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28 ’ INTRODUCTION

29 Penicillin-binding proteins (PBPs) are DD-peptidases involved
30 in the late stages of peptidoglycan synthesis.1,2 Their natural
31 substrate is the C-terminal D-Ala-D-Ala dipeptide of the stem
32 pentapeptide necessary to cross-link the glycan chains of the
33 peptidoglycan.3 A series of compounds,mainly containing variations
34 on the theme of the β-lactam ring, have proven their efficacy as PBP
35 inhibitors. For over 60 years, penicillins, cephalosporins, monobac-
36 tams, and carbapenems have been used to combat all types of
37 bacterial infections and continuously developed in response to the
38 progressive bacterial resistance to β-lactam antibiotics.
39 Recent research has intensified the investigation of non-β-lactam
40 inhibitors of PBPs, e.g., lactivicin, a bicyclicmoleculewith aγ-lactam/
41 γ-lactone ring structure,4,5 and shown that boronic acids repre-
42 sent potential inhibitors of PBPs.6�8 It has been known for a long
43 time that serine amidohydrolases are inhibited by boronic acids,
44 and structures of complexes between boronic acids and trypsin,
45 chymotrypsin, subtilisin, elastase,R-lytic protease, serineβ-lactamases,
46 prolyl tripeptidyl aminopeptidase, and hormone-processing pro-
47 tease have been described extensively.9�16 Most structures with
48 boronic acids show the boron atom in a tetrahedral conforma-
49 tion, forming a covalent adduct with the catalytic serine, occupying

50the oxyanion hole, and underlining the analogy with the transi-
51tion state of the catalytic process.
52Escherichia coli PBP5 was the first PBP for which the crystallo-
53graphic structure of a boronic acid complex was described.17 This
54structure has helped decipher the deacylation mechanism of
55penicillin-binding proteins. More recently, we described the struc-
56ture of the DD-peptidase of Actinomadurax sp. R39 (R39) with an
57ethylboronic acid bearing the side chain of diaminopimelic acid, a
58characteristic amino acid of the peptidoglycan, providing a view of a
59transition state close to the one that is expected with the natural
60substrate of PBPs.6

61Although almost all of these structures reveal the boron
62involved in a single dative covalent bond with the catalytic serine,
63other covalent complexes are possible between serine proteases
64and boronic acids. A dicovalent complex was first observed with
65γ-chymotrypsin and D-p-chlorophenyl- or D-1-naphthylboronic
66acids.15 Both compounds linked to Ser195Oγ and His57Nε2,
67two residues of the catalytic triad of γ-chymotrypsin. Likewise,
68dicovalent complexes with borate and benzylboronate linked to
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9 ABSTRACT: Boronic acids bearing appropriate side chains are good inhibitors of serine amidohy-
10 drolases. The boron usually adopts a tetrahedral conformation, bound to the nucleophilic serine of the
11 active site and mimicking the transition state of the enzymatic reaction. We have solved the structures
12 of complexes of a penicillin-binding protein, the DD-peptidase from Actinomadura sp. R39, with four
13 amidomethylboronic acids (2,6-dimethoxybenzamidomethylboronic acid, phenylacetamidomethyl-
14 boronic acid, 2-chlorobenzamidomethylboronic acid, and 2-nitrobenzamidomethylboronic acid) and
15 the pinacol ester derived from phenylacetamidomethylboronic acid. We found that, in each case, the
16 boron forms a tricovalent adduct with Oγ of Ser49, Ser298, and the terminal amine group of Lys410,
17 three key residues involved in the catalytic mechanism of penicillin-binding proteins. This represents
18 the first tricovalent enzyme�inhibitor adducts observed by crystallography. In two of the five R39-
19 boronate structures, the boronic acid is found as a tricovalent adduct in two monomers of the asymmetric unit and as a
20 monocovalent adduct with the active serine in the two remaining monomers of the asymmetric unit. Formation of the tricovalent
21 complex from a classical monocovalent complex may involve rotation around the Ser49 CR�Cβ bond to place the boron in a
22 position to interact with Ser298 and Lys410, and a twisting of the side-chain amide such that its carbonyl oxygen is able to hydrogen
23 bond to the oxyanion hole NH of Thr413. Biphasic kinetics were observed in three of the five cases, and details of the reaction
24 between R39 and 2,6-dimethoxybenzamidomethylboronic acid were studied. Observation of biphasic kinetics was not, however,
25 thought to be correlated to formation of tricovalent complexes, assuming that the latter do form in solution. On the basis of the
26 crystallographic and kinetic results, a reaction scheme for this unexpected inhibition by boronic acids is proposed.
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69 the catalytic serine and histidine were found in trypsin.12 Inter-
70 estingly, the same authors found a dicovalent adduct linking the
71 boronic acid to two serines at the surface of the protein. This
72 adventitious boron binding showed that the distance between the
73 hydroxyl oxygens of the serines had decreased to about 2 Å,much
74 lower than the distance observed in unliganded structures, and
75 thus the bidentate ligation of boronic acids relies on the ability of
76 the hydroxyl oxygens to adopt a sufficiently close conformation.
77 In these examples, the boron complex retained tetrahedral geo-
78 metry and thus presumably remained anionic.
79 In the search for new inhibitors of PBPs, some boronic acids have
80 recently been found to be good inhibitors of R39, a DD-peptidase
81 suitable for structural characterization of PBP-inhibitor complexes.
82 We have previously shown that Ki values in the nanomolar range
83 could be achieved with ethylboronic acids,6,18 and this study was
84 extended to methylboronic acids that had been shown to be good
85 inhibitors of class A β-lactamases. We first tested 2,6-dimethoxy-
86 benzamidomethylboronic acid (1) and the pinacol ester of phenyl-
87 acetamidomethylboronic acid (2), and, based on crystallographic
88 and kinetic results, a series of arylamidomethylboronic acids with
89 different aryl group substituents were synthesized and tested for
90 soaking in R39 crystals. Structures of R39 in complex with 2-phenyl-
91 acetamidomethylboronic acid (3), 2-chlorobenzamidomethylboro-
92 nic acid (4), and 2-nitrobenzamidomethylboronic acid (5) were
93 then solved. The structures and inhibition kinetics of R39 with the
94 five compounds (Figure 1F1 ) are described, and the kinetics of
95 2,6-dimethoxybenzamidomethylboronic acid (1) are presented in
96 detail. The unexpected feature of the results lies in the discovery in
97 the crystal structures of unprecedented tricovalent boronate adducts
98 at the DD-peptidase active site.

99 ’MATERIALS AND METHODS

100 Inhibition Kinetics of R39 by Boronic Acids. The synthesis of
101 compounds 1�5 will be described elsewhere. The thiolester S2d was

102prepared as described.19 All chemicals and reagents were purchased p.a.
103from commercial suppliers.
104For R39 assays, the thiolester S2d was used as reporter substrate in
105the presence of D-alanine. Under these conditions, the thiolester is
106utilized by hydrolysis and transpeptidation pathways, both of which yield
1072-mercaptoacetate (Scheme 1 S1).
108When compared to the kinetics of the hydrolysis pathway alone, the
109presence of D-alanine increases both the apparentKm and kcat values, but
110kcat/Km remains unchanged.20 D-Ala was used in order to increase the
111overall rate kcat of the reaction. Apparent values of kcat = 68 s�1 and
112Km = 0.17 mM have been determined in the presence of 100 mM D-Ala.
113The values were kcat = 6 s

�1 andKm = 0.015 mM in the absence of D-Ala.21

114The kcat/Km ratio of 400 000 M�1 s�1 is thus independent of the
115presence of the acceptor. The symbols Km and kcat are used in the
116following equations for apparent Km and kcat values.
117The activity of R39 toward the thiolester was determined spectro-
118photometrically in the presence of 5,50-dithiobis-(2-nitrobenzoic acid)
119(DTNB; ε412nm = 13 600 M�1 cm�1). The latter compound reacts with
120the thiol group of 2-mercaptoacetate, yielding the dianion of 5-mercapto-
1212-nitrobenzoic acid, which has an absorption maximum at 412 nm. Assays
122were conducted at 30 �C in 10 mM sodium phosphate buffer with
123100 mMNaCl at pH 7.2 and containing 100 mM D-alanine, 100 μMS2d,
1241 mMDTNB, and various concentrations of boronic acids. R39 (0.5 nM)
125was added last. For compound 1, S2d utilization was followed by absorb-
126ance at 412 nm using a Uvikon 860 spectrophotometer linked to a
127microcomputer through an RS232 interface. Biphasic progress curves
128were observed (Figure 2 F2a). Once the time course was complete, ν0i, νs,
129and k values were determined by fitting the data to eq 5 by means of the
130program KINETICS.22

131Assuming a competitive inhibition, the dissociation constant Ki for
132the initial EI complex and the overall dissociation constant Ki* can be
133obtained from eqs 1 and 2.

ν0i ¼ Vmax½S�
½S� þ Kmð1þ ½I�=KiÞ ð1Þ

Figure 1. Structure of four amidomethylboronic acids and the pinacol ester crystallized in complexes with R39.

Scheme 1
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νs ¼ Vmax½S�
½S� þ Kmð1þ ½I�=Ki�Þ ð2Þ

134135 ν0/νi (where ν0 is the initial rate in the absence of inhibitor and νi is
136 ν0i or νs) was plotted against [I] (Figure 2b), and the dissociation
137 constants were calculated from the slope given by Km/{(Km þ [S]) Ki}
138 or Km/{(Km þ [S])Ki*}, respectively. The estimation of the constants
139 was made under the following conditions: The concentration of the
140 inhibitor I was more than 1000 times the enzyme concentration and
141 could be regarded as constant. The substrate concentration was lower

142than the Km value and corresponded to its initial value because substrate
143consumption was lower than 10%.
144The overall dissociation constant Ki* is given by

Ki� ¼ Kik�2

kþ2 þ k�2
¼ ½E�½I�

½EI� þ ½EI�� ð3Þ

145146The ratio kþ2/k�2 can then be obtained from

kþ2

k�2
¼ Ki

Ki� � 1

� �
ð4Þ

147148For compounds 2�5, only steady-state rates, corresponding to the
149slower second phase of the reaction, were determined. Assays were
150conducted at 30 �C in 10 mM sodium phosphate buffer with 100 mM
151NaCl, pH 7.2, and 100 mMD-alanine. R39 (7 nM) was mixed with various
152concentrations of boronic acids and incubated for 60 min. Steady-state
153rates νs were determined after the addition of 100 μM S2d and 1 mM
154DTNB using microtiter 96-well plates and a Power Wave microtiter plate
155reader (Bio-Tek Instruments, Winooski, VT). The S2d substrate concen-
156tration was chosen to be close to theKm value (Km = 0.17 mM).Ki* values
157were derived assuming a competitive pattern of inhibition and by plotting
158ν0/νs= f(I), where ν0 is the initial rate in the absence of inhibitor and νs the
159steady-state rate in the presence of inhibitor. Ki

* values could be calculated
160from the slope of the resulting straight line given by Km/{(Kmþ [S])Ki*}.
161The rate of the nonenzymatic reaction of S2d was always measured and
162subtracted.
163R39 DD-Peptidase Crystallography. The R39 DD-peptidase
164was expressed and purified as described previously.23 Crystals were grown
165at 20 �C by hanging drop vapor diffusion. Crystals were obtained by
166mixing 2.5 μL of a 25 mg mL�1 protein solution (also containing 5 mM
167MgCl2 and 20 mMTris, pH 8), 2 μL of well solution (2.5 M ammonium
168sulfate and 0.1 M MES, pH 6), and 0.5 μL of 0.1 M CoCl2 solution.
169Crystals were grown in the presence of 0.1 M 2, and cocrystallization
170was refreshed by soaking the crystal in a solution consisting of 6 μL of
1713 M ammonium sulfate and 0.1 MMES, pH 6, and 0.2 μL of 0.1 M 2 for
17230 min before data collection.
173Crystals were soaked in a solution consisting of 4 μL (6 μL for
174compound 1) of 3 M ammonium sulfate and 0.1 M MES, pH 6, and
1750.2 μL of 1, 3, 4, or 5 at a concentration of 0.1 M before data collection
176(285, 30, 160, and 30 min, respectively).
177Data were collected on anADSCQ315rCCDdetector at a wavelength
178of 0.9763 Å on beamline BM30A at the European Synchrotron Radiation
179Facility (ESRF, Grenoble, France). X-ray diffraction experiments were
180carried out under cryogenic conditions (100 K) after the crystals were
181transferred into 45% glycerol in 1.8 M ammonium sulfate. Intensities
182were indexed and integrated using Mosflm.24 Data were scaled with
183SCALA of the CCP4 program suite.25 Refinement was carried out using
184REFMAC5,26 TLS,27 and Coot.28 The resolutions of the structures of
185the R39DD-peptidase bound to the different boronic acids range between
1862.2 and 3.1 Å, withRcryst andRfree values around 19% and 24%, respectively.
187Data statistics and refinement are summarized in Table 1 T1. Coordinates and
188structure factors have been deposited at the Protein Data Bank with the
189accession numbers 2y5r (1), 2y5o (2), 2y55 (3), 2y4a (4), and 2y59 (5).

190’RESULTS

191Kinetics. The boronic acids 1�5 were good inhibitors of the
192R39 DD-peptidase. Slow binding behavior was observed for the
193interaction between R39 and boronic acids 1, 4, and 5 when the
194thiolester S2d was used as reporter substrate. The inhibition
195kinetics of 2,6-dimethoxybenzamidomethylboronic acid (1) was
196studied in detail. Figure 2a shows a biphasic curve of the
197inhibition of R39 in the presence of 30 μM 1. This curve can

Figure 2. (a) Time-dependent inhibition of R39 by 1. A biphasic curve
for the hydrolysis of S2d (100 μM) by R39 in the presence of 30 μM 1 in
10 mM sodium phosphate buffer with 100 mM NaCl, pH 7.0, and
100mMD-alanine at 30 �C. (b) Variation of the initial rate ν0/νi = ν0/ν0i
(blue diamonds) and the steady-state rate ν0/νi = ν0/νs (pink squares)
with the concentration of 1. ν0 is the initial rate in the absence of
inhibitor. The points are experimental and the lines calculated via eqs 1
and 2 as described in the text. (c) Variation of the apparent first-order
rate constant kwith concentration of 1. The points are experimental, and
the line is calculated via eq 6 as described in the text.
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198 be described by eq 5,29

p ¼ νst þ ðν0i � νsÞð1� e�ktÞ=k ð5Þ

199 where p is the concentration of product at time t. The rates ν0i
200 and νs are the initial and steady-state rates in the presence of
201 inhibitor, respectively. The apparent first-order rate constant
202 k characterizes the transition to a constant steady-state rate. From
203 curves in the presence of various inhibitor concentrations, ν0i, νs,
204 and k values were calculated. The decrease of ν0i with increasing
205 boronate concentrations pointed to a two-step mechanism of
206 slow binding inhibition (Scheme 2S2 ).
207 The initial rate ν0i and the steady-state rate νs vary with the
208 concentration of 1 as shown in Figure 2b. Assuming a compe-
209 titive inhibition, the dissociation constant Ki for the initial EI

210complex and the overall dissociation constant Ki*, which takes
211account of both EI and EI*, can be obtained from eqs 1 and 2 (see
212Materials and Methods).
213For 1, Ki and Ki

* values of 18.8 ( 7.5 and 1.5 ( 0.2 μM,
214respectively, were observed. The ratio kþ2/k�2 was thus 12,
215calculated by eq 4. A progressive increase of the inhibition indicates
216that a rapid equilibrium precedes a rate-determining formation of
217the more stable enzyme inhibitor complex EI* (Scheme 2). The

Table 1. Data Collection and Refinement Statistics

crystal

1 2 3 4 5

PDB code 2y5r 2y5o 2y55 2y4a 2y59

Data Collection

resolution range (Å)a 35.8�3.1

(3.27�3.1)

34.7�2.00

(2.11�2.00)

41.3�2.60

(2.74�2.60)

46.1�2.7

(2.85�2.7)

46.0�2.5

(2.64�2.50)

no. of unique reflections 35 205 134 070 57 773 53 645 69 863

Rmerge (%)
a,b 13.0 (40.4) 10.8 (48.2) 5.3 (38.3) 10.6 (56.8) 10.0 (55.9)

redundancya 3.4 (3.3) 3.6 (3.6) 3.2 (3.0) 5.4 (5.4) 5.4 (5.4)

completeness (%)a 95.9 (94.3) 99.5 (99.0) 92.7 (83.8) 97.7 (97.1) 99.8 (100)

ÆIæ/ÆσIæa 9.7 (2.5) 11.0 (2.5) 12.6 (2.7) 15.1 (2.8) 15.1 (2.9)

Refinement

resolution range 35.8�3.1 34.6�2.0 38.8�2.6 46.1�2.7 42.0�2.5

no. of non-hydrogen atoms 13 538 13 394 13 801 13 712 13 988

no. of water molecules 0 1954 250 162 424

Rcryst (%) 20.4 17.8 19.4 18.7 19.5

Rfree (%) 24.4 22.5 26.2 22.5 25.4

Rms Deviations from Ideal

Stereochemistry

bond lengths (Å) 0.015 0.010 0.013 0.012 0.014

bond angles (�) 1.80 1.22 1.46 1.47 1.547

mean B factor (all atoms) (Å2) 56.8.0 18.1 64.5 47.5 39.5

mean B factor (ligand) (Å2)c 50.7 26.1 37.6 57.5/46.1 29.3/42.0

Ramachandran Plot

most favored region (%) 86.4 92.8 88.8 88.5 90.4

additionally allowed regions (%) 13.1 6.8 10.9 10.8 9.0

generously allowed regions (%) 0.5 0.3 0.3 0.7 0.6

disallowed regions (%) 0 0 0 0 0
a Statistics for the highest resolution shell are given in parentheses. b Rmerge = ∑|Ii� Im|/∑Ii, where Ii is the intensity of the measured reflection and Im is
the mean intensity of all symmetry-related reflections. Values within parentheses are for the outer resolution shell. cMonomer B (tricovalent adducts)/
monomer A (monocovalent adducts).

Scheme 2. Reaction Scheme for Two-Step Inhibition by
Boronic Acids

Table 2. Ki* Values of All Boronic Acids Calculated from
Steady-State Rates νsafter a 60 min Preincubation of the
Enzyme with Various Inhibitor Concentrations in 10 mM
Sodium Phosphate Buffer with 100 mM NaCl, pH 7.0, and
100 mM Alanine at 30 �C

boronic acid Ki* (μM)

1 1.2( 0.2/1.5( 0.2a

2 125( 8

3 134( 16

4 42( 7

5 0.36( 0.06
a Ki* calculated from progressive inhibition curves.
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218 variation of the apparent first-order rate constant k in the presence
219 of various concentrations of 1 is shown in Figure 2c and can be
220 described by eq 6:

k ¼ k�2 þ kþ2½I�
Kið1þ ½S�=KmÞ þ ½I� ð6Þ

221222 The rate constant kþ2 = 0.031( 0.015 s�1 has been obtained by
223 fitting the results shown in Figure 2c to eq 6.On the same basis, the
224 k�2 value was highly inaccurate (the error was larger than the
225 value). Consequently, an approximate value was deduced with the
226 help of eq 4, yielding k�2 = 0.003 ( 0.001 s�1.
227 Biphasic curves were also observed for 4 and 5 but not for 2
228 and 3, at least under our assay conditions. Ki* values for all
229 boronic acids were determined by measuring the steady-state
230 rates νs after a 60 min preincubation of the enzyme with various
231 inhibitor concentrations at 30 �C (Table 2T2 ). For 1 the Ki* value
232 obtained under these condition was 1.2 μM, a value similar to
233 that obtained by analyzing progress curves as described above.
234 Compound 2 had a higher dissociation constant than 1, 4, and 5.
235 The dissociation constants of 2 and 3 were similar, showing that
236 the pinacol moiety of 2 had no influence, probably due to a rapid
237 hydrolysis to the free boronic acid 3 in dilute aqueous solution. It
238 is not known, of course, whether the Ki* value in any particular
239 case refers to formation of a mono- or tricovalent complex or to a
240 mixture of both (see Discussion).
241 A two-step mechanism of slow binding inhibition has been
242 described for various boronic acidswithβ-lactamase I fromBacillus
243 cereus16 and for peptide boronic acids with serine proteases.30 On
244 the other hand, Crompton et al.16 and Kettner and Shenvi30 have
245 described some boronic acids that, like 2, show no slow binding
246 behavior. Forβ-lactamases, biphasic inhibition could not be observed
247 under manual mixing assay conditions. Crompton et al. therefore
248 suggested that the two-step mechanism could be involved in many
249 more cases of enzyme inhibition by boronate, even if the first was too
250 fast to be directly observed.
251 In the present examples, biphasic curves were generally
252 observed when the concentration of boronic acid exceeded its
253 Ki value by more than 10 times (Figure 2a). All assays with 2 and
254 3 were done at concentrations lower than 1 mM, and thus we
255 cannot rule out that these compounds could also show biphasic
256 curves at higher concentrations.
257 Crystallography. Overall structures. R39 is a low-molecular-
258 weight type-4 PBPwith a structure similar to those ofE. coli PBP4
259 and B. subtilis PBP4a.31,32 The asymmetric unit of R39 crystals
260 contains four protein molecules. Although not preventing small
261 ligands from acylating the enzyme, the lower part of the active
262 site of monomers A/D is obstructed by the loop 175�178 of a
263 symmetric molecule, whereas monomers B and C show a freely
264 accessible active site. Moreover, as a result of the steric action of
265 the symmetric molecule on strand β3, the active site of monomers
266 A/D is slightly narrower than the active site of monomers B/C.
267 The electron densities observed in the five crystals are generally
268 well defined. The overall fold of the five complexes is similar to
269 the previously reported R39 structure with root-mean-square
270 (rms) deviations between the apo and complex structures lower
271 than 0.5 Å for the 466 CR atoms of R39 monomer A (PDB
272 1W79),33 and rms deviations lower than 0.5 Å between the
273 different monomers. In particular, there is no significant structural
274 difference between free or ligand-occupied monomers.
275 A tricovalent adduct is observed in all monomers in the crystals
276 of R39 with compounds 1 and 3, and inmonomers B/Cwith 2, 4,

277and 5. A monocovalent adduct is also observed in monomers A/
278D with compounds 4 and 5.
279Tricovalent Adducts. Clear densities extending off the active
280serine side chain and connected to the catalytically important
281residues Ser298 and Lys410 appear identically in all monomers
282where a tricovalent adduct is formed (Figure 3 F3a�d, 6).

283284This density cannot arise frommethylboronic acid linked only to
285the active serine in the monocovalent mode usually observed in
286serine proteases and β-lactamases, but it fits perfectly to the
287electron density when the boron atom ismodeled tetrahedral and
288linked to Ser49, Ser298, and Lys410. The boron�oxygen and
289boron�nitrogen distances are 1.46 and 1.67 Å, respectively. The
290distance between the Oγ atoms of Ser49 and Ser298 is about
2912.1 Å, whereas in the apo enzyme this distance is 3.1 Å. Similar
292values have been observed by Transue et al. in structures of
293trypsin borate/benzylboronate complexes, where the closeness
294of the Ser164 and Ser167 side chains results from the dicovalent
295linkage of the boron with the two serines.12 In R39-methylboronic
296acid complexes, the closeness of the two serines results from a 90�
297rotation of the Ser49 side chain and not from a motion of the
298hydroxyl group of Ser298. The distances between the Oγ of Ser49
299and Ser298, and the Nε of Lys52 are 2.8 and 3.0 Å, respectively.
300The oxyanion hole is formed by the backbone NH groups of
301Thr413 and Ser49. In all tricovalent adduct structures described
302here, the amide oxygen of the boronic acid side chain is hydrogen
303bonded to Thr413N but not to Ser49N, and no water molecule
304could be observed in the oxyanion hole.
305The conformations of 2 and 3 in the active site are identical,
306demonstrating the absence of influence of the pinacol on the
307structure of the complex (the structure of the tricovalent complex
308of 2 is not shown). The phenyl group of 2 inserts into the active
309site between Asn300 and strand β3, in a hydrophobic pocket
310made of residues Ala48, Gly348, Leu349, and Met414, that
311normally receives the side-chain methyl group of the penultimate
312D-alanine of the peptidoglycan stem peptide during trans/carbox-
313ypeptidation reaction.6 Because of the methoxy/chloro/nitro
314groups that decorate the phenyl groups in 1, 4, and 5, the latter
315could not adopt the orientation found with 2 or 3 and remain
316squeezed between the Asn300 side chain and strand β3. One
317methoxy group of 1 occupies the hydrophobic pocket described
318above. This hydrophobic interaction is probably favorable for the
319inhibition of R39 and could explain the 100 times lowerKi (1.2μM)
320measured with 1 than with 2 or 3 (Ki = 125 μM). As well, one
321nitro group oxygen of5 lies in the oxyanion hole, and this stabilizing
322interaction could explain the very lowKi (0.36 μM)measured with
3235. The chlorine atom of 4 appears much less efficient for inhibition.
324The small improvement of the Ki measured with 4 (42 μM),
325compared to the one measured with 2 or 3 (125 μM), is in
326agreement with the absence of strong interaction between the
327chlorine atom and the enzyme.
328Monocovalent Adducts.A clear electron density extending off
329the active serine side chain (and not connected to residues
330Ser298 and Lys410) appears identically in monomers A/D of the
331complexes of R39 with 4 and 5 (Figure 3e,f). The ligands can be
332modeled with a single bond connecting the boron atom and the
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Figure 3. (Continued).
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Figure 3. Stereoviews of initial Fo� Fc electron densities around compounds 1, 3, 4, and 5 (green, contour level 2.5σ) and final 2Fo� Fc maps around
R39 residues (gray, contour level 1.0σ). (a�d) Tricovalent complexes in monomer B. (e,f) Monocovalent complexes of compounds 4 and 5 in
monomer A.
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333 active serine. One of the boronate oxygen atoms lies in the
334 oxyanion hole, and the other oxygen can mimic the hydrolytic
335 water as it approaches the ester bond during deacylation, as
336 proposed for the AmpC class C β-lactamase.34 The classical
337 hydrogen bond between the ligand amide oxygen and the
338 Asn300 side chain is preserved, but the amide nitrogen is
339 somewhat too far from the Thr413 backbone oxygen to form a
340 hydrogen bond.
341 We can now appreciate the very different positioning of the
342 ligand amide group in the tricovalent complexes. The amide is
343 twisted by 150� with respect to its position in monocovalent
344 complexes, and thus its hydrogen bonding to the protein has
345 become completely reversed. In the tricovalent complex, the
346 amide carbonyl group is hydrogen bonded to Thr413 NH, as
347 noted above. In monocovalent complexes, including those of
348 substrates, the amide carbonyl is directed toward N300 and the
349 NH to the β-strand bordering the active site (Figure 3e,f). This
350 dramatic change in position is brought about by movement of
351 Ser49 Oγ through rotation around Ser49 CR�Cβ, and the
352 consequent movement of the boron and its attached side chain
353 “upward” in the active site to a position where it can coordinate to
354 Ser298 and Lys410 (Figure 4F4 ). One might contemplate the
355 design of new inhibitors on the basis of this newly revealed
356 binding mode.
357 The chloro/nitro benzenes of compounds 4 and 5 are in a
358 stacked π interaction with the Tyr147 phenyl group, but the
359 orientation of the chlorobenzene is reversed when compared to
360 the nitrobenzene. In monomers containing a monocovalent
361 adduct, a sulfate ion is present, as seen in all ligand-free active
362 sites of other R39 structures. This sulfate ion is close to the
363 boronate oxygen atoms exactly where the carboxylate group of a
364 peptide substrate binds.6

365 The observation of mono- and tricovalent adducts with 4 and
366 5 suggests that all of these amidomethylboronic acids first
367 associate with the active-site serine and then react with the
368 catalytically important residues Ser298 and Lys410, losing two
369 oxygen atoms aswatermolecules in the process. Themain difference
370 betweenmonomersA andB is the presenceof a symmetrymonomer
371 close to the active site ofmonomer A. A slight opening of the active
372 site upon acylation by an antibiotic seems to be a general property

373of PBPs35�37 and, also, possibly, on conversion of monocovalent
374to tricovalent boronate complexes. The presence in the crystal of
375a symmetric molecule close to the active site of monomers A and
376D could impair the opening of the active site. We have previously
377found different ligand conformations between both pairs of R39
378monomers.6,38,39 In solution, of course, the enzyme ismonomeric,
379and thus access to the active site should be unimpeded unless by
380conformational restriction within the monomer itself.

381’DISCUSSION

382In contrast to many structures of boronic acid complexes with
383serine proteases and β-lactamases, the structures observed with
384R39 reveal unprecedented tricovalent complexes with compounds
3851�5. We had previously observed monocovalent tetrahedral
386complexes of R39 with ethylboronic acids.6,18 Ethylboronic acids
387mimic a D-alanine residue, the natural amino acid that acylates the
388active serine of PBPs. In contrast, the methylboronic acids 1�5
389mimic a glycine rather than an alanine, and, as suggested40 and
390shown for the family of trypsin-like serine proteases,15 com-
391pounds resembling natural substrates make good transition-state
392analogues, whereas poorer analogues sometimes form unspeci-
393fied unrelated adducts. This phenomenon has been extensively
394investigated with respect to acyclic substrates of DD-peptidases
395and β-lactamases.41�43 When the compound mimics a D-alanine,
396the additional methyl group is sequestered in a small hydrophobic
397pocket characteristic of PBPs, and the boronic acid cannot move
398further in the direction of the second serine to formdi- or tricovalent
399adducts. Indeed, the observation of two different adducts with
400compounds 4 and 5 in the different monomers of the crystal
401structures suggests that the compound first associates with the active
402site serine and then rotates and moves close to the SXN serine and
403the KTG lysine, making bond formation and loss of two oxygen
404atoms, presumably as waters, possible.
405The movement required to achieve the latter state is seen in
406Figure 4, which shows overlap between the two types of
407complexes with compound 4. It is interesting to note that
408evidence of essentially the same type of motion of the active-
409site serine (rotation about the CR�Cβ single bond) has been
410obtained in the structure of a class C β-lactamase, inhibited by an
411O-aryloxycarbonyl hydroxamate, where the serine hydroxyl is
412cross-linked by a carbamate unit to the lysine corresponding to
413Lys410 of the R39 enzyme.44 Overlap of this β-lactamase active
414site with that of a classical monocovalent boronate—for example,
415that derived from N-(thienylacetyl)aminomethyl boronic acid45—
416shows that the boron�carbon distance between the adducts is ca.
4174 Å; the distance between the boron atoms in Figure 4 is 3.4 Å.
418One can imagine the tricovalent boron adduct as the analogue of
419a tetrahedral intermediate generated on attack of Ser298 on a
420carbamate cross-link of Ser49 and Lys410. The tetrahedral
421boronate anion may be stabilized by a cationic Lys52, where
422the terminal nitrogen is 2.8 and 3.0 Å from Oγ of Ser49 and
423Ser298, respectively.
424The usual interpretation of the biphasic curves observed in the
425reaction of methylboronic acids with β-lactamases consists of a
426simple formation of EI followed by slow modification to the
427tetrahedral adduct EI*.16 Kettner and Shenvi suggested that all
428boronic acids rapidly form a tetrahedral complex with the active
429serine and that the slow binding phase would then be due to a
430conformational change of the enzyme to form a tighter
431complex.30 In view of the structures described in this paper,
432however, and assuming that the tricovalent complexes observed

Figure 4. Overlap of monocovalent adduct (white) and tricovalent
adduct (gold) of 4 with R39. Oxygen atoms are colored red, nitrogen
blue, boron pink, and chlorine green.
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433 in the crystal structures also form in solution, the slow phase of
434 binding could, in principle, also result from further bonding of
435 the boron with a catalytic residue of the active site after rapid
436 formation of amonocovalent complex with Ser49.Note, however,
437 that the observation of slow binding did not directly correlate
438 with formation of tricovalent complexes, since the former was
439 observed with 1, 2, and 5, while the latter were observed in all
440 cases. Further, the biphasic kinetics observed with methylboronic
441 acids were similar to those observed with ethylboronic acids and
442 for which crystal structures did not show a tricovalent adduct.18

443 We therefore believe that the first phase observed in our experi-
444 ments corresponds to formation of a simple Henri�Michaelis-
445 like complex. The second phase would then be associated with
446 the acquisition of a tetrahedral conformation by the boron as it
447 links to Ser49. Further bonding is not detectable, perhaps
448 because the second adduct is in rapid equilibrium with the first
449 one, and they are thus undistinguishable. Certainly, theKi* values
450 of 1 determined from progress curves and after a preincubation
451 of 60minwere very similar, and thus the formationof the tricovalent
452 adduct is probably very rapid. Unfortunately, none of the adducts
453 could be detected by mass spectrometry, even after trypsin
454 digestion (data not shown), and this also suggests that the
455 tricovalent adducts can undergo relatively facile dissociation
456 under conditions obtaining in the mass spectrometer, as do the
457 monocovalent adducts. The latter conclusion, of course, is also in
458 accord with the reversible kinetics of inhibition. Thus, the model
459 of inhibition of R39 by boronic acid should be modified to that
460 described in Scheme 3S3 .
461 The rapid formation of the noncovalent complex EI is
462 followed by slow formation of the monocovalent tetragonal
463 complex EI* and rapid formation of the tricovalent tetragonal
464 complex EI**. The overall dissociation constant Ki** of this
465 model is given by eq 7:

Ki�� Kik�2

kþ2ð1þ KÞ þ k�2
¼ ½E�½I�

½EI� þ ½EI�� þ ½EI��� ð7Þ

466 The ratio kþ2/k�2 can be obtained from

kþ2

k�2
¼ Ki

Ki�� � 1

� �
1

1þ K
ð8Þ

467 Thus, for 1, the overall dissociation constantKi** can be described
468 by eq 7, and the ratio kþ2/k�2 must be smaller than the observed
469 ratio kþ2(1þ K)/k�2 = 12 observed for 1. Similarly, k�2 must be
470 larger than the apparent value (0.003 s�1). Thus, the observed
471 dissociation rate of the inhibitory complex is significantly influ-
472 enced by the formation of a tricovalent complex. In terms of
473 chemistry, the formation of the tricovalent complex can be
474 represented by Scheme 4S4 .
475 Ortho substituents on the phenyl group of the methylboronic
476 acids improve the Ki of the unsubstituted compound 3. The
477 improvement is weak in the case of 4 (chlorine) but strong with
478 1 (methoxy) and 5 (NO2). The absence of specific interactions
479 of these groups in the monocovalent adducts does not provide a
480 satisfactory explanation of the substituent effects, at least for
481 compounds 4 and 5. In contrast, the interactions observed with
482 the tricovalent adducts are in perfect agreement with the inhibi-
483 tory properties of each compound. Particularly, the insertion of
484 one NO2 oxygen in the oxyanion hole is determinant for the
485 very low Ki = 360 nm observed with 5. This is evidence that the

486enzyme does, in fact, form the novel tricovalent boronate com-
487plexes in solution.

488’CONCLUSION

489The boronates 1�5 inhibit the R39 DD-peptidase and form a
490mixture of monocovalent and tricovalent adducts at the active
491site, at least in the crystalline phase. The structures of the complexes
492of R39 with methylboronic acids described in this paper, and with
493ethylboronic acids reported in others,6,18 represent a remarkable
494demonstration that ethylboronic acids, resembling the natural
495substrate, are transition-state analogues, whereas methylboronic
496acids, lacking a fundamental feature of the natural substrate, can
497adopt an unexpected binding mode. Both types of boronic acids
498are good inhibitors of PBPs with interesting potential for develop-
499ment, but this previously unobserved tricovalent binding mode
500between a boronic acid and a serine hydrolase is a major aspect of
501boron chemistry that developers should be aware of, at least in
502cases where suitable additional ligands are available in the active
503site. The results obtained here suggest that boronic acid inhibi-
504tors may bind at least as tightly in these more highly coordinated
505complexes as in monocovalent transition,state analogue struc-
506tures, and the correlation between the structures and inhibition
507constants reveals the importance of the tricovalent binding mode
508for PBP inhibition. Slower dissociation of the inhibitory com-
509plexes arising from formation of such structures would contribute
510to enhanced inhibitor “residence times”.46
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Scheme 3. Model of Inhibition of R39 by Boronic Acidsa

a EI, noncovalent complex; EI*, monocovalent complex; EI**, tricova-
lent complex.

Scheme 4. Rotation about the Ser49 Cr�Cβ Bond (Curved
Arrow) and Associated Movement of the Boronate (Figure 4)
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