-fold. These studies suggest that this
this interaction, as attested to by the effect of compoBind  .,ntribution, though undisputable, owes largely to an inter-
is less expected; it is an example of a charged group ycfion with a nonconserved residue. Future inhibitors may
contributing not only to specificity but also affinity, not- 45 well to deploy anionic functionality against other, albeit
withstanding the desolvation cos3(( 31). What is most  earpy  groups in the active site. Similarly, whereas the
surprising is that Asn289 isot a conserved recognition  phenyi ring ofl and2 interacts with a conserved hydrophobic
residue among the class Elactamases38—40), noris it - paich in class @-lactamases, and whereas this phenyl ring
known to play an important role in substrate recognit®).(  ontributes an order of magnitude binding affinity to these
Thus, whereas the energy that this interaction contributes toinhibitors, the structurally observed interaction with the
binding may be justified biophysically, its origins are in Some |g,cine patch is not responsible for this increase in affinity.
sense an accident of sequence variation in AmpC. What then; may he useful to target other parts of the binding site in
are the implications for inhibitor design in this series? subsequent design efforts. More generally, this study supports

Were this a human target, we would waste no anxiety on the view that “rational” inhibitor design cannot be based on
the fortuitousness of this interaction. Indeed, a happy structure alone, as powerful as that is, but must ultimately
implication of this work is that one can hope to find strong consider the detailed energetic bases of affinities. This has
binding interactions even outside of canonical recognition |ong been recognized in substrat&)yand ligand recognition
residues. Unfortunately, antimicrobial chemotherapy un- studies {9); the technique provides exciting opportunities
horses so cavalier an idea: we are not only interested infor “rational” design as well.
AmpC from Escherichia colibut also in the class C
p-lactamases from other pathogens, and in these residue 288\CKNOWLEDGMENT
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