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ABSTRACT: The inhibition of the class A SHV-1 f-
lactamase by 7-(tert-butoxycarbonyl)methylidenecephalo-
sporin sulfone was examined kinetically, spectroscopically,
and crystallographically. An 1.14 A X-ray crystal structure
shows that the stable acyl-enzyme, which incorporates an
eight-membered ring, is a covalent derivative of Ser70 linked
to the 7-carboxy group of 2-H-5,8-dihydro-1,1-dioxo-1,5-
thiazocine-4,7-dicarboxylic acid. A cephalosporin-derived enzyme complex of this type is unprecedented, and the rearrangement
leading to its formation may offer new possibilities for inhibitor design. The observed acyl-enzyme derives its stability from the
resonance stabilization conveyed by the f-aminoacrylate (i.e., vinylogous urethane) functionality as there is relatively little
interaction of the eight-membered ring with active site residues. Two mechanistic schemes are proposed, differing in whether,
subsequent to acylation of the active site serine and opening of the f-lactam, the resultant dihydrothiazine fragments on its own
or is assisted by an adjacent nucleophilic atom, in the form of the carbonyl oxygen of the C7 tert-butyloxycarbonyl group. This
compound was also found to be a submicromolar inhibitor of the class C ADC-7 and PDC-3 f-lactamases.
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B INTRODUCTION

The accelerating evolution and dissemination of f-lactamase-
mediated bacterial resistance' to front-line f-lactam antibiotics,
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clinical development.® In the cases of both the A-lactam
antibiotics and f-lactam-derived f-lactamase inhibitors, under-
standing the mechanistic fate of the initial acyl-enzyme can
facilitate design of more efficient drugs.

Key to activity of the penicillin sulfones is fragmentation of
the dioxothiazolidine ring,6 which occurs subsequent to
acylation of the active site serine as shown in Scheme 1. This
ring opening is characteristic of the sulfones, since numerous
structures” of antibiotic complexes (i.e., penicillin sulfides) with
penicillin-binding proteins (PBPs) illustrate that the non-
oxidized thiazolidine remains intact, as shown in Scheme 2, a
complex of carbenicillin with PBP3 of Pseudomonas aeruginosa.
This is presumably due to the weaker basicity and resulting
enhanced leaving group ability of the sulfinate (pK,
methanesulfinic acid ~ 3) of the sulfones relative to the
thiolate (pK, methanethiol ~ 10) of the sulfides. The resultant
imininium ion (generated in the E configuration) can

Figure 1. Current commercial f$-lactamase inhibitors.

and ability of Gram-negative pathogens to couple such
resistance with porin alterations and efflux,” necessitate the
search for more effective, broader spectrum, p-lactamase
inhibitors.> Such inhibitors can be co-administered with p-
lactam antibiotics 1n highly efficacious combinations to treat
resistant infections.* Current commercial inhibitors include

penicillin sulfones, sulbactam (1) and tazobactam (2), together
with clavulanic acid (3) (Figure 1). Newer inhibitors are in
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Scheme 2 as shown in Scheme 1. The f-aminoacrylates (6 and 7) show
“0,C,, _Ph high planarity of the N—C=C—C==0, suggesting resonance
COzNa L interaction of the nitrogen electrons with the carbonyl, thus
H . . .-
Ph/gf,ﬂ % 07 "NH enhancing hydrolytic stability.
S Oﬁ/'ﬁ’s As commercial inhibitors rely on active site functionality for
i
N ? Sersai® HN\)/’* recognition and inactivation processes, including both
CO,Na CO i tautomerization® and nucleophilic capture,9 they are limited
e s X
SO carbenicillin to inactivation of specific class A f-lactamases and are
1" susceptible to point mutations, leading to ‘inhibitor-resistant’

PBP3 of A. baumannii (observed crystallographically}

tautomerize to a resonance-stabilized f-aminoacrylate or
undergo a nucleophilic capture with a second active-site serine

f-lactamase variants. ' Shortcomings of current inhibitors,
proliferation of AmpC producing strains, and appearance of
class D f-lactamases necessitate development of inhibitors with

a broader inhibitory spectrum.
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Figure 2. 7-Alkylidenecephalosporins.

The inhibitory spectrum of penicillin sulfones can be
expanded by incorporating an alkylidene group at C6."" One
such modification, shown in Scheme 3, involves an
appropriately positioned heteroatom (usually contained in an
attached heterocycle attached to the terminus of the exocyclic
double bond) enabling intramolecular capture of the incipient
iminium ion. This intramolecular assistance/capture avoids
reliance on active-site residues to complete the rearrangement,
thus broadening the inhibitory spectrum. The final (crystallo-
graphically observed)"'® stabilized acyl-enzyme is a resonance-
stabilized f-aminoacrylate in the form of indolizine-2-
carboxylate 16.

By contrast, cephalosporins have been much less utilized in
P-lactamase inhibitor design. The 7-alkylidenecephalosporin
sulfones (17) were observed to be potent f-lactamase
inhibitors in 1995'* and later developed to broaden their
inhibitory spectrum.”® A complex of inhibitor 17a with the
extended-spectrum class C f-lactamase GC1 was examined
crystallographically'* (Scheme 4).

In the initial publication regarding 7-alkylidenecephalosporin
sulfones, one potent inhibitor, 17b in Figure 2 (also referred to
as DCM-1-10), lacked a nitrogen heterocycle attached to the
7-alkylidene moiety. Although demonstrating potent and
specific inhibition of the TEM-2 f-lactamase, the activity of
17b resembled the inhibitory spectrum of commercial
inhibitors, and the mechanism was not investigated. In
recognition that this compound did not fit inhibitory motifs
previously observed and that understanding mechanism can
lead to improved inhibitors, we decided to undertake a
crystallographic study of inhibitor 17b with the class A SHV-
1 p-lactamase.

B MATERIALS AND METHODS

Expression and Purification. As previously describe wt-
SHV-1, ADC-7, and PDC-3 were expressed and purified. For protein
expression and f-lactamase characterization, the blagxa4/40 gene was
cloned into the pET24a (+) vector (Novagen, Madison, WI)
according to the following method. Using the Gene-Amp XL PCR
kit (Applied Biosystems), high-fidelity amplification of blagyaz4/40

15—-17
d,'

18360

without leader peptide sequence from the blagyy 24/40/PIM-1-RA clone
designed by Héritier et al.'® was performed with primers OXA-24/
40FOR (¥ ’CATATGTCTATTAAAACTAAATCTGA®) and OXA-
24/40REV (¥ GGATCCTTAAATGATTCCAAGAY). The cycling
conditions used were 95 °C for 30 s, 55 °C for 1 min, and 72 °C
for 1 min for 25 cycles, after which there was final extension at 72 °C
for 10 min. A restriction digest of the pET24a (+) vector was done
using Ndel and BamHI. The amplification product was purified using
the QIAquick gel extraction kit (Venlo, Netherlands) and digested
using Ndel and BamHI. This product was ligated to the digested
pET24a (+) vector and electroporated into E. coli DH10B. The
resulting construct was sequenced with pET24a (+) primers T7
promoter primer and T7 terminator primer. After sequencing
verification, the construct was transformed into E. coli BL21(DE3)
cells for protein expression.

OXA-24/40 p-lactamase was prepared after induction with
isopropyl-f-p-thiogalactopyranoside (IPTG; Sigma Chemical Com-
pany, St. Louis, MO). A 500 mL culture was induced at an optical
density at 600 nm of 0.6 (final IPTG concentration, 0.2 mM). The
culture was harvested 3 h after induction, centrifuged, and the pellet
frozen at —20 °C overnight. The following day, the cell pellet was
resuspended in 50 mM Tris buffer, pH 7.4. f-lactamase was released
by using stringent periplasmic fractionation and initially purified by
preparative isoelectric focusing as described previously."” Additional
purification was performed by high-pressure liquid chromatography
with a Sephadex Hi Load 26/60 column (GE Healthcare, Piscataway,
NJ). Protein was eluted with 50 mM sodium phosphate buffer, pH 7.2.
The purity of each preparation was assessed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis. Protein samples were
resolved on a 5% stacking, 12% separating SDS-polyacrylamide gel
and stained with Coomassie brilliant blue R250 (Fisher, Pittsburgh,
PA). Protein concentrations were determined by the Bio-Rad protein
assay with bovine serum albumin (Sigma) as the standard.

Synthesis. DCM-1—10 was synthesized as previously described."

Crystallization and Soaking. Using the vapor diffusion method,
wt-SHV-1 crystals were grown in 24-well sitting drop trays (Hampton
Research) using a SO0 uL reservoir solution of 21—30% PEG600 and
0.1 M HEPES pH 6.8—7.8. A total of 5 mg/mL protein was combined
with Cymal-6 (final concentration 0.56 mM, Hampton Research) then
mixed with the reservoir solution at a 1:1 ratio to a final drop size of 5
pL. Inhibitor soaks were performed in well solution plus 50 mM
inhibitor for 30 min. Crystals were subsequently cryoprotected in well
solution supplemented with 20% 2-methyl-2,4-pentanediol (well
solution for inhibitor soaked crystals also contained S0 mM inhibitor)
plus immersion in liquid nitrogen.

Data Collection and Refinement. Data was collected at the
Stanford Synchrotron Radiation Lightsource, Menlo Park, CA.
wtSHV-1 crystallized in space group P2,2,2; and diffraction images
were integrated and scaled using HKL2000 software.”® The structure
was solved using isomorphous replacement (using PDB ID: 1SHV).
The structure was resolved to 1.14 A, and REFMACS was used to
carry out all (waters and protein) anisotropic refinement to yield a
structure with final R/Rg,, of 0.13/0.16. Coot”" was used for manual
refinement and model building and yielded a model with 97.31%
(217), 1.79% (4), and 0.90% (2) of residues in Ramachandran
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Figure 4. Interactions of DCM-1—10 in the active site of SHV-1. Hydrogen bonds between DCM-1—10 (green carbon atoms) and SHV-1 (gray
carbon atoms) are depicted as dashed lines. Water mediated hydrogen bonds are also depicted. The sulfone containing HEPES fragment (30%
occupancy) is depicted in dark gray. The deacylation water molecule is labeled as wl.

preferred, allowed, and outlying regions, respectively. At 1.14 A
resolution, the two outliers (residues M69 and Y10S) are confidently
placed within strong 1.56 Fo—Fc density despite their less than ideal
dihedral angles. After initial refinement and addition of water and
Cymal-6 molecules, electron maps clearly indicated the presence of a
covalently bound DCM-1—-10 species in the active site. DCM-1—10
topology files were generated using an online server, PRODRG, and
DCM-1-10 was included in subsequent rounds of refinement.

Kinetics. Steady-state kinetics were performed on an Agilent 8453
diode array spectrophotometer (Palo Alto, CA) in 10 mM phosphate-
buffered saline (pH 7.4). V,,,, and K, were determined from initial
steady-state velocities for nitrocefin (NCF), Ag,g, =17 400 M~ cm™".
The kinetic parameters were obtained using iterative nonlinear least-
squares fit of the data to the Henri—Michaelis equation using Origin
8.0 (OriginLab, Northampton, MA) according to eq 1:

v = VoulSl/ (K, + [S]) (1)

We determined the K; for the inhibitors by measuring initial steady-
state velocities in the presence of a constant concentration of enzyme
with increasing concentrations of inhibitor against the indicator
substrate NCF (100 zM). Assuming a competitive mode of inhibition
under these conditions, initial velocity (v,) measurements immediately
after mixing yield a K, as represented by eq 2:

v = (Vo Ki[S1/K, } /Ky + (11}

2)
Ky values were corrected for nitrocefin affinity (K, = 20 uM)
according to eq 3:

K, =K,,,,/(1 + [NCF]/K, ncF)

iapp

©)

ICs, defined as the inhibitor concentration resulting in a reduction of
NCF (100 uM) hydrolysis by 50%, was determined by measurements
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of initial velocities after S min preincubation of enzyme with inhibitor.
The first-order rate constant for enzyme inactivation, ki, was
determined by monitoring the reaction time courses in the presence of
increasing concentrations of inactivators. A fixed concentration of
enzyme, nitrocefin, and increasing concentrations of inactivator were
used in each assay. The k,, for inactivation was determined graphically
as the reciprocal of the ordinate of the intersection of the straight lines
obtained from the initial, v, and final, v steady-state velocities. Each
kqps was plotted versus inhibitor concentration, I, and fit to eq 4 to
determine k. and k,./K; (the second-order rate constant for
reaction of free enzyme with free inhibitor to give inactive enzyme):

= kinact[I]/(KI + [I]) (4)

Turnover numbers (t,) or partition ratios (k.,/kin.) were determined
as the ratio of inhibitor concentration to enzyme concentration that
was necessary to decrease the enzyme activity by 95%. The turnover
numbers were determined after a 24 h incubation with increasing
concentrations of the inhibitor. Incubations were done in a final
volume of 300 xL, and 25 uL of this reaction mixture was added to a 1
mL final volume to determine the residual enzyme activity using 100
UM nitrocefin. The ¢, was used to determine the ratio of inhibitor to
enzyme in a 45 min experiment in which steady-state velocities were
measured at set time points following the combination of enzyme and
inhibitor.

The apparent first-order rate constant for reactivation of the f-
lactamase, Ko reacy Was determined based on a previously published
method.” Briefly, 1.39 uM SHV-1 was mixed with 0.124 mM DCM-
1-10 in a total volume of 80 yL for 30 min at RT. This mixture was
placed on a Macro Spin Column G10 (The Nest Group, South-
borough, MA) and spun in an Eppendorf 5415D table-top centrifuge
at 2000 rpm at RT for 30 s to remove unbound DCM-1-10.
Reactivation of enzyme was monitored after a 30 min incubation of the

kobs
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80 uL flowthrough at rt. A 5 L aliquot was removed and the transient
recovery of activity monitored in the presence of 100 #M nitrocefin as
an indicator substrate.

Ultraviolet Difference (UVD) Spectroscopy. Based on a
previously published method,*® UVD spectra (absorption spectra of
3.5 uM DCM-1-10) were measured from 4 = 220 to 350 nm during a
60 min observation period.

Raman Crystallography. SHV-1 crystals were obtained as
described previously.”* The Raman microscopy system has been
described.> 7 An SHV-1 crystal was first transferred from the mother
liquor solution to a 4 yL drop of 2 mM HEPES. A 647 nm, 90 mW
Kr* laser beam (Innova 70 C, Coherent, Palo Alto, CA) was focused
on the protein crystal in a 4 yL hanging drop using the 20X objective
of the Raman microscope. During data collection, spectra were
acquired for 1 s, and 100 accumulations were averaged for each time
point. After obtaining spectra of the apo SHV-1 crystals, inhibitors
were added to the drop to achieve a final volume of 5 L and a final
inhibitor concentration of S mM. Spectra were then acquired every 2—
3 min after addition of an inhibitor. To obtain difference spectra, an
apo SHV-1 spectrum was subtracted from the enzyme/inhibitor
spectra at varying time intervals following addition of inhibitor.

Calculations. Ab initio quantum mechanical calculations were
performed on CWRU'’s cluster facility to predict the Raman spectra of
DCM-1-10 and model intermediate compounds using Gaussian 03.”%
Calculations were performed at the DFT level using the 6-31+G(d)
basis set. DFT calculations were performed with Becke’s three
parameter hybrid method using the correlation functional of Lee,
Yang, and Parr (B3LYP). The vibrations giving rise to the most intense
calculated peaks could be visualized using “GaussView”, revealing
which molecular vibrations contribute to the peaks.

B RESULTS

Crystallographic data show DCM-1-10 covalently bound to
SHV-1 at the catalytic Ser70 in the form of an eight-membered
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Figure 5. UVD spectroscopy of 3.5 uM DCM-1-10 alone.

thiazocine ring. A new C—S bond is formed between the sulfur
and C9 of the alkylidene moiety. Both 2Fo—Fc (contoured at
1.06) and Fo—Fc (contoured at 3.00) electron density maps
indicate the presence of this C—S bond (Figure 3; all atoms in
the eight-membered ring had Fo—Fc density above 4.25¢

DCM-1-10 Timed Inactivation
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Figure 6. Timed course inactivation of 140 nM SHV-1 with 980 nM
DCM-1-10 (SHV-1:DCM-1-10 = 1:7) and 100 nM ADC-7 with 4.5
UM DCM-1-10 (ADC-7:DCM-1—10 = 1:45).

Table 1b. Kinetic Parameters for DCM-1-10 with ADC-7,
PDC-3, and OXA-24/40 fi-Lactamases

enzyme ICy, (M) t, (24 h)
ADC-7 0.13 + 0.01 45
PDC-3 0.74 £+ 0.08 2000
OXA-24/40 >100 3400

contour level. Both electron density maps indicate strong
bifurcated C4 carboxylate density, sulfone oxygen density, and
trifurcated C7 tert-butyl ester density. The C3 acetoxy group is
not as well resolved, but there is strong 2Fo—Fc and Fo—Fc
density for the C—O—C oxygen.

Despite the presence of the C8 tert-butyl ester, the
deacylation water is present, in the same location as in apo
wtSHV-1. DCM-1—-10 was best modeled at 70% active site
occupancy. Also modeled is a HEPES buffer fragment at 30%
occupancy, located where previously observed in SHV-2.* The
position of the HEPES fragment partially overlaps with the
position of DCM-1—10, and both molecules cannot therefore
occupy the active site simultaneously. Although the resolution
is not high enough to visualize double-bond characteristics, the
torsion angles within the eight-membered ring of DCM-1—-10
suggest the presence of two double bonds as drawn in Scheme
7a. The first double bond yields a torsion angle of —4.2° (for
atoms N5—C6—C7—Cx) (Figure 4). The torsion angle around
the same bond for atoms NS—C6—C7—C8 is —160° (Figure 4)
which thus deviates somewhat more from —180° suggesting
that atom CS8, part of the carbonyl bond, is somewhat out of the
plane. The second double bond in the eight-membered ring
yields a torsion angle of —15.5° (for atoms N5—C4—C3—C2).

DCM-1—-10 makes few hydrogen-bonding contacts with
active-site residues. The carbonyl oxygen occupies the oxyanion
hole making hydrogen bonds with the backbone nitrogens of

Table la. Kinetic Parameters for DCM-1-10, Tazobactam, And Clavulanic Acid for Comparison®

inhibitor ICy, (M) Kinaer (s71) Keops react (s71) 30 min
tazobactam 0.030 + 0.003 0.11 + 0.01 0.040 + 0.001
clavulanate 0.19 + 0.02 0.040 + 0.004 >0.2
DCM-1-10 0.8 +£0.1 0.001° 0.0006 + 0.0001

K (uM) Ky (uM) Kinaee/ Ky (uM™"s71) t, (24h)
0.100 + 0.025  0.16 + 0.03 0.69 + 0.14 s
0.14 + 0.01 2.6 + 03 0.020 + 0.003 40
>20 NM NM 7

“Determined (+10% error) based on analysis of first-order exponential in Figure 6. “Some values not measurable (NM) because high concentrations
of inhibitor were required. k., measured after a 30 min incubation of 1:90 enzyme:inhibitor ratio.

18362

dx.doi.org/10.1021/ja403598g | J. Am. Chem. Soc. 2013, 135, 18358—18369



Journal of the American Chemical Society

A 28,872+4 B 29,275+ 4
QAC

2 H,
‘z z Buo,C.,, Y
= 7]
: g |
= - 0,
: A
b 2 n
by L]
2 2 b

(29)

28700 28800 28900 29000 29100 29200 29300 29400 29500 28800 29000 29200 29400 29600 29800 30000
Mass (atomic mass units) Mass (atomic mass units)

Figure 7. Mass spectra of SHV-1 alone (A) and with DCM-1—10 showing the formation of compound 29 from Scheme 7a (B).
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Figure 8. Raman difference spectra of wt SHV-1 single crystal reaction with DCM-1—10. The top spectrum is unreacted DCM-1—10 (5 mM in
aqueous solution, pH 7.5). The bottom one is 10 min after DCM-1—10 soak in (5 mM, pH 7.5). The peak assignments are shown in Tables 2 and 3.

residues A237 and S70. One of the C4 carboxylate oxygens is
within hydrogen bonding distance of residue N132; one of the
sulfone oxygens makes a water-mediated hydrogen bond with
R244. The NS5 nitrogen makes a somewhat long hydrogen bond
with the oxygen of side chain N132 (3.32 A). Additionally,
several van der Waal’s interactions take place: between DCM-
1—10s tert-butyl moiety and residue A237 and between C2 and
S§130. Lastly, there is a n-stacking interaction between the C3—
C4 bond and residue Y105.

Kinetics. We first determined the spontaneous hydrolysis
rate of 3.5 yM DCM-1-10 in 10 mM PBS, pH 7.4. UVD
spectroscopy was performed to follow the reaction for 60 min.
Figure S shows that there is a measurable rate of spontaneous
hydrolysis in PBS (AO.D.;_,s = 0.007). UVD spectroscopy
was performed on the hydrolysis of DCM-1—-10 in 100 mM
NaOH (Figure S1) which allowed us to determine Ag;_y, (11
730 M'-cm™). A plot of time vs absorbance (1 = 228 nm,
Figure S2) permitted us to determine the pseudo-first-order
rate constant of spontaneous hydrolysis (3.0 X 107 s7'). In
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direct terms, there is a spontaneous rate of hydrolysis of 0.0002
uM-s™ in 10 mM PBS.

First, a general mechanism for irreversible M-lactamase
inhibition can be summarized as eq 5. where E:I represents
the Michaelis complex, E-I the acyl-enzyme, E-I* the tautomer,
and P represents product.

ky ky k3
E+] ~—= EI —» EI—» E+P
k-
ket || Ko ©)
E-T*

DCM-1-10 was next characterized kinetically using the
target enzyme SHV-1, and results are summarized in Table la.
Several kinetic parameters were unable to be measured because
of the high concentration of DCM-1—-10 required. However,
we were able to determine ICgy, kb reacy Ky and t,. These

dx.doi.org/10.1021/ja403598g | J. Am. Chem. Soc. 2013, 135, 18358—18369
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Table 2. Major Peak Assignment for Unreacted DCM-1-10
from Gaussian Calculations

COy

calculation results of unreacted DCM-1—10

calculated calculated
experimental Groulp Raman
group (cm™) (em™) intensity peak assignment
1787 1770 90 C=0 of f-lactam ring
1725 1730 292 C=O0 stretch from C;
acetoxy
1705 1710 155 symmetric stretch from
tert-butyl ester carbonyl
1650 1670 2390 C=C stretch at C,
position
796 825 50 —C—S—C— stretch of

dihydrothiazine ring

Table 3. Major Peak Assignment for Eight-Membered
Intermediate 29 (Scheme 7a) from Gaussian Calculations

Ser—,OO

calculation results of intermediate 29 (Scheme 7a)

calculated  calculated
experimental Group Raman
group (cmfl) (em™) intensity peak assignment
1725 1730 30 C=0 stretch from C; acetoxy,
(unresolved) tert-butyl ester carbonyl, Ser70
ester carbonyl
1650 1680 311 C¢=C; stretch of
dihydrothiazocine ring
1320 1353 S0 N;—H bending
797 825 S0 —C—8—C~ stretch

measurements all accounted for the pseudo-first order rate
constants of spontaneous hydrolysis.

Given these considerations, the observed ICs, (0.8 + 0.1
uM) is 4-fold higher than clavulanate (0.19 + 0.02 M) and 27-
fold higher than tazobactam (0.030 # 0.003 xM). Additionally,
the K; is about 166-fold greater than tazobactam and
clavulanate. However, the 24 h turnover number for DCM-
1-10 (t, = 7) is comparable to tazobactam (¢, = 5), and

Kops react 18 67-fold lower than tazobactam and at least 333-fold
lower than clavulanate. A timed inactivation of 140 nM SHV-1
(E) with 980 nM DCM-1-10 (I) (LE = 7:1) shows 95%
inactivation of SHV-1 within 45 min (Figure 6).

With regards to class C (PDC-3 and ADC-7) f-lactamases,
we found that DCM-1-10 readily inhibits ADC-7 and PDC-3
with ICy, values that are submicromolar (Table 1b). In
contrast, OXA-24/40 (class D) is not inhibited by DCM-1—10
(ICso > 100 uM, Table 1b). Interestingly, we also discovered
that DCM-1—-10 acts more like a substrate for both OXA-24/
40 and PDC-3 (t, = 3400 and 2000, respectively, Table 1b).
These measurements merit further analysis. As the inhibition of
ADC-7 was very notable (ICy, = 130 nM), we performed a
timed inactivation of ADC-7 using I:E of 45:1 based on t,. We
observed that inactivation was rapid compared to SHV-1.
Further studies are planned to determine the details of this
process and the mechanism.

Mass Spectrometry. To establish the nature of the
inactivation product, ESI-MS was performed with a Q-Star
quadrupole time-of-flight mass spectrometer equipped with a
nanospray source. We inactivated SHV-1 with a 10-fold excess
of DCM-1-10. The incubation (inactivation) time was 15 min
(900 s). The deconvoluted spectra are presented (Figure 7A,B).
The ESI-MS measurement (28,872 + 4 amu) was in agreement
with the theoretical mass of the SHV-1 f-lactamase (28,872
amu). Covalent attachment of DCM-1—10 to the SHV-1 f-
lactamase was demonstrated in the spectra. During the time
period studied, we did not find evidence of the fragmentation of
DCM-1-10 (403 + 4 amu).

Raman Evidence for Ring Formation. The Raman data for
DCM-1-10 reacting in a single crystal of WT SHV-1 support
the conclusion that a stable eight-membered ring is formed as
an acyl-enzyme. The crystal of SHV-1 was suspended in a
hanging drop of holding solution, and a concentrated solution
of DCM-1—10 was injected into the hanging drop resulting in a
final concentration of S mM. The DCM-1—10 soaks into the
crystal and reacts rapidly. The Raman difference spectrum
[enzyme + DCM-1—10] — [enzyme] is stable within the dead
time of our experiment, and we only detected the stable
product (an acyl-enzyme). This is shown in the bottom trace in
Figure 8.

Figure 8 compares the Raman spectrum of free aqueous
DCM-1-10 with that of the product within crystal. In order to
assign the features in Figure 8, “Gaussian” quantum chemical
calculations were carried out. Assignments for free DCM-1-10
are shown in Table 2. These are the characteristic lactam C=0
stretch at 1787 cm™' and the C=C stretch from the group
within the six-membered thiazine ring at 1650 cm™'. The
calculations indicate that the C—S—C symmetric stretch from
the sulfone group is at 796 cm™.
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The Raman spectrum seen in Figure 8 (top) undergoes R
major changes when reaction is complete (Figure 8, bottom). ]
Disappearance of the 1787 cm™ lactam C=0 occurs following @ | R?
acylation of th_e1 active site serine and opening of the S-lactam. Ser0 N~
The 1725 cm™ C=O0 stretch peak provides support that the f
acetoxy group Ac—O3 1rgnains attached to the C3’ position of 0 N0
the thiazocine ring.”””” Based on the X-ray analysis, we
undertook calculations on the eight-membered thiazocine Figure 9.

predicted to be the product (29) in reaction Scheme 7a.
Calculations (Table 3) show that the 1657 cm™ profile has
contributions from the two double bonds in the ring (Table 3).
They also indicate that the peak at 1320 cm™" can be assigned
to N—H bend, and the peak at 797 cm™ can be assigned to the
symmetric stretch of the C—S—C bonds within the ring. These
assignments taken together constitute a body of evidence that
supports the presence of the eight-membered ring. The broad
intensity with several submaxima between 863 and 932 cm™" is
tentatively assigned to ring deformation modes that occur in
this region.”

B DISCUSSION

While the key to the inhibition of the penicillin sulfones is
formation of iminium ion §, the larger 6-membered

18365

dihydrothiazine ring of cephalosporins is less prone to an
analogous fragmentation, potentially explaining the reduced
inhibitory activity of most cephalosporin sulfones. Additionally,
in cephalosporins with a 3’-leaving group (such as acetate),
there is elimination of that group after enzyme acylation,
leading to exocyclic alkenes such as 22 and 24, that are not
mechanistically well-suited to fragmentation of the dihydro-
thiazine, as summarized in Schemes 5 and 6.**? Indeed, all
current PDB files of acyl-enzymes resulting from 3-
(acetoxymethyl)cephalosporin antibiotics with various PBPs
possess a C3-exocyclic double bond, resulting from loss of the
C3'-acetoxy group. Inhibitory cephalosporin sulfones possess-
ing such a leaving group are expected to partition between loss
of the 3’-group and fragmentation, as shown in Scheme 6,
thereby reducing their inhibitory potency.
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Scheme 8. General Mechanisms of Z/E Configurational Inversion of Imines
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Scheme 11 dihydro-1,4-thiazepine®® is shown in Scheme 7b. The hydro-
OH S5k Iytic stability .o‘f the acyl-enzyme 29 is attributed to t'he
P g resonance stabilization of the carbonyl group of the ester with
% P Os A S o the nitrogen lone pair of the f-aminoacrylate. Several features
N/ & m ) 3 deserve comment.
Q tO,Na i Both transpositions are formally a 1,3-allylic transposition of
- €Oy a sulfur atom: a sulfinate (cephem) or a thiolate (penem).**
Seon 2 34 The sulfinate has maintained its positional orientation on the f-

PBP4 of Escherichia coli (observed crystallographically}

A proposed mechanism for the formation of the observed
dihydro-1,5-thiazocine is shown in Scheme 7a. An analogous
transformation of the 6-methylidenpenem BRLA4271S to a

18366

face of the antibiotic, approaching the exocyclic double bond
from the re face, thereby generating a new stereogenic center
(at C8 of the dihydrothiazocine) in the R configuration. This is
unlikely to have occurred in a concerted fashion (ie., directly
from 26 to 29) since concerted suprafacial 1,3-sigmatropic
rearrangements are disallowed thermally.>> Thus, the transition
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states in both cases involve a two-step process with an
intermediate iminium ion formed, due to the geometric
constraints of the six-membered dihydrothiazine ring, initially
in the E configuration, which then closes, via an intramolecular
Michael addition,®® to generate an eight- or seven-membered
ring, respectively. The initial ring-openings (26 & 27 and 31 &
32) are likely reversible, as shown. In formation of 29, the
Michael addition could have occurred at C7 of the cephem to
form the seven-membered ring but does not, probably due to
the double activation (for attack at C9) of the C=C by the
acyl-enzyme carbonyl and the protonated iminium ion versus
the single activation (for attack at C7) by the tert-
butyloxycarbonyl.

Particularly in the formation of the seven-membered ring
(ie, 32 — 34), this transition state would be highly strained, as
supported by the fact that trans-cycloheptene is unstable at
room temperature.37 Isomerization of iminium ions 27 and 32
from the E to Z configuration, however, would remove this
barrier as shown in Scheme 7a,b.

Mechanistic studies on the E/Z isomerization of imines
indicate that configurational inversion can occur by two
mechanisms,® each involving the N-protonated conjugate
acid of the imine (Figure 9). As shown in Scheme 8, the first
mechanism (upper) entails protonation of the imine, followed
by rotation about the C—N bond, and deprotonation (Scheme
8a), while the second involves protonation, followed by
nucleophilic addition to the iminium ion, and then elimination
and deprotonation, as shown in Scheme 8b. Based on the
observed pK, values of 7.5 to 8 for structurally analogous
iminium ions,* it is likely that these intermediate imines (27,
28, 32, 33) are protonated. Additionally, as observed with other
substituted imines,** the conjugate acid may be further
stabilized through intramolecular hydrogen bonding to the
C4 (or C3) carboxylate group, as shown in Figure 9.

One structural feature that both inhibitors (i.e., 17b and 30)
have in common is two double bonds flanking the N—C—S
linkage shown (purple) in Scheme 9. After fragmentation each
double bond can contribute to delocalization of either positive
charge on carbon or the lone pair electron density on nitrogen.
Acting together, these double bonds may diminish the degree
of double-bond character between the bridgehead carbon (ie.,

C6 of the cephem or CS of the penem, respectively) and the
nitrogen atom, thereby reducing the barrier to inversion of the
configuration of the iminium ion. Additionally, the A-—3,4
(cephem) or A—23 (penem) double bond (in the Z
configuration) can serve to hold the sulfur in the appropriate
location for intramolecular Michael attack and possibly provide
optimal geometry for intramolecular H-bonding to the imine
(Figure 9). Each inhibitor possesses a weakly nucleophilic
heteroatom appropriately positioned on the terminus of the C7
(cephem) or C6 (penem) double bond to undergo addition/
elimination to the intermediate iminium ion, potentially
facilitating inversion of configuration as shown in Scheme 10.

A question arises as to why 6-alkylidenepenems (e.g., 30),
where the sufur is in the sulfide oxidation state, undergo
fragmentation of the dihydrothiazole after acylation. Numerous
structures of acyl-enzymes produced from penam sulfides (vide
supra) all have the thiazolidine intact. While it may be argued
that the endocyclic double bond of the dihydrothiazole
produces additional strain and lowers the pK, of the thiolate
(now an enethiolate) thereby leading to fragmentation, it is
important to note that the only two PDB structures of penems
lacking the C6 exocyclic double bond*' indicate that the
dihydrothiazole does not fragment as illustrated by acyl-
enzymes derived from 6-(hydroxyethyl)penems shown in
Scheme 11. It is logical to conclude that the exocyclic double
bond at C6 of the penem plays a crucial role in facilitating
fragmentation and stabilizing the intermediate iminium species.

A final option is shown in Scheme 12. In this mechanism, the
fragmentation itself is effected not by formation of the iminium
ion but by direct attack of the nucleophilic heteroatom on the
intact five- and six-membered rings, respectively. The alkylidene
functionality provides anchimeric assistance to the departure of
the sulfur leaving group, providing access to an intermediate
that can fragment to the iminium salts in either the Z or E
configuration. This fragmentation would need to occur at a rate
faster than loss of a proton from the tert-butyl ester to generate
the butenolide. This is reasonable since fragmentation to the
linear intermediate requires no base and nitrogen-stabilized
carbocations (i.e., iminium ions 27, 28, 32, 33) are expected to
be highly stabilized.**
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B CONCLUSION

Together with the penicillins and carbapenems, cephalosporins
represent a major class of f-lactam antibiotic. As such, it is
notable that no commercial f-lactamase inhibitor possesses the
cephem scaffold. This research documents an unprecedented
rearrangement of a cephalosporin sulfone, leading to a stable
acylenzyme. While the inhibitor is, by contemporary standards,
of modest spectrum and potency, the discovery of a new
inhibitor of unprecedented mechanism may have significance in
the design of new chemotherapeutic agents.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data and refinement statistics (Table S1),
UVD spectroscopy of hydrolysis of DCM-1-10 in 100 mM
NaOH (Figure S1), and exponential curve fit of time vs
absorbance to determine first order rate constant for
spontaneous hydrolysis of DCM-1—-10 (Figure S2). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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