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ABSTRACT. TheErwinia carotorava carA carB, andcarC gene products are essential for the biosynthesis

of (5R)-carbapen-2-em-3-carboxylic acid, the simplest carbapefugntam antibiotic. CarA (hereafter
named carbapenam synthetase) has been proposed to catalyze format®&bSpicé8bapenam-3-carboxylic

acid from (Z59)-5-carboxymethyl proline based on characterization of the products of fermentation
experiments irescherichia colicells transformed with pET24eerB and pET24afarAB, and on sequence
homology tof-lactam synthetase, an enzyme that catalyzes formation of a monogyleatam ring

with concomitant ATP hydrolysis. In this study, we have purified recombinant carbapenam synthetase
and shown in vitro that it catalyzes the ATP-dependent formation $b68p-carbapenam-3-carboxylic

acid from (Z559)-5-carboxymethyl proline. The kinetic mechanism is—Bier where ATP is the first
substrate to bind followed by §59)-5-carboxymethyl proline and PPi is the last product released based

on initial velocity, product and dead-end inhibition studies. The reactions catalyzed by carbapenam
synthetase with different diastereomers of the natural substrate and with alteraraiao diacid substrates

were studied by HPLC, ESI mass spectrometry, and steady-state kinetic analysis. On the basis of these
results, we have proposed a role for each moiety 8f53)-5-carboxymethyl proline for binding to the

active site of carbapenam synthetase. Coupled enzyme assays of AMP and pyrophosphate release in the
reactions catalyzed by carbapenam synthetase with adipic and glutaric acid, which laeitiigo group,

in the presence and absence of hydroxylamine support the formation of an acyladenylate intermediate in
the catalytic cycle.

In the late 1970s, the discovery of thienamyci) [ed are absolutely required for the biosynthesis of this carba-
the way to the isolation of over 50 members of a new class penem from primary metabolites presenttn coli (7, 8).
of B-lactam antibiotics, the carbapenems. Their basic chemi- Sequence homology of CarD with proline dehydrogenases
cal structure comprises/alactam ring fused to an unsatur- and incorporation studies with labelegbroline indicate that
ated five-membered ring that contains no heteroatom at thethe immediate primary metabolite precursor is likely pyrro-
C-1 position seen in penicillin and cephalosporin. The line-5-carboxylatiglutamatey-semialdehyde9). A biosyn-
carbapenems stand out among fhiactam antibiotics for  thetic rationale for the reactions catalyzed by CarA-C has
their broad antibiotic activity and their resistance to most been proposed based on characterization of the products of
p-lactamases2). They have been isolated from various fermentation experiments i. coli cells transformed with
species of streptomycetes, and from Gram-negative bacterighe expression plasmids pET2da/ABC pET24atarAB, or
such asSerratia sp.ATCC 39006 ancErwinia carotaora pET24atarB (8) (Scheme 1). CarC shows modest similarity
that produce the simplest carbapenen®){Barbapen-2-em-  to a-ketoglutarate dependent non-heme iron oxygenases, and
3-carboxylic acid 8). has been demonstrated in vitro to catalyze carbapenem

To date, none of the gene clusters responsible for theformation from (F59)-carbapenam-3-carboxylic aci@)(
biosynthesis of carbapenems in streptomycetes has beer®n the basis of the sequence homology of CarA (hereafter
identified. The genes encoding theRjscarbapen-2-em-3-  named carbapenam synthetasefbS,! carbapenam syn-
carboxylic acid biosynthetic enzymes have been cloned fromthetase was proposed to catalyiziectam ring formation of
both Serratia spATCC 39006, anc. carotaora (4, 5), in the significantly strained carbapenam in a manner similar to
addition to a similar gene cluster responsible for the S-LS by coupling cyclization to ATP hydrolysis).
production of an unknown carbapenem-like metabolite from
Photorhabdus I.um'inesc.er(é). Genetic .disrUption experi- 1 Abbreviations: IPTG, isopropy#-p-thiogalactopyranoside; DTT
ments inEscherichia coliransformed with the gene CIUSt_er dithiothreitol; EDTA, ethy]enediaminetetraacetic acid,; PMSF: pheﬁyl-
from E. carotaora demonstrated that of the nine opening methanesulfonyl fluoride; Tris-HCI, tris(hydroxymethyl)aminomethane
reading frames (ORFsgarA-H, only the first five,carA-E, hydrochloride; MOPS, 3N-morpholino)-propanesulfonic acid; CMPr,

; ; _ (25 59)-5-carboxymethyl proline; @5R)-CMPr, (255R)-5-carboxy-
encode the enzymes of the biosynthetic pathway 8)-(5 methyl proline; (R 5R)-CMPr, (ZR,5R)-5-carboxymethyl proline; carba-

carbapen-2-em-3-carboxylic acig)(The products otarA-C penam, ($59-carbapenam-3-carboxylic acid; CEPSES)-5-carboxy-
ethyl proline; PPi, pyrophosphate; ESI-MS, electrospray ionization mass

T This research was supported by NIH Grant Al 14937. spectrometry; DMAP, 4-(dimethylamino)pyridine; brine, saturated
* To whom correspondence should be addressed. Phone: (410) 516-sodium chloride solutiornj3-LS, f-lactam synthetase; AS-B, asparagine
7444, Fax: (410) 261-1233. E-mail: ctownsend@jhu.edu. synthetase.
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Scheme 1: (B)-Carbapen-2-em-3-carboxylic Acid and the molecular weight of native carbapenam synthetase
Biosynthetic Pathway was determined by native discontinuous electrophoresis using
glutamate the molecular weight marker kit to generate a Ferguson plot
__ ysemialdehyde as described in the technical bulletin no. MKR-137 from
H Sigma. Tetrahydrofuran was distilled from sodium/benzo-
mcoo' phenone ketyl; acetonitrile and methylene chloride were
0 . . 5 4 carbapenam distilled from CaH. Flash chromatography was performed
+H0 ﬂ NHs" | CarB °=|'/ Yminetage on a 6.5x 18 cm column packed with Bodman Industries
Coo “HN silica gel (230-400 mesh ATM). Melting points are uncor-
(_\f coo rected. Optical rotations were recorded on a Jasco model
=NH" (25 55)-5-carboxymethyl P-1010 polarimeter. NMR spectra were obtained on a Varian
- gycrrat:gl;iylate - proline UnityP's400 spectrometer. NMR spectra recorded in CDCI

are reported in ppmd) downfield from MaSi (*H) or
H o, H H relative to CDC} at 77.0 ppm {¢C). NMR spectra recorded
6[.’,5 - CarC in D,O are reported in ppmdj relative to DO 4.80 ppm
7 N\?z_’ J;,Q + );Q (*H) or relative to dioxane at 66.0 pprC). All the amino
o] 3 o o diacids are numbered following standard amino acid no-
coor coor coo menclature. The carbapenam is numbered according to the
(38,5r§%calrbap§gam fgi:gﬁ;alzgziéf;am (5R)-°§fba|l?e"-?&em B-lactam antibiotic conventionl().
-3-carboxylic aci Y -3-carboxylic aci Overexpression, Purification, and Characterization of
To understand the mechanism of the ATP—dependentV%ﬁﬁ;g?gig;ﬁ?ﬁ??&iﬁgf g)TcCeIiIrs] ;v:r$¥an2122Ln;]ed
p-lactam ring formation, we have purified recombinant upplemented with 50g/mL kanamycin A. The cells were
carbapenam synthetase and gathered evidence for the f'rsﬁwuced (ORoo = 0.65) with 1 mM IPTG at 30C, harvested

time in vitro that it catalyzes the biosynthesis of the b ; ; ; ;
) y centrifugatiom 3 h post-induction, and frozen as a pellet
carbapenam from CMPr in the presence of ATP#MgVe in liquid nitrogen. Usually 12 g of cells were obtained from

have characterized the steady-state kinetic mechanism oiJ L of medium. All purification procedures were carried out
carbapenam synthetase based on initial velocity, product an nice or at £C. The frozen cells (14 g) were resuspended
dead-end inhibition studies. The steady-state kinetic param-, ' 5 g/mL in ice-cold lysis buffer (100 mM Tris HC, pH
eters have been measured with a variety of substrates to gairy 0, 1.8 MM EDTA, 1 mM PMSF, 1 mM DTT) and broken

insight mtq the topolpgy of the sqbstrate hinding site of t.h's by French Press at 12000 psi. After removal of the cell debris
enzyme giving particular attention to the stereochemical by centrifugation, streptomycin sulfate was added to a final

requirements of the substrate. Finally, we report studies C.)f concentration of 3%. The supernatant obtained by centrifuga-

:jhe _Zjeactlonl;s cattalyzebd tb); ce;Lbf:tlpenam ti%nt?etasetz_ Withyion was subjected to ammonium sulfate fractionation at 35
lacids as alterngte substrates that support the formation 0l 6504 saturation. The pellet from the 65% cut was

an acyladenylate intermediate. resuspended in 25 mL of dialysis buffer (50 mM Tris HCI,

pH 7.5, 10uM EDTA, 1 mM benzamidine, 1 mM DTT, 1
EXPERIMENTAL PROCEDURES mM PMSF) and was dialyzed agair&L of dialysis buffer

with two buffer changes in 12 h. The dialyzed suspension

Materials.Nondenatured protein molecular weight marker was loaded at 3 mL/minroa Q Sepharose FF column
kit, L-aminoadipic acidi-pyroglutamic acid, pimelic acid, (2.5 x 33 cm) preequilibrated with 50 mM Tris HCI,
all buffers, all resins, and all coupling enzymes were obtained pH 7.5, 1 mM DTT, and 100 mM NacCl. After washing
from Sigma (St. Louis, MO). Plasmid pET24afAwas a  the column with 50 mM Tris HCI, pH 7.5, 1 mM DTT,
generous gift from Dr. Rongfeng Li of this laborato§)( 100 mM NacCl, the enzyme was eluted with a linear gradient
3-(Carboxymethylamino)-propionic acid was a generous gift of NaCl in 50 mM Tris HCI, pH 7.5, 1 mM DTT. Fractions
from Dr. Fumitaka Kudo of this laboratory. 6-Oxo-piperi- containing carbapenam synthetase were pooled and dialyzed
dine-2-carboxylic acid was prepared by cyclization of against 20 mM MOPS, pH 7.5, 1 mM DTT and concentrated
L-aminoadipic acid by the method of Akasaka et a)( by ultrafiltration in an Amicon stirred cell over a YM10
Glutaric acid, adipic acidp,L.-aminopimelic acid, and- membrane. The concentrated solution was loaded on a
glutamic acid were purchased from Lancaster Synthesis Inc.Sephacryl S200HR column (1:2 100 cm) equilibrated with
(Windham, NH), whilep-aminoadipic acid, 5-aminovaleric 20 mM MOPS, pH 7.5, 1 mM DTT. Carbapenam synthetase
acid, and 6-aminocaproic acid and all the reagents used inwas eluted with the same buffer and was again pooled based
the chemical syntheses were from Aldrich (Milwaukee, WI). on SDS-PAGE analysis of the column fractions. The
Pure N-terminal Histagged CarC was overexpressed as enzyme was concentrated to 10 mg/mL by ultrafiltration and
described below for recombinant CarC and purified under delivered dropwise into liquid nitrogen and stored-s80
anaerobic conditions by affinity chromatography with a °C. Protein concentration was measured spectrophotometri-
Ni—NTA column from Qiagen using standard procedures cally at 280 nm using the extinction coefficient determined
(Valencia, CA) (unpublished experiments). for carbapenam synthetased) = 1.82 ¢0.16) mL mg*
MethodsThe carbapenam synthetase extinction coefficient cm™ (pH 7.0, 25°C)].

was calculated by performing quantitative amino acid Syntheses of Alternate Substrat€éhe characterizations
analysis (AAA Laboratory, Merce Island, WA) on triplicate  of each intermediate in the syntheses of alternate substrates
samples with measureé®g, values. The quaternary structure are reported in the Supporting Information.
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Scheme 2: Synthesis of $59)-5-Carboxymethyl Prolirfe
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a (a) tert-Butyl acetate, perchloric acid, 2 d. (b) (Be€)O, triethyl-
amine, DMAP, CHCN, 1 d. (c) Superhydride, THF, 20 min. (tbrt-
butyl diethylphosphonoacetate, potassium hydride, DMF, 1 h. (e)
trifluoroacetic acid.

Gerratana et al.

Scheme 3: Synthesis of $5R)-5-Carboxymethyl Prolirfe
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a(a) Ref 16. (b) PNB bromoacetate, €EN, 40 h. (c) Triphenyl-
phosphine, triethylamine, GBI, 20 h. (d) Sodium cyanoborohydride,
acetic acid, CHCN. (e) Pd(OHYC, H,, EtOH. (f) Trifluoroacetic acid.

Scheme 4: Synthesis of $55)-5-Carboxyethyl Proline and

(A) Synthesis of (2S,5S)-5-Carboxymethyl Proline (Schemes-0Oxo-hexahydropyrrolizine-3-carboxylic Aéid

2). tertButyl L-pyroglutamate was prepared according to a
published procedurelg, 13) and converted tdert-butyl
N-Boc-5-hydroxye-prolinate (4). (2555 N-Boc 5iert-
butoxycarbonylmethyl prolingert-butyl ester was prepared
according to a published procedutks). tert-Butyl diethyl

phosphonoacetate (4.55 mL, 19.4 mmol) was added dropwise

to a stirring suspension of 30% KH/mineral oil (2.59 g, 19.4
mmol) in 72 mL of dry DMF under an argon atmosphere.
After the sample was stirred at room temperature for 1 h,
the tert-butyl N-Boc-5-hydroxyt-prolinate (4.65 g, 16.2
mmol) in 50 mL of dry DMF was added and the reaction
stirred overnight. After aqueous work up, the residue was
purified by silica gel chromatography (hexane) to yield a
white solid, which was recrystallized from boiling hexane
(5.12 g, 13.3 mmol, 82% yield) and deprotected with
trifluoroacetic acid!H NMR analysis showed no trace of
the (ZS5R) diastereomer indicating:95% purity, a small
improvement on the literaturel%): 146 mg, 0.84 mmaol,
65% yield; mp 206-209 °C; [0]?%, —44.6 (c 1, H0). 'H
NMR: ¢ 4.22 (t,J = 8.0 Hz, 1H), 4.05 (pJ = 6.8 Hz, 1H),
2.80 (m, 2H), 2.47 (m, 1H), 2.28 (m, 1H), 2.06 (m, 1H),
1.82 (m, 1H);3C NMR: 6 173.8, 173.4, 60.2, 56.1, 35.2,
29.2, 27.6; IR: 3185, 2565, 1667, 1610, 1538, 1198%m
HRMS calcd for GH;;NO4 [M+HT]: 174.0761, found
174.0757.

(B) Synthesis of (2R,5R)-5-Carboxymethyl Prol{28,5R)-

H H
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a(a) Methyl diethylphosphonoacetate, potassium hydride, DMF, 1
h. (b) Lithium borohydride, diethyl ether, 3 h. (c) Carbon tetrabromide,
triphenylphosphine, C¥l,, 20 min. (d) Sodium cyanide, DMSO, 3
h. (e) Sodium hydroxide, 30% hydrogen peroxide, MeO¥JH18 h.

(f) Trifluoroacetic acid (g)A Toluene, 5 d.

Boc” N

?
HOJ\/

worked up under standard conditions. The two diastereomeric
products were separated by repeated chromatography on
silica gel using 5/95 ethyl acetate/hexane [3.86 g, 8.5 mmol,
total yield 96%; separated yield $5S) 965 mg, 2.1 mmol
(24%); (55R) 2.90 g, 6.4 mmol (72%)]. A degassed solution
of the protected carboxymethyl proline (1.88 g, 4.14 mmol)
in ethanol (100 mL) was hydrogenated at-5# psi over
Pearlman’s catalyst (300 mg, 15% loading). The-butyl

ester (806 mg, 3.5 mmol) was removed with trifluoroacetic

CMPr was prepared as described above for the synthesis ofacid (15 mL). The crystalline &5R)-CMPr was then

CMPr using as starting materiadglutamic acid: mp 206
209°C; [a]?® +44.9 (c 1, HO). *H NMR: 6 4.20 (t,J =

8.4 Hz, 1H), 4.00 (p,) = 6.4 Hz, 1H), 2.82 (m, 2H), 2.42
(m, 1H), 2.24 (m, 1H), 2.02 (m, 1H), 1.76 (m, 1HyC
NMR: 6 173.7, 173.2, 60.1, 56.1, 35.1, 29.2, 27.6; IR: 3180,
2563, 1669, 1614, 1538, 1199 cinHRMS calcd for GHy;-
NO4 [M+H*]: 174.0761, found 174.0756.

triturated with acetone, filtered, and dried: 548 mg, 3.2
mmol, 77% vyield (2 steps); mp 228C (dec); p]*p
—60.C° (c = 1 H,0).*H NMR: ¢ 4.21 (dd,J = 4.8, 9.2 Hz,
1H), 3.97 (m, 1H), 2.92 (m, 2H), 2.34 (m, 1H), 2.22 (m,
2H), 1.74 (m, 1H);3C NMR: 6 174.6, 174.3, 61.3, 57.2,
36.1, 28.9, 28.2; IR: 3420, 2668, 1728, 1613, 1395; HRMS
calcd for GH1;NO,4 [M+H*] 174.0766, found 174.0760.

(C) Synthesis of (2S,5R)-5-Carboxymethyl Proline (Scheme (D) Synthesis of (2S,5S)-5-Carboxyethyl Proline (Scheme

3). N-Benzyl-(X)-5-thioxoprolinetert-butyl ester (4.0 g, 13.7

4). N-Boc-(2559-methoxycarbonylmethyl prolinert-butyl

mmol) was according to the method of Eschenmoser coupledester was prepared following a published protochs)(

with p-nitrobenzyl bromoacetate (4.5 g, 16.4 mmol) using
the variation of Rapoport to yield the vinylagous amide
N-benzyl-(2)-5-((p-nitrobenzyloxycarbonyl)methylidene)-
proline tert-butyl ester 16) (5.3 g, 11.7 mmol, 86% yield).
N-benzyl-(Z,5R)-((p-nitrobenzyloxycarbonyl)methyl)-
proline tert-butyl ester was synthesized following an estab-
lished procedure to favor theRbisomer (6). The fully
protected vinylogous amide (4.0 g, 8.9 mmol) in dry
acetonitrile (80 mL) under argon was reduced with sodium
cyanoborohydride (2.23 g, 35.5 mmol). After addition of
acetic acid (7.1 mL), the solution was stirred for 20 h and

Methyl diethyl phosphonoacetate (5.55 mL, 30.2 mmol) was
added to 30% KH/mineral oil (4.05 g, 30.2 mmol) in 100
mL of dry DMF under an argon atmospheié-Boc-(29)-
5-hydroxy-prolinetert-butyl ester (7.24 g, 25.2 mmol) in 50
mL of dry DMF was added and the mixture was stirred
overnight. The solution was poured into 900 mL of sat.,NH
Cl and extracted with diethyl ether (2 250 mL). After
aqueous workup,N-Boc-(25,59)-methoxycarbonylmethyl
proline tert-butyl ester was purified by silica gel chroma-
tography (hexane) to yield a white solid, which was
recrystallized from boiling hexane (6.74 g, 19.6 mmol, 78%
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yield). The methyl ester (5.34 g, 15.6 mmol) in 90 mL of
diethyl ether was reduced with LiBH424 mg, 19.5 mmol)
for 2 h atroom temperatureN-Boc-(2S,59)-2-hydroxyethyl
proline tert-butyl ester was purified by silica gel chroma-

tography (20/80 ethyl acetate/hexane) (4.71 g, 14.9 mmol,

96% vyield). The alcohol (4.49 g, 14.3 mmol) was dissolved
in 60 mL of CH,CI, containing carbontetrabromide (5.91 g,
17.8 mmol) at @C and treated with triphenylphosphine (5.61
g, 21.4 mmol).N-Boc-(2559-2-bromoethyl prolinetert-
butyl ester was purified by silica gel chromatography (10/

Biochemistry, Vol. 42, No. 25, 200839

(B) Synthesis of (3S,5S)-Carbapenam-3-carboxylic .Acid
Carbapenam was synthesized franpyroglutamic acid
according to a published procedur@):( 0.4 mmol, 85%
yield; mp 125°C (dec); p]*> —148.0 (c 1, H,0). H
NMR: 6 4.17 (t,J = 8.4 Hz, 1H), 3.83 (m, 1H), 3.22 (dd,
J= 4.4 Hz, 16.0 Hz, 1H), 2.66 (ddl, = 1.6 Hz, 16.4 Hz,
1H), 2.59 (m, 1H), 2.18 (m, 1H), 2.05 (m, 1H), 1.48 (m,
1H); 1%C NMR: 180.1, 179.2, 61.2, 52.9, 40.1, 35.9, 30.1;
IR: 3430, 2927, 1742, 1615, 1400 ciESI-MS calcd for
C/HgNOs; [M—HT*]: 154.1, found 154.2, MS/MS 112

90 ethyl acetate/hexane). The yellow solid obtained was (-ketene).

recrystallized from boiling hexane (4.15 g, 11.0 mmol, 77%
yield). The bromide (3.94 g, 10.4 mmol) was added to
sodium cyanide (613 mg, 12.5 mmol) in DMSO and allowed
to stir for 3 h. The mixture was poured into 400 mL of £+
and extracted into diethyl ether (2 150 mL) andN-Boc-
(2559)-2-cyanoethyl prolingert-butyl ester was purified by

CarC Cell Free Extract. E. colBL21(DE3) cells trans-
formed with pET24alarC (8) were grown at 37C in 2x
YT medium supplemented with 5@/mL kanamycin A. The
cells were induced (Of3 = 0.65) with 1 mM IPTG at 22
°C, harvested by centrifugati® h post-induction, and frozen
as a pellet in liquid nitrogen. Four grams of cells were

silica gel chromatography (20/80 ethyl acetate/hexane). Theobtained fran 1 L growth. The frozen cells resuspended in

slightly yellow solid obtained was recrystallized from boiling
hexane (3.11 g, 9.6 mmol, 92% vyield). The nitrile (3.11 g,
9.6 mmol) was added to a mixture of 30 mL of methanol/20
mL of dH,O/15 mL 30% HO, containing sodium hydroxide
(2.3 g, 57.6 mmol) and allowed to stir overnight. After
alkaline and acidic workup\N-Boc-(2559)-2-carboxyethyl
proline tert-butyl ester was obtained as a white solid and
recrystallized from boiling hexane (2.4 g, 7.0 mmol, 73%
yield). The protected acid (1.0 g, 2.9 mmol) was treated with
TFA. The crude crystalline product was triturated with ether,
taken up in a minimal amount of & (~1 mL), and
precipitated by the addition of acetone (50 mL). CEP,
contaminated with a small amount of the5(@R)-diastere-

ice-cold lysis buffer (50 mM Tris HCI, pH 8.5, 20% glycerol,
10 mM KCI, 10uM EDTA, 1 mM benzamidine, 10 mM
DTT) were lysed by incubating for 10 min at 4 with
lysozyme (1 mg) under anaerobic conditions. Addition of
Brij-58 to a final concentration of 0.1% (w/v) was followed
after 10 min of stirring at £C by the addition of DNase/
RNase 1 mg each). After removal of cell debris by
centrifugation, the cell-free extract was stored-80 °C in

1 mL aliquots.

Carbapenam Synthetase/CarC Coupled Bioas3de
carbapenam synthetase/CarC coupled reaction included 1.0
mM ascorbate, 5 mMx-ketoglutaric acid, 1.5 mM ATP
Mg?*, 1.5 mM CMPr, 4.5 mg/mL of carbapenam synthetase,

omer, was obtained as a fine white powder: 420 mg, 2.2 and either 1 mL of CarC cell-free extract, or 1.6 mg/mL

mmol, 76% yield; mp 182184 °C. 'H NMR: ¢ 4.15 (t,J

= 8.4 Hz, 1H), 3.72 (m, 1H), 2.51 (m, 2H), 2.45 (m, 1H),
2.22 (m, 1H), 2.09 (m, 1H), 1.99 (m, 2H), 1.75 (m, 1H);
13C NMR: ¢ 176.6, 173.7, 60.3, 59.7, 30.3, 29.5, 28.0, 26.1;
IR: 2953, 1709, 1610, 1560, 1388, 1220 ¢nHRMS calcd
for CgH1sNO4 [M+H1]: 188.0917, found 188.0922.

pure CarC. The control for the reaction components contained
1.0 mM ascorbate, 5 mM-ketoglutaric acid, 1.5 mM ATP
Mg?*, 1.5 mM CMPr, and 2 mM carbapenam, while a second
control contained 4.5 mg/mL of carbapenam synthetase
instead of the carbapenam. The control reaction for CarC
activity contained 1.0 mM ascorbate, 5 midketoglutaric

Syntheses of Alternate Products. (A) Synthesis of 5-Oxo-acid, 2 mM carbapenam, and either 1 mL of CarC cell-free

hexahydropyrrolizine-3-carboxylic Aci€EP (400 mg, 2.11
mmol), dissolved in 20 mL of dD, was placed into a round-
bottomed flask containing 200 mL of toluene equipped with
a reflux condenser and a DeaStark apparatus. The solution
was heated to reflux for 5 days with azeotropic removal of

water. The mixture was cooled and concentrated in vacuo.

A portion of the residue~ 60 mg) was solubilized in 30
mL of 0.05% ammonium bicarbonate, and 1 mL portions
were injected onto a Phenomenex Primesphgr€B58-MC

extract or 1.6 mg/mL pure CarC. The reactions were run in
20 mM KPi, pH 7.6. Two hundred microliters of the reaction
mixture was spotted at different time points on a paper disk
on an LB agar plate infused witk. coli SC 12155, a
p-lactam supersensitive mutant stralrv); Following incu-
bation of the plate at 28C for 18 h, (RR)-carbapen-2-em-
3-carboxylic acid production was detected by visualization
of antibiosis ofE. coli SC 12155.

Carbapenam Synthetase AssayRi release catalyzed by

3 semi-prep column with 0.05% ammonium bicarbonate as carbapenam synthetase was detected using a modified

the eluant. The fractions were collected and lyophilized to
yield 32.5 mg (859 and 3.5 mg (35R) in a diastereomeric
ratio of 9.2:1, in accord with the literature for the initial
coupling processlf): 36 mg, 0.21 mmol, 60% total yield;
(major diastereomer) mp 9800 °C; [a]?>> —159.2 (c 1,
H20). '"H NMR: ¢ 4.12 (t(app)J = 8.0 Hz, 2H), 2.83 (dt,

J = 9.6 Hz, 10.4 Hz, 1H), 2.6 (dt) = 8.0 Hz, 12.8 Hz,
1H), 2.45 (dd,J = 9.6 Hz, 12.4, 1H), 2.31 (m, 1H), 2.06
(m, 1H), 1.99 (m, 1H), 1.80 (p(obd)= 10.4 Hz, 1H), 1.40
(p(obs),J = 10.4 Hz, 1H);*3C NMR: 6 179.0, 176.5, 63.1,
56.4, 34.6, 32.8, 31.1, 25.7; IR: 2944, 1718, 1636, 1458,
1275 cnmt; HRMS calced for GH13NOz [M+H*]: 170.0812,
found 170.0814.

coupled enzyme assay described by Van Pelt and Northrop
(18). The enzymatic reaction was followed at 340 naxud

= 6.22 mM cm™) by the increase in the rate of production
of NADPH. The reaction was performed at 22 in a buffer
system of 80 mM piperazine and 100 mM HEPBS)( pH

7.8, 10 mM MgC}, 1 mM DTT with 0.2 mM UDP-glucose,

0.2 MM NADP, and 0.2tM glucose-1,6-bisphosphate. The
concentrations of the coupling enzymes used were 2 U/mL
phosphoglucomutase, 1 U/mL glucose-6-phosphate dehy-
drogenase, and 4 U/mL UDP-glucose pyrophosphorylase.
Carbapenam synthetase activity was also assayed by coupling
AMP production to the reactions of myokinase, pyruvate
kinase, and lactate dehydrogenag®)( The enzymatic
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reaction was followed at 340 nm by the increase in the rate aminoadipic acid, and 50 mMglutamic acid. Carbapenam
of NADH consumption. The reaction was performed at 22 synthetase concentration was 1.25 mg/mL except in the
°C in the same buffer system described above, 10 mM reaction withL-glutamic acid where it was 1.6 mg/mL. A
MgCl,, 1 mM DTT with 1 mM phosphoenol pyruvate, and control reaction without enzyme was performed in parallel.
0.2 MM NADH. The concentrations of the coupling enzymes Aliquots of the reaction were removed at different times and
used were 1518 U/mL pyruvate kinase and lactate dehy- heated at 100C for 1 min. After the precipitated enzyme
drogenase, and 19 U/mL myokinase. was removed by centrifugation, the aliquots were analyzed
Initial Velocity StudiesThe initial velocity patterns were by HPLC using an analytical Phenomenex Prodigy column
measured with the PPi coupled enzyme assay described4.6 x 250 mm) at 210 nm with 100 mM KPi, pH 7.8, as
above. Initial velocity measurements were determined atthe elution buffer. At 1 mL/min, PPi.-aminoadipic acid
various concentrations (0.075, 0.1, 0.15, 0.25, and 0.75 mM) and L-glutamic acid elute at 2.7 min, CEP at 3.6 min,
of ATP in the presence of different fixed concentrations pyroglutamic acid at 3.7 min, 6-oxo-piperidine-2-carboxylic
(0.075, 0.1, 0.15, 0.25, and 0.75 mM) of the CMPr. Assay acid at 6.0 min, ATP and AMP as a broad peak around 9
reactions were run in triplicate. min, and 5-oxo-hexahydropyrrolizine-3-carboxylic acid at 27
Product and Dead-End Inhibition Studie$nhibition min. The internal standard used for the HPLC analysis was
experiments were carried out in a reaction mixture with one 2 mM 6-oxo-piperidine-2-carboxylic acid, except in the
of the two substrates present at saturating concentration andeaction with L-aminoadipic acid in which 2 mM pyro-
with the concentration of the second substrate varied with glutamic acid was used. The HPLC traces have all been
several fixed levels of inhibitor. ATP and CMPr concentra- normalized to the internal standard peak height. The peak
tions were respectively 0.7 and 1.5 mM when held constant. coeluting with synthetic 5-oxo-hexahydropyrrolizine-3-car-
The concentrations of ATP and CMPr when varied were boxylic acid was collected from multiple injections, con-
0.1-0.75 mM for both. The concentrations of inhibitors centrated, and desalted by injecting on the same analytical

when varied were 81 mM carbapenam,-81 mM AMP, HPLC column. 5-Oxo-hexahydropyrrolizine-3-carboxylic
0—-0.025 mM PPi, 880 mM L-proline, 0-50 mM for acid elutes with dbD as a broad peak at22 min. The
5-aminovaleric acid, 6-aminocaproic acid, ardspartic acid. identity of they-lactam product was further confirmed by

The PPi coupled enzyme assay was used for the inhibitionESI-MS: m/z 168.5 (M—H). ESI spectrum was acquired in
studies in the presence of AMP and carbapenam. For PPinegative ion mode on a Finnigan LCQ ion trap mass
and proline inhibition studies, the AMP coupled enzyme spectrometer with an ESI source. The capillary temperature
assay described above was used. was kept at 228C. The samples were prepared in 1:1,0H
Determination of Steady-State Rate Constants for Alternateacetonitrile with 1% NHOH prior to direct injection into
Substrateslnitial velocities were measured using the PPi the ESI chamber using a syringe pump at a flow rate of 25
coupled enzyme assay at 0.75 mM ATP, unless otherwiseulL/min. Typically 30 scans were averaged for each spectrum.
noted. The rate of AMP formation was checked at one Carbapenam Synthetase Catalyzed Reaction of CMPr in
substrate concentration using the AMP coupled enzymethe Presence of HydroxylaminBeactions were run at 22
assay. The concentrations used in the assay were-9.75 °C in 100 mM KPi, pH 7.8, with 1.5 mM ATP/M&, 1.5
mM (2S5R)-CMPr, 1-20 mM (2R5R)-CMPr, 0.25-8.66 mM CMPr, 1 mM DTT, and 100 mM hydroxylamine-HCI.
mM CEP, 50 mM L-aminoadipic acid, 5100 mM The concentration of carbapenam synthetase was 0.55 mg/
p-aminoadipic acid, 212 mMb,L-aminopimelic acid, 186 mL. Two control reactions without carbapenam synthetase
100 mM L-glutamic acid, 241.7 mM adipic acid, 212 or CMPr were also run. Aliquots of 8L were withdrawn
mM pimelic acid, and 16120 mM glutaric acidTypically at different times and quenched by addition ofid0of 5%
six different substrate concentrations were used in the assayTFA and 10uL of 10% FeC}-6H,0 in 2 N HCI. After
Steady-State Kinetic Analysiall data were fitted using  removal of the precipitated protein by centrifugation, an
the FORTRAN programs of Clelan@®1). Initial velocity absorbance scan in the visible region of the reaction mixture
patterns were fitted to egs 1 or 2. Competitive, uncompetitive, was taken to detect the colored complex of the hydroxamate
and noncompetitive inhibition patterns were fitted to eqs 3, derivative with ferric chloride Z2).

4, and 5, respectively. Carbapenam Synthetase Catalyzed Reactions of Diacids
in the Presence of Hydroxylamine. (A) Adipic Adierma-
U[Eo] = keaMKpy + Al ) tion of AMP was detected in the reaction catalyzed by
carbapenam synthetase in 250 mM MOPS, pH 7.2, with 1
VI[Eq] = ke ABIK B + KA + AB + KKyl (2)  mMDTT, 0.75 mM ATP, 40 mM adipic acid, and hydroxyl-
amine using the AMP coupled enzyme assay described
UI[Eq] = koK (1 + 1/Kig) + A] (3) above. The stock solution of hydroxylamine was titrated to
pH 7.2 and added to the reaction mixture to a final
UEQ] = k AIK,, + AL + 1/Ky)] 4) concentration of 100 or 40 mM. To test whether AMP

formation was dependent only on the reaction of carbapenam
U[Eq] = ke AK, (1 + 1K) + AL + 1/K;)] (5) synthetase with adipic acid and ATP in the presence of
hydroxylamine, similar reactions were performed in the
Investigation of the Reaction Catalyzed by Carbapenam absence of adipic acid (no formation of AMP was observed)
Synthetase with Alternate Substrates by HPLC and ESI-MS.and in the absence of carbapenam synthetase (no formation
Reactions were run at ZZ in 100 mM KPi, pH 7.8, with of AMP was observed). The effect of hydroxylamine on
1 mM DTT and 10 mM ATP/M§'. The concentrations of  carbapenam synthetase activity was tested by monitoring PPi
the alternate substrates were 12 mM CEP, 20 mM production in the reaction mixture described above with or
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without hydroxylamine (no effect was observed). The
formation of the hydroxamate derivative in the reaction
catalyzed by carbapenam synthetase in 250 mM MOPS, pH
7.2, with 1 mM DTT, 1.5 mM ATP, 40 mM adipic acid,
and 100 mM hydroxylamine was confirmed by the ferric
chloride assay as described above. Control reactions were
run in the absence of adipic acid (no formation of the
hydroxamate derivative was observed) and in the absence
of carbapenam synthetase (no formation of the hydroxamate
derivative was observed) to test whether hydroxamate

a

800

500 600 700
wavelength nm

Ficure 1: (A) Carbapenam synthetase/CarC coupled bioassay.

formation was dependent only on the reaction of carbapenam(sg).carbapen-2-em-3-carboxylic acid production was visualized

synthetase with adipic acid and ATP.

(B) Glutaric Acid. AMP release was compared in the
reaction catalyzed by carbapenam synthetase with 100 m

by antibiosis on a lawn of thé-lactam supersensitivé. coli strain
SC 12155. All four reactions shown contained 5 mivketo-

Mglutarate and 1 mM ascorbate in 20 mM KPi, pH 7.6, and were

spotted on each disc after 30 min at’22 Reaction 1 also contained

glutaric acid and in the presence and absence of 100 MM15 mM ATP/M@*, 1.5 mM CMPr, and 2 mM carbapenam.
hydroxylamine. The AMP coupled enzyme assay was Reaction 2 was run in the presence of 1.5 mM ATP#%)dL.5

performed as described in the reaction with adipic acid.

ATP—PPi Isotope Exchange Studidgeactions were run
in a buffer system of 80 mM piperazine and 100 mM
HEPES, pH 7.8, with 4 mM ATP, 4 mM CMPr, 1 mM DTT,
10 mM MgCh, and 0.1 mM PPi with 0.3Ci of [3?P]PPi (4

Ci/mmol). Reactions were started by addition of carbapenam

synthetase (0.0170.070 nmol) in the presence of 0.1 mg/
mL BSA. Two control reactions were run one without CMPr
and one without carbapenam synthetase. Afterd 22h at

mM CMPr, and 4.5 mg/mL of carbapenam synthetase. Reaction 3
was performed as reaction 2 with the addition of 1.6 mg/mL of
pure CarC. Reaction 4 contained 2 mM carbapenam and 1.6 mg/
mL of pure CarC. (B) Carbapenam formation detected by the
hydroxylamine/FeGlcolorimetric assay. All reactions were run in

the HEPES/piperazine buffer system, pH 7.8, with 1.5 mM ATP/
Mg?2+, 1 mM DTT, and 100 mM hydroxylamine-HCI. Spectra (a)
are control reactions in the absence of either carbapenam synthetase
or CMPr. Spectrum (b) is a 4 h aliquot of the reaction with 0.55
mg/mL carbapenam synthetase and 1.5 mM CMPr.

a published protocol2Q).

RESULTS

Syntheses of Alternate Substrat&ynthesis of CMPr
favoring the (859 stereochemistry was accomplished by

concentrations of acrylamide. The Ferguson g gener-

ated with the molecular weight standards was used to
estimate the molecular mass of native carbapenam synthetase
as 119 kDa (calcd for monomer 56 kDa), indicating that the
native enzyme exists as a homodimer (one band is observed
under denaturing conditions, Supporting Information).

the coupling method of Pedregal et al. to make protected  The CMPr-dependent hydrolysis of ATP to AMP and PPi

carboxymethyl prolines1). Utilizing tert-butyl esters as

for the reaction catalyzed by carbapenam synthetase was

carboxy! protecting groups in this system, they produced observed by coupled enzyme assays. Comparable initial

(2559-CMPr/(2S5R)-CMPr in a ratio of 17:1. This high

linear rates of formation of AMP and PPi were measured

degree of diastereoselectivity observed by Pedregal wasysing both assays. Direct observation by HPLC chromatog-

determined by'H NMR analysis of the deprotected CMPr.

raphy of the probable product, carbapenam, was hampered

In our hands, this method yielded a diastereomeric ratio of by a very low extinction coefficient and by Mg catalyzed

>19:1. The method of Rapoporfi§) was used to favor
establishment of the B configuration in CMPr. This

hydrolysis of the carbapenam to CMR5( 26, unpublished
results). Attempts were made to minimize the?¥gatalyzed

protocol requires a greater number of steps than that usechydrolysis by running the reaction with 0.5 equiv of g

for the synthesis of the §59)-diastereoisomer and a lengthy

in the presence of 1 equiv of ATP. Detection by ESI-MS

separation of diastereomers by silica gel chromatography.failed since it was found that the presence of2Mguenched

The () configuration of the vinylogous amide intermediate,
set fromL-glutamate, directs hydrogenation/hydride reduction
to the less hindered face of the molecule to yield thR) (5
stereoisomer predominantly. Hydride reduction yielded
(2S5R)-CMPr/(2S59)-CMPr in a 3:1 ratio, which were
separated by silica gel chromatography to giv&4R)-CMPr
free of the (&B59 diastereomer by TLC andH NMR
analysis.

Characterization and Functional Assignment of Carba-
penam Synthetasé&oluble and activée. carotaora car-

the parent peak of a synthetic standard of carbapenam.

A carbapenam synthetase/CarC coupled bioassay was used
to show that the product of the carbapenam synthetase
reaction is a substrate for CarC. Both the synthetically
obtained carbapenam and the product of the reaction of
carbapenam synthetase with CMPr and ATPIMgave
negative results in the bioassay with fhactam antibiotic
supersensitiv&. colistrain SC 12155 (Figure 1A, reactions
1 and 2). However, antibiosis of tHe. coli cells occurred
when the carbapenam synthetase was coupled with CarC

bapenam synthetase was obtained from overexpression ofFigure 1A, reaction 3). Similar results were obtained when

the plasmid pET24aarAtransformed irk. coliBL21(DE3)

a cell-free extract of CarC was used. CarC, the last enzyme

cells. Carbapenam synthetase was purified to homogeneityof the pathway, carries out an isomerizatiatfesaturation

as judged by SDSPAGE gel electrophoresis using a
protocol involving ammonium sulfate precipitation, anion
exchange, and gel filtration chromatography. A typical yield

reaction on the carbapenam in the presence-6G and
ascorbate to produce the antibiotidRjscarbapen-2-em-3-
carboxylic acid, as shown in reaction 4 of Figure 1A where

is 4.9 mg of pure enzyme/g of wet cell paste. Carbapenam chemically synthesized carbapenam was used as a substrate
synthetase and molecular weight standards were subjectedor CarC @, 9). Additional evidence for the formation of
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\ acid is observed at-27 min. The CEP peak does not
decrease significantly with time due to the particularly low
A extinction coefficient of the substrate, while PPi release can
. WLM |- Oh be observed in the increase of the peak at 2.7 min
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 qualitatively in parallel withy-lactam production. The
minutes identity of the peak at 27 min as 5-oxo-hexahydropyrrolizine-
EGUREbZai eRne;risze r?tuae?gsti’rl;(i ggarmsﬂiSKOPfithel_:e?gtioﬁit%atla?]’qzﬁd 3-carboxylic acid was further confirmed by ESI-MS [calcd
car ) .0, i
D)'/I'T,llo ey ATP)/lMg” and 12 mM CEP: detFe)ction at 210 nm. 163'2 (('jv'f';)’ foir.‘d 1.68'85 (g’f’r;z] akr.‘d M3 ex"ﬁ””?e”ts‘f
The internal standard used for the HPLC analysis was 6-oxo- teady-State Kinetic Studieshe kinetic mec anism o
piperidine-2-carboxylic acid (IS). E. carotawora carbapenam synthetase was determined by
initial velocity, product inhibition, and dead-end inhibition
the f-lactam ring catalyzed by carbapenam synthetase isstudies using the AMP and PPi coupled enzyme assays
provided by the appearance of an absorption peak4®5 described above. Double-reciprocal plots of initial velocity
nm typical of the colored complex formed by the hydrox- were obtained by varying ATP at different fixed levels of
amate derivative (5-hydroxycarbamoylmethyl-pyrrolidine-2- CMPr. The intersecting pattern observed (Supporting Infor-
carboxylic acid) with ferric chloride (Figure 1B, spectrum mation) is indicative of a sequential mechanism where all
b). The hydroxamate derivative of the carbapenam was substrates must be bound to the enzyme before any product
obtained by running the enzyme reaction in the presence ofis released. Steady-state kinetic constants determined by
hydroxylamine. Under the mild conditions of the experiment, fitting the data to eq 2 are shown in the first two rows of
hydroxylamine will react with acid anhydrides, acid chlo- Table 1. The dissociation constants for AR, and CMPr
rides, thiol esters, acyl phosphate, afidcyl imidazoles but  (Ki,) were respectively 0.3% 0.06 and 0.63+ 0.18 mM,
not with esters, aldehydes, amides, and keto@&s (The greater than the correspondiig, values.
ability of hydroxylamine to act as a nucleophile at pH 7.8  To distinguish between an ordered and a random mech-
causing ring opening of thg-lactam ring of carbapenam to  anism, product and dead-end inhibition studies were carried
form 5-hydroxycarbamoylmethyl-pyrrolidine-2-carboxylic out at various concentrations of one substrate at a fixed
acid was tested using synthetically prepared carbapenam. Theaturating level of the second substrate in the presence of
reaction of hydroxylamine with thg-lactam bond occurs  different concentrations or in the absence of the inhibitor
around neutral pH owing to the strained nature of this (Table 2). The uncompetitive nature of the inhibition of the
bicyclic ring system. Although 5-hydroxycarbamoylmethyl- dead-end inhibitor,-proline, versus ATP (Figure 3) is
pyrrolidine-2-carboxylic acid could also been formed from consistent with a mechanism with ordered substrate binding
the reaction of hydroxylamine with the postulated acyladen- where ATP binds first followed by CMPr. The competitive
ylate intermediate, it is unlikely that this latter reaction inhibition exhibited by PPi versus ATP (Figure 4) allows
contributes significantly to the accumulation of the hydrox- the assignment of PPi as the last product released. AMP
amate derivative since the reaction was run under steady-departure is surrounded by irreversible product release steps
state conditions where comparable rates of formation of AMP as indicated by the uncompetitive inhibition shown by AMP
and PPi were observed. None of the components of theversus both substrates (Figure 5). The observed pattern of
carbapenam synthetase reaction, including CMPr, interfereinhibition of carbapenam versus CMPr differs from the
with the formation of the hydroxamate derivative (Figure predicted patterns of a typical ordered-Bier mechanism
1B, spectra a). such as the one determined for the reversible reaction
To further prove the ability of carbapenam synthetase to catalyzed by pigeon liver malic enzym2§j. Synthesized
catalyze an ATP dependent intramolecular amide bond batches of carbapenam are contaminated by an impurity of
formation the reaction with the alternate substrate, CEP wasthe hydrolyzed compound, CMP®)( The material used in
analyzed by reverse phase HPLC taking advantage of thethe inhibition experiments contained 11% of CMPr as judged
increased stability of the postulatgdactam bicyclic product. by 'H NMR. When ATP is varied and CMPr is kept at a
In Figure 2 a peak increasing with time and coeluting with concentration six times it&,, the impurity of CMPr in the
synthetic standard 5-oxo-hexahydropyrrolizine-3-carboxylic inhibitor has no effect on the carbapenam inhibition pattern.
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Table 1: Steady State Kinetic Parameters for Carbapenam Synthetase Measuré@ an22pH 7.8

substrate Km (MM) +AP Keat (1) —A° kealKm (MM~1s7%) —A°

ATP 0.11+0.02 0.284+ 0.02 2.5+ 0.4

(28,53-(:'\/|F’Id 0.23+ 0.04 1 0.28+ 0.02 1 1.2+ 0.1 1
(2S5R)-CMPr 7+1 30 0.20+ 0.03 1.4 0.024- 0.003 44
(2R,5R)-CMPr 4.6+ 0.3 20 0.122+ 0.002 2.3 0.026t 0.001 46
CEP 3.4+ 0.4 15 0.46+ 0.02 0.6 0.13: 0.01 9
D,L-aminopimelic acid o 2 39 0.037+ 0.004 7.6 0.0042 0.0005 286
L-aminoadipic acid 142 74 0.19+ 0.01 1.5 0.01H- 0.001 91
p-aminoadipic acid 322 139 0.20+ 0.01 1.4 0.0063- 0.0007 190
L-glutamic acid 29 6 126 0.028+ 0.001 10 0.001@: 0.0001 1200
pimelic aci¢ 6+1 26 0.033+ 0.004 8.5 0.006t 0.001 200
adipic acid 20+ 4 87 0.082+ 0.007 3.4 0.004@- 0.0004 300
glutaric acid 27+ 2 117 0.040+ 0.003 7 0.0015t 0.0003 800

aThe kinetic parameters were determined by fitting the data to eq 1 unless otherwise noted. Reactions were performed as described under
Experimental Procedure:+A” refers to the fold change above tKg, listed for the reaction with CMPE.“—A” refers to the fold change below
the keat OF Keaf Ky listed for the reaction with CMPE These kinetic parameters were determined by fitting the data to e§e& Results.

Table 2: Product and Dead-End Inhibition of Carbapenam Synthetase

inhibitor variable substrate Kis (MM) Kii (mM) obsd patterh predicted patteftf

AMP ATP 0.174+0.02 ucC uc
AMP CMPr 0.28+ 0.01 ucC uc
PPi ATP 0.012+ 0.001 C C

PPi CMPr 0.005+ 0.001 0.019+ 0.007 NC NC
carbapenam CMPr 120.1 ucC NC
carbapenam ATP 180.2 1.1+ 0.1 NC NC
|-proline ATP 207+ 12 ucC uc
|-proline CMPr 90+ 19 C C

a2 The enzyme activity was measured in 10 mM MgQl mM DTT, 80 mM piperazine, and 100 mM HEPES buffer system, pH 7.8, 4C22
When kept fixed, the concentration of ATP was 0.7 mM; that of CMPr was 1.5 mM. The kinetic parameters were determined by fitting the data
to egs 3, 4, or 5? C, competitive inhibition; NC, noncompetitive inhibition; UC, uncompetitive inhibitibRredicted pattern for an ordered-Bi
Ter mechanism.
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FIGURE 4: Product inhibition by PPi of the reaction catalyzed by FIGURE 5: Product inhibition by AMP of the reaction catalyzed
carbapenam synthetase with 1.5 mM CMPr and ATP as the variableby carbapenam synthetase with 0.7 mM ATP and CMPr as the
substrate. The concentrations of PPi used from bottom to top wereVvariable substrate. The concentrations of AMP used from bottom
0, 0.0125, and 0.025 mM. The lines are the best fit of the data to top were 0, 0.5, and 1 mM. The lines are the best fit of the data
using eq 3. using eq 4.

When CMPr is the variable substrate, the presence of thisof the inhibition patterns. The noncompetitive pattern of
impurity will diminish the slope of the inhibited plots. carbapenam versus ATP would come from dead-end com-
Eventually at low enough concentrations of CMPr the slope bination in the ATP site. In this case, the inhibition patterns
of the inhibited plots will tend to zero until they will cross are consistent with either a random or an ordered release of
the uninhibited plot. The presence of the contaminant in the carbapenam and AMP.

carbapenam solution could account for the apparent uncom- Carbapenam Synthetase Reaction with AlterreaAmino
petitive inhibition pattern. In sum, these patterns would then Acids: Determination of the Steady-State Kinetic Parameters
be consistent with an ordered Blrer mechanism where and HPLC Characterization of the ProducfBo probe the
carbapenam is the first product released and AMP is the substrate specificity and to gain insight into the substrate-
second. The absence of curvature in the carbapenam versubinding site in the absence of a crystal structure, a number
CMPr pattern at low concentration of varied substrate leads of alternate amino acids shown in Scheme 6 have been tested
to a second more likely explanation. If the reaction is not as potential substrates of carbapenam synthetase. The steady-
reversible enough for the first product to show a slope effect state kinetic parameters for stereochemical and conforma-
as shown by the lack of?PPi/ATP exchange, then the tional CMPr analogues are shown in Table 1. Changes in
carbapenam and the AMP releases are surrounded bythe stereochemistry at C-2 or at both C-5 and C-2 have
irreversible steps as revealed by the uncompetitive natureessentially no effect ok, values while they cause a 20- to
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30-fold increase ik, values. The presence of an additional 1 -

methylene group in the side chain of CEP increaseXihe 8

value by more than an order of magnitude. Interestingly, the 0.8

carbapenam synthetase reaction with CEP, which retains the £ o5y — ]

right stereochemistry at C-2 and C-5 but yields a 5,5-fused s %8 o

azobicyclic product (Figure 2) instead of a 4,5-fused product, 3 02

is 1.6-fold faster than the reaction with CMPr. § 041 a1 —
To test the ability of carbapenam synthetase to catalyze °

intramolecular amide bond formation with acyclic amino 02

diacids to form five-, six-, and seven-membered monocyclic »

products, the reaction was run withglutamic acid,p,L- ° 0 ) 2 ;' - é é 1'0 12

aminopimelic acidpL- and p-aminoadipic acid. The nature Minutes
of the products with these alternate substrates was confirmed':IGURE 6: Detection of PPi (A) and AMP (B) production in the
by HPLC analysis with synthetic standards (Supporting reaction catalyzed by carbapenam synthetase in 250 mM MOPS,

Information). The reactions were studied by coupled enzyme pH 7.2 with 1 mM DTT, 0.75 mM ATP/M@+ and 40 mM adipic
assays and the kinetic parameters are shown in Table 1. Thexcid. (C) Monitoring of AMP formation in the reaction described

monotonic increase of thi€, values with each removal of above in the presence of 100 mM hydroxylamine. Insets: §eCl

colorimetric assay of the reaction catalyzed by carbapenam syn-
a methylene group reflects the departure from four carbonsthetaSe in 250 MM MOPS, pH 7.2, with 1 mM DTT, 1.5 mM ATP/

between C-3 and C-7 in CMPr that is also retained in g2+ 40 mM adipic acid, and 100 mM hydroxylamine. Control
aminopimelic acid. When only one methylene group is left, reactions were run in the absence of either carbapenam synthetase
such as in aspartic acid, the affinity with the active site of or adipic acid.
the enzyme is greatly diminished as shown by the both lack
of catalysis, and the absence of inhibitionibgspartic acid ~ With adipic and pimelic acid, only PPi release is observed
at a concentration as high as 50 mM. As already observedand AMP formation occurs only if hydroxylamine is added
with the stereochemical analogues of CMPr, a change into the reaction mixture (Figure 6). At neutral pH, hydroxyl-
stereochemistry from- to b-aminoadipic acid has no effect amine is a strong enough nucleophile to attack the carbonyl
on thekey value, but causes a 2-fold increasekip. group of acyl-AMP compounds yielding AMP and a hy-
When compounds such as aminovaleric and aminocaproicdroxamate derivative2Q, 30). Formation of this derivative
acids, which are analogues lacking thearboxylic group, was confirmed in the carbapenam synthetase reaction with
respectively, of aminoadipic and aminopimelic acids, were adipic acid by the appearance of an absorption peak around
tested as substrates for carbapenam synthetase, no catalysf®5 nm typical of the colored complex formed by the
was observed at concentrations as high as 50 mM. Tohydroxamate derivative with ferric chloride (Figure 6:
determine whether the absence of catalysis is due to poorinsets). Taken together, these results suggest that the car-
substrate recognition, an inhibition study was performed. bapenam synthetase reaction proceeds only up to the distal
Both aminovaleric and aminocaproic acids are very weak acyl-AMP diacid product. Favorable spontaneous formation
competitive inhibitors versus CMPr witk;s = 142 + 28 of the six-membered glutaric anhydride in solution can
mM andK;s = 168 + 48 mM, respectively. The extremely ~account for the observed AMP release in the absence of
high inhibition constants measured are consistent with hydroxylamine. The time lag observed indicates that forma-
catalysis hampered by poor binding affinity with the active tion of the glutaryladenylate compound is faster than the
site. Nonproductive binding might also contribute to the lack honenzymic cyclization step. On the contrary, the adipoyl-
of observed catalysis. Removal of the other carboxylate in and pimeloyladenylates are stable in solution as indicated
CMPr, the C-7 carboxylate, has less impact on binding by the absence of AMP release. This increased stability is
affinity as illustrated by the loweK;s of L-proline versus likely due to less favorable cyclization reactions that would
CMPr (Table 2). The weak inhibitory effect afproline is ~ generate seven- and eight-membered ring anhydrides. In
not only the result of the removal of the C-7 carboxylate keeping with the order of product release, the appearance of
but also of the C-6 methylene group. PPi in the absence of hydroxylamine supports the view that
To test the role of the methylene group at C-3 and C-4 in all these distal acyl-AMP diacids are released into solution.
CMPr in affinity to carbapenam synthetase, the reaction with  The steady-state rate constants for the carbapenam syn-
3-(carboxymethylamino)-propionic acid was studied. Look- thetase reactions with diacids were determined using the PPi
ing at the CMPr molecule, a 3-(carboxymethylamino)- coupled enzyme assay and are given in Table 1. Since the
propionic acid moiety is visible from C-2 through N to C-5 carbapenam synthetase reaction with the diacids stops at the
and C-7, while an aminopimelic moiety is visible going from formation of the acyladenylate intermediate, the comparison
C-2 through C-3 to C-5 and C-7. Although aminopimelic of these values with the parameters, especkallymeasured
acid is a substrate for the enzyme, no catalysis was observedor CMPr and the amino diacids is not as unequivocal. The
with 3-(carboxymethylamino)-propionic acid at concentra- Km values determined are similar to those measured for the
tions as high as 50 mM. corresponding amino diacids, suggesting that the removal
Carbapenam Synthetase Reaction with Diacilgime of the amino group has little effect on substrate affinity.
delay of few minutes appears when AMP formation is
detected in the reaction of carbapenam synthetase withPISCUSSION
glutaric acid (Supporting Information). Addition of 100 mM The main goal of this study is to investigate the reaction
hydroxylamine to the reaction mixture causes disappearancecatalyzed by carbapenam synthetase. Specifically, we wanted
of the delay (data not shown). In the carbapenam reactionto functionally, kinetically, and mechanistically characterize
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the carbapenam synthetase reaction, and to elucidate thé&cheme 5

importance of structural elements on CMPr binding. Carba- AMP

penam synthetase shows sequence homology withdbh ATP CcMP Carbapenam  PPi
(22% identity, 36% similarity) and AS-B (17% identity, 31%

similarity). All three catalyzed reactions are believed to E EATP EATPCMP— E'AMP-PPiCarb EPPi E

proceed by activating a carboxyl group of the substrate

through formation of a distal acyl-AMP amino diacid could not distinguish between a random or ordered release
intermediate (Scheme 7). AS-B has two domains, an N- of these products. Ordered addition of substrates with ATP
terminal domain where the hydrolysis of glutamine to binding first was also reported f@¢LS (23) and AS-B 5).
glutamate and ammonia occurs, and a C-terminal domainThe absence of AMP inhibition patterns in tfé.S reaction
where nucleophilic attack by the ammonia causes breakdownprevented a complete assignment of the order of the first
of p-aspartyl-AMP, formed from ATP and aspartagl) two products, AMP and deoxyguanidinoproclavaminic acid,
In the B-LS structure, there is a common fold with AS-B  but also in this reaction PPi is the last product releag&j (
(32). While the N-terminal domain g8-LS lacks the critical ~ The crystal structures g8-LS with all products and with
Cys residue necessary for glutaminase activity and is lessintermediates bound provide a structural explanation for the
organized, the C-terminal domain, the only catalytic domain, release of PPi as the last product. The PPi binding site in
resembles that of AS-B. The chemical and structural both of these structures is situated deep in the active site
similarities between these two enzymes have been interpretedleft protected from solvent by the other products and
as indications of an evolutionary link betwe@ALS and intermediates and by a loop comprising residues-#4EB
AS-B (23, 32). In this evolutionary process, the structural (33). For PPi to be released, the active site must open and
and catalytic machinery of AS-B for ATP binding and for the other two products likely must diffuse out first.
synthesis of a distal acyl-AMP amino diacid intermediate  The first step in the reaction of both AS-B afelS is

was conserved, while the second binding site in the C- the activation of a carboxyl group in the substrate through
terminal domain has adapted to both bind a different the synthesis of a distal acyl-AMP amino diacid intermediate.
substrate, and to promote the intramolecular cyclization Evidence for an acyladenylate intermediate is usually
reaction 82, 33). Sequence alignments BfLS and AS-B provided by either &PPi exchange experiment into ATP,
with carbapenam synthetase show that, ag3ibS, the or by transfer of'®O label from the carboxylate of the
important N-terminal Cys residue is absent. The ATP binding substrate to AMP 36). Evidence of thes-aspartyl-AMP

site and several regions in the C-terminal domain are well- intermediate was provided in the AS-B reaction by observing

conserved betweefi-LS and carbapenam synthetaSd)( 0 transfer from aspartate to AMBY). Interestingly, an
indicating that the latter may be structurally related@tbS acyladenylate intermediate in tjielLS reaction was trapped
and, therefore, to AS-B. in crystals of §-LS that were soaked with ATP and

The isolation of CMPr and carbapenam from the fermen- N?-(carboxymethyl)--arginine, a truncated substrate ana-
tation medium oE. colicells transformed, respectively, with  logue and dead-end inhibitoB8%). As previously observed
pET24atarB and with pET24aarAB provided a strong  in the asparagine synthetaggs) and in theS-LS reactions
indication of the potential substrate and product of the (23), no 3?PPi/ATP exchange was seen in the carbapenam
carbapenam synthetase reacti8n (Ve proceeded, therefore, synthetase reaction. The absence of PPi exchange suggests
to characterize in vitro the carbapenam synthetase reactionthat distal acyl-AMP amino diacid formation is irreversible,
AMP and PPi formation was dependent upon the addition although acyl adenylation reactions are typically reversible.
of CMPr to the reaction mixture, as expected if the An alternative explanation is that the pyrophosphate binding
intramolecular amide bond formation of CMPr were coupled site is not accessible to solvent, as shown in the intermediate
to ATP hydrolysis. Attempts to identify the nature of the and product structures gfLS (33), and an irreversible step,
product by HPLC or ESI-MS failed owing to the low such as cyclization or a conformational change or product
extinction coefficient and to the instability of thlactam release, occurs after the formation of the distal acyl-AMP
ring of the carbapenam in the presence Mg€Evidence for amino diacid intermediate.
the catalysis ofg-lactam ring formation by carbapenam In light of the ability of carbapenam synthetase to catalyze
synthetase was provided by formation of a hydroxamate the ATP-dependent cyclization reaction of linear amino
derivative when the reaction was run in the presence of diacid compounds, such asaminoadipic acid, the alternate
hydroxylamine, and by the ability of the enzyme to synthe- substrates, glutaric, adipic, and pimelic acids, were used to
size from CMPr and ATP a compound in vitro which is the investigate the formation of a distal acyl-AMP diacid
substrate for CarC. The formation and characterization of intermediate. If the carbapenam reaction proceeds through
the stable 5,5-fused azobicyclic product upon reaction with a distal acyl-AMP amino diacid intermediate, the absence
CEP as substrate established that an ATP-dependent intraef the amino group involved in the intramolecular amide
molecular amide bond formation is catalyzed by carbapenambond formation in the diacids would allow the reaction to
synthetase. On the basis of these findings, carbapenanproceed only to the distal acyl-AMP diacid intermediate.
synthetase catalyzes the synthesis of the carbapenam frontHydroxamate formation and hydroxylamine-dependent AMP
CMPr with concomitant hydrolysis of ATP to AMP and PPi. release have been considered evidence for the formation of

Initial velocity, product, and dead-inhibition studies for acyladenylate intermediates in many enzymatic reactions
carbapenam synthetase were in agreement with an ordered35). The dependence of AMP formation on the presence of
addition of substrates (Scheme 5) in which ATP binds first both the diacid substrates and hydroxylamine, and the
followed by CMPr and with PPi as the last product released. appearance of a characteristic chromophore after reacting
The product inhibition patterns of carbapenam and AMP with ferric chloride supports the existence of the proposed
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Scheme 6
Active compounds
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D,L-Aminopimelic L-Aminoadipic D-Aminoadipic  L-Glutamic
Acid Acid Acid Acid
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CcoO”
coo OOC\H\ H\L
COO’ COO” COO"
Glutaric Acid Adipic Acid Pimelic Acid

Inactive compounds
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compound to diffuse into solution followed by the pyro-
phosphate.

Carbapenam synthetase shows broad substrate specificity.
Remarkably, the effect on the turnover number by using
different stereochemical analogues of CMPr in the carba-
penam synthetase reaction is minimal. The increasgd
values and largely unchanged turnover rate constants are
interpreted as caused by a weakened substrate affinity. Given
the independence of the, values on the stereochemistry
at C-3 and C-5 of the substrate, one possibility is that another
step in the mechanism, such as product release or a protein
conformational change, rather than chemistry is partially rate
limiting. Alternatively, if the chemistry is rate limiting, the
in-line attack between the distal carboxylate andakghos-
phoryl nonbridge oxygen of ATP and the subsequent
cyclization step are not jeopardized by the different stereo-
chemistries. Few or no specific interactions with the stereo-
center at C-5 and with the carboxymethyl chain of CMPr in
addition to free rotation around the C-6 and C-7 bond could
account for the stereochemical promiscuity of the enzyme.
The absence of electrostatic or hydrogen bond interactions
with the carboxyl group at position 7 is also supported by
the small decrease in substrate specificity observed in the
reaction with CEP. In keeping with this interpretation, the
crystal structures-lactam synthetase with substrates bound
reveals few contacts are formed between carboxyathyl-
arginine, the second substrate, and the active site. No specific
interactions occur at the carboxyethyl moiety of carboxy-
ethyl+-arginine 32), a common structural element between

NH3
L-Aspartlc Acid )iL E\ NH2

coo Ha® 3-(Carboxymethyl- the substrates fop-lactam synthetase and carbapenam
5-Aminovaleric 6-Aminocaproic  Amino)-Propionic synthetase.
Succinic Acid Acid Acid Acid

The lack of substrate specificity is highlighted by the
ability of the enzyme to catalyze the cyclization reaction of
Reaction different linearo-amino diacids to five-, six-, and seven-

H y membered lactam products. The decrease inkthesalue
, o=]/ LV observed in the reaction withiL-aminopimelic acid is likely
ATPMg®, L HN £ O HN —i-):* a consequence of unfavorable seven-membered ring forma-
Ad°\p/\ ) : d N tion. Accordingly, the faster reaction observed with CEP
coo ¢4 coo’ coo’ possibly owes to the ease of five-membered ring closure.
The activity lost inkes in the reaction with.-glutamic acid
distal acyl-AMP amino diacid intermediate in the reaction can be accounted for by effects on the formation of the distal
catalyzed by carbapenam synthetase with CMPr (Scheme 7)acyl-AMP amino diacid intermediate due to the shorter

Surprisingly, PPi release was observed in the reaction with distance between the and remote carboxylates. Favorable
the diacids, and the distal acyl-AMP diacid intermediate was six-membered ring closure and similar separation between
either released, or was accessible to hydroxylamine. In thethe two carboxylates can account for the minimal effect
absence of a crystal structure of carbapenam synthetase andbserved ork:, in the reactions witlp- andL-aminoadipic
considering the biochemical and sequence similarities with acid. The dependence of th&, values on the number of
p-LS, the crystal structure of this latter enzyme may provide methylene groups present in the amino diacid substrates in
insights to interpret these resul&3]. In the substrate-bound addition to the absence of catalysis with carboxymethyl-
structure off-LS, the active site is open and accessible to aminopropionic acid and with the absence of catalysis and
solvent. Once the distal acyl-AMP amino diacid intermediate inhibition with L-aspartic acid suggests the presence of a
is formed, a conformational change occurs. PRES loop hydrophobic pocket in the active site accommodating the
comprising residues 444453, highly conserved in carba- methylenes at C-3, C-4, C-5, and C-6 of CMPr. The inter-
enam synthetase as well, becomes ordered and blocks accestions with this hypothetical hydrophobic site would serve
to the active site. The PPi, therefore, is buried deep in ato position the substrate correctly for nucleophilic attack on
closed and protected active site and cannot diffuse out asATP, and, hence, efficient catalysis. A spacer of at least two
was observed in the reaction witk?-(carboxymethyl)e- methylene groups between te and remote carboxylates
arginine @3, 33). Similar conformational changes may occur should be taken into account in the design of new substrates.
in the reaction of carbapenam synthetase with CMPr where The importance of the-carboxylate on substrate binding
PPi is the last product to be released, but in the reactionsis revealed by the extremely weak inhibition shown by
with the diacids as substrates, the active site could remainaminovaleric and aminocaproic acids. If instead of the
in an open conformation allowing the distal acyl-AMP diacid a-carboxylate the amino group is removed, the resulting

Scheme 7: Mechanism of the Carbapenam Synthetase
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diacids are substrates of carbapenam synthetase. The amino 3.
group has little or no role in substrate binding as illustrated
by the unchanged substrate specificity between one diacid
compound and its corresponding amino diacid.

In conclusion, we have shown that carbapenam synthetase
catalyzes in vitro the ATP-dependent intramolecular closure
of CMPr to (3559-carbapenam-3-carboxylic acid. The
kinetic mechanism is BiTer where ATP is the first substrate
to bind followed by CMPr, and PPi is the last product
released. The reaction was shown to proceed through the
formation of an acyladenylate intermediate followed by
intramolecular amide bond formation. Carbapenam syn-
thetase exhibits broad substrate specificity by catalyzing the
formation of different sizes and stereochemistries of azobi-
cyclic and monolactam products. The kinetic studies with
alternate substrates and competitive inhibitors versus CMPr
provide insights on the CMPr binding site and on which
groups of the substrate are important for binding. While the 12
amino group and distal carboxylate play little or no role in
substrate binding, the-carboxylate is important for substrate
affinity. We propose the presence of a hydrophobic pocket 44
in the active site that interacts at least with the methylene
groups of CMPr. While a more detailed explanation of these 15.
data awaits the acquisition of the three-dimensional structure
of carbapenam synthetase, these results lay the foundation
for future mechanistic studies. In addition, the alternate 17
substrate binding data provided on the promiscuous carba-
penam synthetase in combination with structural data will
be useful in bioengineering studies on carbapenam synthetase
aimed to improve antibiotic production and to biosynthesize
novel g-lactam antibiotics.
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Double-reciprocal plot of initial velocities, HPLC analysis
of the reactions with glutamic and aminoadipic acid, and
time course of AMP and PPi formation in the reaction with
glutaric acid. Also included are the characterizations of each 5,
intermediate in the syntheses of alternate substrates, Ferguson
plots obtained by native discontinuous electrophoresis and 33.
SDS-PAGE gel of fractions of carbapenam synthetase’s
purification. This material is available free of charge viathe 5,
Internet at http://pubs.acs.org.
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