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CmakE: A Transferase Shuttling Aminoacyl Groups between Carrier Protein
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ABSTRACT: During the biosynthesis of the cyclopropyl amino acid coronamic acid fratho-lle by the
phytotoxic Pseudomonas syringathe aminoacyl group covalently attached to the pantetheinyl arm of
CmaA is shuttled to the HS-pantetheinyl arm of the protein CmaD by the aminoacyltransferase Cmak.
CmakE will only recognize deacylated CmaA for initial complexation. The aminoacyl group becomes
covalently attached to the active site Cys of CmaE and can then be transferred out to the holo
pantetheinylated form of CmaD. BothVal/L-[1“C]Val exchange studies and MALDI-TOF support a
reversible shuttling process. Aminoacylate@makE will transfer the-Val moiety to the HS-pantetheinyl

arm of other T domains, including CytC2, BarA, and ArfA-&,-T, but not to free HS-pantetheine.
Cmab could be loaded with other amino acids, for examplesu and.-Thr, by the action of heterologous
donor T domains containing alternative aminoacyl groups. Additionally, CmakE is able to adebptas

a substrate when presented on CmaD and is able to load this aminoacyl moiety onto heterologous T
domains, expanding the potential for CmakE to be used as a tool for generating chemical diversity within
an NRPS assembly line.

Many polyketide (PK) and nonribosomalpeptide (NRP)  During recent investigations on the biosynthetic enzymes
natural products are produced on multimodular, megadaltonfor syringomycin 6), coumermycin ), and coronamic acid
enzymatic assembly linesl)( These modules have core (8), a new class o transaminoacyltransferases have been
catalytic and carrier protein domains connectecis for discovered, in which a transferring aminoacyl moiety is
efficient sequential passage of the covalently tethered grow-shuttled between the HS-pantetheinyl prosthetic groups of
ing acyl chains from one carrier protein domain to the next. donor and acceptor carrier proteins. Because active holo
However, several variations from the canonical assembly line forms of carrier proteins require post-translational installation
organization have begun to emerge as more genomes fromof the pantetheinyl thiol arm, they are referred to as thiolation
producer microbes have been sequenced, and biochemicafT) domains, and that is the nomenclature used here. In
studies on the encoded proteins have been conducted. Foparticular, the enzymes for generating 1-amino-1-carboxy-
example, polyketide synthase (PKS) assembly lines, for 2-ethyl-cyclopropane, coronamic acid, (Scheme 1) from
example, leinamycin, curacir2{-4), are known where the | _ajlo-lle are encoded by six adjacent genes that activate the
core acyltransferase (AT) domains that load malonyl/ amino acid, install it as aminoac@pantetheinyl-T domain
methylmalonyl CoA monomers are placedtrans as freg- (CmaA), chlorinate it on the-CH; group (CmaB), and then
standing catalysts. The acyl groups are therefore ferried ascyclize it to the cyclopropyl scaffold (CmaC) before thioester
acyl-O-AT intermediates to the HS-pantetheinyl arm of pygrolysis (CmaT). The functions of the remaining two orfs,
carrier protein domains that are recognized as acceptorcmap and CmaE, were not immediately obvious: CmaD
substrates. In the hybrid PKS/NRPS assembly line that makes 55 predicted to be a free-standing T domain and CmaE a
the siderophore yersiniabactin in the organiéensinia pestis member of thex/s-hydrolase family. It turns out thatallo-
which causes the plague, the single cysteine-specific ade-ja_s.cmab but not.-allo-lle-S-CmaA is a substrate for the

nylation domain ﬁlcts :]Wicdn Zislwithin one module and  onheme iron halogenase CmaB, indicating preferential
oncein trans on the other modular proteirb) recognition of one T domain scaffold by the halogenase. Our
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Scheme 2: CmaE-Catalyzed Aminoacyl Group Shuttling between CmaA and CmaD
CHs

CHs CHy
HsC.. HaC... HsC.,
SH
Hzn’ffo SH HQN’ffO é Hgm’iO
—r B o s
CmaD 6

CmahA L-allo-lle-S-CmaE CmaD
action of its donor substrate-aminoacylS-CmaA and were prepared as previously describ&d17, 19, 21, 24).
delivers it to the sulfhydryl group attached to the phospho- Autoradiographic analysis was performed on a Typhoon 9410
pantetheinyl arm on CmabD (Scheme 2). Furthermore, we imager from GE Healthcare. Densitometry was performed
show that CmaE catalyzes the reverse reaction, in which theusing the ImageQuant 5.2 software package from Molecular
aminoacyl group is transferred from CmabD back to CmaA, Dynamics. DNA sequencing and matrix-assisted laser de-
suggesting that alternative donor/acceptor substrates can beorption ionization (MALDI) mass spectrometry were per-
employed. Indeed, CmakE is capable of interacting with formed at the Dana Farber Cancer Institute.
heterologous donor and acceptor T domains as evidenced
by aminoacylST domain formation through autoradio-

graphic and mass spectrometric analysis. Alternative ami-

noacyl groups can also be transferred by CmakE, further ) )
expanding the repertoire of CmaE beyond that of an tomato DC300012) prepared using the Bactozol kit (Mo-

aminoacyltransferase subject not only to the coronatine lecular Research Center, Inc.). The following oligo pairs were

biosynthetic pathway but also to an aminoacyltransferase that/S€d for PCR amplification: CmaA-T-HGCAGACATAT-
can be employed in alternative biosynthetic pathways GTTACAGCCACCGGAGAAAGCAGCGGCGGCGCCC-

enabling the generation of further chemical diversity within 3 and CmaA-T SAGCTCGAATTC ATCAGTGATTTCC-
temp|ate_contro”ed natura' product biosynthesis_ 3’ (Ndd and EcoRl reStriCtion Si'[eS are indicated in b0|d
font). PCR reactions were performed using Phusion DNA
polymerase (New England Biolabs) according to the manu-
facturer’s instructions. The resulting amplicons were digested
with Ndd and EcaRl and cloned into pET28b (Novagen).

General.Coenzyme A was purchased from MP Biomedi- The cloned DNA was sequenced to confirm that no errors
cals (Solon, OH)L-Val-S CoA, L-Leu-S-CoA, andN-Nvoc- Were present.

L-PheS-CoA were synthesized as previously describg&d ( . o o
10). All other chemicals, unless otherwise indicated, were ~ Expression and Purification of Apo-CmaA#scherichia
purchased from Sigma-Aldrich. Chemically compe@ntoli coli BL21(DE3) containing the expression plasmid for
TOP10 and BL21(DE3) cell strains were purchased from CmaA-T was incubated at 37C overnight in 60 mL of
Invitrogen. Restriction endonucleases, T4 DNA ligase, and Luria—Bertani medium (5@:g/mL kanamycin). The follow-
Phusion DNA polymerase were purchased from New Eng- ing morning, 3x 20 mL of the overnight culture were used
land Biolabs. DNA primers for PCR amplification were to inoculate 3x 2 L of Luria—Bertani medium (5Q:g/mL
purchased from Integrated DNA Technologies. The pET28b kanamycin), and the resulting cultures were grown atG7
overexpression vector was purchased from Novagen. Proteirfor 1.5 h (ODy o = 0.2). At this time, the temperature was
concentrations were determined by the method of Bradford, reduced to 15°C, and the cultures were grown for an
using bovine serum albumin as a standatd).( CmaA, addition& 2 h prior to the induction of protein expression
CmaE, CmabD, CytC2, BarA, SyrBl, and ArfA,;@,-T, with the addition of 0.5 mM isopropy$-b-thiogalactopy-

Construction of the Plasmid Encoding CmaA-The
cmaA-T gene (cmaA containing only the gene encoding the
T domain) was amplified fronPseudomonas syringg®;.

MATERIALS AND METHODS
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ranoside (IPT@. Cultures were incubated for an additional
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scintillation to the area obtained from densitometry of the

16 h and then harvested. The harvested cells were resusautoradiogram.

pended in 100 mL of lysis buffer (25 mM 4-(2-hydroxy-
ethyl)-1-piperazinepropanesulfonic acid (HEPPS) (pH 8.0),
300 mM NacCl, 5 mM imidazole, and 5% glycerol) and lysed

Initial Velocity ExperimentsThe initial rate data were
simultaneously fit to several kinetic equations for multire-
actant systems using the least-squares and dynamic weighting

by two successive passages through a French press operatesptions of LEONORA {4). The best fit was obtained with

at 12,500 psi and £C. The lysates were clarified by
ultracentrifugation. The cell-free extract was incubated with
5 mL of Ni-nitrilotriacetic acid (NTA) resin (Qiagen) for 1

h at 4°C. The resin was washed with an additional 100 mL
of lysis buffer and 20 mL of wash buffer (25 mM HEPPS
(pH 8.0), 300 mM NacCl, 20 mM imidazole, and 5% glycerol)
and eluted with 10 mL of wash buffer containing 200 mM
imidazole. The eluates were concentrated using Amicon Ultra
centrifugal filter devices (Millipore) containing a cellulose
filter with a 5 kDa cutoff and immediately applied to a size
exclusion chromatography column equilibrated with 25 mM
Hepes (pH 7.5), 50 mM NaCl, and 5% glycerol. The protein
fractions were pooled, concentrated to 1.5 mL, and flash-
frozen in liquid nitrogen in 1630 uL aliquots, and stored

at —80 °C until further use.

Preparation of Holo-CmaA, CmaA-T, CmaD, CytC2,
BarA, ArfA G-Ax-T,, and SyrB1The priming of the carrier
proteins was achieved by incubating the respective protein
with surfactin phosphopantetheinyl transferase (Stg) &nd
coenzyme A. A typical priming reaction mixture was
incubated at 24C for 1 h and contained 1QoV CmaA, 25
mM Hepes (pH 7.5), 5 mM MgGJ] 500u4M coenzyme A,
and 1uM Sfp. The mixture was desalted using a Micro Bio-
Spin 6 column (Bio-Rad) and concentrated using an Ul-
trafree-0.5 centrifugal filter unit (Millipore) to remove excess
CoA. In the case where transfer to CytC2, BarA, and ArfA
CA,-T, was monitored, the desalting step was not per-
formed.

CmaE Kinetic AssaysThe CmaE-catalyzed shuttling of
L-[**C]Val from CmaA to CmaD was monitored by SBS
PAGE followed by autoradiography. A typical reaction
containing 1quM holo-CmaA, 50uM holo-CmabD, 0.5uM
CmakE, 1.5 mM_-[*C]Val, and 5 mM MgC} was initiated
by adding 5 mM ATP and quenched at the following time
points: 1, 2, 5, 10, and 15 min by mixing withx6SDS—
PAGE protein loading buffer and incubating at 1@ prior
to gel loading. After SDSPAGE analysis, the proteins were
transferred to a PVDF membrane (Bio-Rad) using a Mini-
Trans Blot cell (Bio-Rad) operated at 100 V for 45 min with
transfer buffer containing Tris base (3.03 g, 25 mmol),
glycine (14.41 g, 192 mmol), methanol (200 mL), anglH
(800 mL). Once the transfer was complete, the membrane

the nonlinear steady-state rate eq 1, which describes a-ping
pong substituted enzyme mechanism without substrate
inhibition, where [A] and [B] are the concentrations of the
substrates CmaA and CmabD, respectively, ERdmaa and
Kmcmap are the respective Michaelidienten constants.

V= Vmax[A][B]/( KmCmaE{A] + KmCmaﬁ[B] + [A][B])(l)

Preparation of L-Val-S-CmaD.CmaD was primed by
incubating the T domain with Sfp andVal-S-CoA. In this
case N-deprotected-Val-S CoA could be used directly for
loading presumably because the isopropyl group is bulky
enough so as to prevent cross-condensation with the amines
and the product thioesters. A typical priming reaction was
incubated at 24C for 1 h and contained 2Qavi CmabD, 25
mM Hepes (pH 7.5), 5 mM MgGJ] 500uM L-Val-SCoA,
and 10uM Sfp. The mixture was desalted using a Micro
Bio-Spin 6 column (Bio-Rad).

Preparation of L.-Phe-S-CmaD.To prime CmaD with
L-Phe,N-Nvoc--PheS-CoA was used in order to observe
successful loading. In a typical reaction, 100 of CmaD
was added to a mixture of 500V N-Nvoc+-PheSCoA, 5
mM MgCl,, and 2uM Sfp. The Nvoc protecting group was
subsequently removed by irradiation at 360 nm for 5 min at
4 °C. The mixture was then desalted using a Micro Bio-
Spin 6 column (Bio-Rad) and concentrated using an Ul-
trafree-0.5 centrifugal filter device (Millipore) to afford
L-PheS-CmabD.

MALDI-Time-of-Flight (TOF) Mass Spectrometry.o
determine the mass of apo, hole\Val-SPCPs,L-Leu-S
PCPs, and.-PheSPCPs, mass spectrometry analyses on
proteins purified using Zip Tip C4 (Millipore) pipet tips were
performed with a linear MALDI-TOF mass spectrometer.
Samples were prepared by usiagsinapinic acid (10 mg
mL~1 in 70% acetonitrile/kHO) as the matrix. Cal3 (M-

H* = 5737.51, 12361.96, and 16952.27 Da) was used for
calibration of the instrument, which was performed before
each experiment.

RESULTS

was stained and dried prior to exposure to a phosphor storage CmaE Catalyzes the Transfer ofVal from CmaA to

plate for 12 h. The plates were subsequently imaged using
a Typhoon imager (GE Healthcare), and densitometry was
performed using ImageQuant 5.2 software (Molecular Dy-
namics). A standard curve for densitometry was generated
by varying the concentration of['“C]Val-S-CmaA from 0

to 100uM and comparing the counts obtained from liquid

1 Abbreviations: A, adenylation; ATP, adenosine triphosphate; C,
condensation; HPLC, high-performance liquid chromatography; IPTG,
isopropylf-p-thiogalactopyranoside; MALDI-TOF, matrix-assisted
laser desorption ionization time-of-flight; PCP, peptidyl carrier protein;
Ppant, phosphopantetheine; SBISAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; T, carrier protein; TFA, trifluora-
cetic acid.

Cmab.In earlier works, CmaE was qualitatively shown to
catalyze the transfer of bothallo-lle andL-Val from CmaA,
which is an adenylation carrier protein (A-T) didomain, to
the free-standing T domain CmaBB)( According to bioin-
formatic analysis, CmaE belongs to t8-hydrolase family

of proteins {5, 16), and on the basis of sequence alignment
with other known acyltransferases within NRPS pathways,
CmakE contains a modified GXCXG motif (GXCXS) harbor-
ing the active site cysteine, which is catalytically loaded with
L-allo-lle with the aid of a conserved upstream/downstream
histidine residue (Figure 1). Consistent with this analysis,
the CmaE C105A mutant abolishes all transfer-@illo-1le
from L-allo-lle-SCmaA toholo-CmaD @).
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CmaE(99)....DALVGYESSAPLALLAAN. ..CmaE (250) ...DPDGOHHDFVDGHERL. . .
SyrC(161l)...AHLMG GAVIALSAAA...SyrC(377)...SPSKRHTGAAITNLPF. ..
CloN7(85)...VYLFGSSIGGAVTALVLAA. . .CloN7 (250) . . FPG-DHTGFLTESESF. . .

Ficure 1: Sequence alignment for the set of acyltransferases that are found within NRPS clusters. The GXC/SXG motif and its derivative
GXCXS from CmakE are hightlighted along with the downstream histidine residue.
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FIGURE 2: Area ofL-Val-SCmaD as determined by densitometry 0
of the autoradiogram as a function of time. Conditiohsio-CmaA 0.1 0 0.1 0.2 03 04
(10 uM), holo-CmaD (50uM), CmaE (0.5uM), L-[**C]Val (1.5 1rCmaAl (uM
mM), MgCl, (5 mM), and ATP (5 mM). Reaction initiated by the ACmaA] (uM™)
addition of ATP and run in triplicate. Ficure 3: Initial velocity patterns for the CmaE catalyzed transfer

) __ ofL-[¥C]val from CmaA to CmaD as determined by densitometry
To further characterize CmakE, the steady-state kinetic of the buildup ofL-[“C]Val-SCmaD in the autoradiogram (all

parameters for the shuttling ef[**C]Val from CmaA to points were obtained in triplicate). Double reciprocal plot of initial

Cmab were determined by autoradiographic analysis of gel- rate data at varying CmaA concentrations and fixed concentrations

. : . of holo-CmabD at 20uM (M, black), 40uM (4, blue), 80uM (a,
shift assays. In order _to complete this analys_ls, it was green), and 12@M (@, red). The best fit of the data to eq 1 gave
essential for the reactions to be performed with a high kinetic constants oKmcmaa = 25 % 4 4M, Kmemap = 113 & 22

concentration of-[**C]Val (1.5 mM) as this is the concen-  uM, andke = 54 + 7 min L,
tration at which the adenylation domain of CmaA is
saturated, and the autoaminoacylatiorhofo-CmaA goes reaction was initiated by the addition of ATP, thg'‘C]-
to completion within 30 s. As shown in Figure 2, the buildup Val-SCysio;sCmaE enzyme intermediate was observed to
of L-[**C]Val-S-CmabD is linear over a period of 10 min, thus form in a time-dependent fashion as shown in Figure 4B.
allowing for initial velocity measurements. By varying the This intriguing result suggests that CmaE has a greater
concentration oholo-CmaA (5-100uM) at fixed concen- affinity for the holo (HS-pantetheinyl-) form of CmaA in
trations ofholo-CmabD, a set of parallel lines were obtained comparison to that for the aminoacylated\al-S-panteth-
in the double reciprocal plot as shown in Figure 3. Using einyl-) form.
the program LEONORA for data analysis, a best fit to the  To validate that the labeling of CmaE by thg“C]Val
ping—pong (substituted enzyme) mechanism was obtainedgroup occurs only after incubating CmaE with CmaA, we
with the parameter&mcmaa Of 25 + 4 uM, Kmcmap Of 113 examined the relative rates of labeling CmaD witft“C]-
+ 22 uM, and akey of 54 + 7 min L. Although this Val as a function of reaction conditions. As shown in Table
mechanism may not suit the experimental data, it does1, by adding ATP last to the reaction mixture, the rate of
however, provide an estimation of the kinetic parameters. CmaD labeling with L-[**C]Val occurs at an order of
Aminoacylation of CmaE Using CmaAhe first half- magnitude faster than initiating transfer by adding preformed
reaction was examined in order to gain insight into the rate L-[**C]Val-SCmaA (desalted using a Micro Bio-Spin 6
of aminoacyl group transfer from CmaA to CmaE (see column) to a mixture of CmaE arfiblo-CmabD. This result
Scheme 2). Previously, we had observed that the thioesteris congruent with that obtained by examining the first half
that forms upon aminoacylation of the active site cysteine reaction, providing further evidence that it is essential for
residue is stable enough to detect by autoradiography,CmaE to interact witrholo-CmaA prior to initiating any
suggesting that the aminoac$l€ys os enzyme intermediate  aminoacylation event and subsequent aminoacyl group
is impervious to both hydrolysis and nucleophilic attack by shuttling.
the reactive sulfhydryl group from dithiothreitol, which is Reversibility of the CmaE-Catalyzed Aminoacyl Group
contained in the quenching buffer. Thus, the buildup of Transfer. To investigate whether CmaE is capable of
aminoacylated Cmak was followed by autoradiography using removing the aminoacy! group from the phosphopantetheinyl
L-[**C]Val. As shown in Figure 4A, the aminoacylation of arm attached to CmaD and transferring it back to CmaA (see
CmaA with L-[**C]Val prior to the introduction of CmaE  Scheme 2), we first usadVal-S-CmabD in the presence of
indicated the absence of d'“C]Val-SCysosCmaE enzyme  CmaA, L-[**C]Val, ATP, and Cmak. If the transfer is
intermediate over the course of 60 min. In contrast, when reversible than CmaE should deacylate the phosphopanteth-
CmakE was co-incubated with CmaA angi**C]Val and the eine arm of CmaD and replace nonradioactivéal with
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FiIGURE 4: Autoradiogram of the aminoacylation of CmaEy®1) using CmaA (5uM), L-[**C]Val (100 uM), ATP (5 mM), and MgC}
(5 mM) followed over a 60 min time course. (A) Cmai[*“C]Val, ATP, and MgC]} incubated at 25C for 30 min prior to the addition
of CmakE. (B) ATP added last to a mixture of CmaA, Cmag“C]Val, and MgC}.

Table 1: Relative Rates for the Labeling of Holo-CmaD with domain could occur in the presence of CmaE. As shown in
L-[14C]Val as a Function of Varying Reaction Conditions Figure 6 and Table 2;-Val-SCmaA-T (13226 [M +
H]"calculated, 13239 [M+ H]* observed) is formed in the

reaction conditions Krel . . .
—— presence of CmaE with the concomitant decrease in mass
add ATP lastto initiatect%ldlct:l%r;é- 1 for L-Val-SCmaD corresponding to the formation lodlo-
catalyzed transfer from CmaA to CmaD CmabD. Furthermore, no peak correspondingLtval-S-
condition 2: CmaA-T was observed in the spectrum when the inactive
add preformed-Val-S-CmaA to mixture of 0.08 CmaE C105A was used in place of CmaE.
CmaE and CmabD to initiate the transfer Aminoacylation of Heterologous T domains Using CmaA.
On the basis of CmakE’s ability to catalyze both the forward
Scheme 3: Shuttling of Aminoacyl Groups between and reverse aminoacyl transfers with two different T
Heterologous T Domains Using CmakE domains, we surmised that CmaE may be capable of utilizing
aa aa heterologous T domains as donor and acceptor substrates
S S (Scheme 3). Initially, CytC2, a free-standing T domain from
§ the cytotrienin biosynthetic pathwag?), was examined as

f the potential acceptor af[**C]Val from CmaA. As shown

in Figure 7, CmaE was capable of transferringt“C]Vval
from CmaA to CytC2. In the case of the CmaE C105A active
site mutant, labeling dfiolo-CytC2 occurred to a much lesser
aa extent, presumably through a transthioesterification between
§ holo-CytC2 and.-[**C]Val-S-CmaA. Interestingly, labeling
l of CmaE occurs to a greater extent than using CmabD,

suggesting that CytC2 has a much higkgrfor CmakE. To
further expand the scope of CmaE's reactivity, we explored

the use of a T domain embedded within a multidomain
complex. As shown in Figure 8, CmaE does indeed transfer
aa aa L-[**C]Vval from CmaA to the T domain within ArfA &
S S A,-T,, the second module from arthrofactin synthetdss; (

19), and when CmaE C105A is used in place of CmaE, the
é amount ofL-[**C]Val onto ArfA Cx»A,-T, is significantly
less. As in the labeling of CytC2, the loading of ArfA-C

L-[**C]Val in a time-dependent fashion. In order to perform A,-T, occurs with a significant amount of CmaE being
this experiment nonradioactiveVal-S-CmabD was generated labeled by -[**C]Val, which is again congruent with a higher
by transferring.-Val-S-Ppant from.-Val-S CoA through the Km for heterologous substrates. These results demonstrate
action of Sfp, a phosphopantetheinyl transferase fail- that it is possible to use CmakE to shuttle aminoacyl groups
lus subtilis The formation ofL-Val-S-CmaD was verified to heterologous T domains, thus generating chemical diver-
by MALDI-TOF (10307 [M + H]" calculated forapo sity within a multimodular assembly line.
CmabD, 10305 [M+ H]* observed foapo-CmaD, and 10747 Aminoacylation of Heterologous T domains Using CmabD.
[M + H]" calculated fon-Val-S-CmaD, 10749 [M+ H]* To examine whether we could further exploit the ability of
observed for-Val-S-CmaD). Using.-Val-S-CmaD ancholo- CmakE to shuttle aminoacyl groups between free-standing T
CmaA in an equimolar ratio and adding[*“C]Val, ATP, domains, we examined the transfer of aminoacyl groups from
and CmaE, we see that theval group on CmabD is indeed aminoacylSCmabD to other T domains, for example, CmaA,
replaced byL-[**C]Val in a time-dependent manner, sup- BarA (a free-standing T domain from the barbamide bio-
porting the reversibility of the CmaE-catalyzed aminoacyl synthetic gene cluster(—22), and CytC2. In this case,
transfer (Figure 5). the transfer between T domains was monitored by MALDI-

MALDI-TOF analysis was used to further validate the TOF because of the inability to separate the respective T
reversibility of aminoacyl group transfer since the loss of domains by SDSPAGE. The aminoacylated form of CmaD
L-Val in the experiment described above could occur as a was generated from the transfer.e¥al-S-Ppant to the apo
result of hydrolytic cleavage. In this case, the adenylation form of CmaD using.-Val-S CoA as previously described.
domain was removed from CmaA, and the free-standing T As shown in Table 2, CmakE is capable of catalyzing the
domain of CmaA was expressed B coli and used to  transfer ofL-Val from CmaD to bothholo-BarA andholo-
examine whether transfer fromVal-SCmaD to this T CytC2 with the concomitant descrease in the intensity for
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Ficure 6: MALDI-TOF analysis of the formation af-Val-SCmaA-T in presence of either CmakE or the active site mutant CmaE C105A.

Table 2: MALDI-TOF Mass Analysis of Holo and Loaded Proteins in the Presence/al-S-CmaD and CmaE or CmaE C105A

protein calculated [M+ H]* observed [M+ H]*
holo-CmaA pcp 13126 13116
L-Val-S-CmaA pcp 13226 13222
holo-CmaA pcp+ L-Val-SCmaD+ CmaE 13239, 13120
holo-CmaA pcp+ L-Val-SCmaD+ CmaE C105A 13119
holo-BarA 13134 13137
L-Val-S-BarA 13234 13226
holo-BarA + L-Val-SCmaD+ CmaE 13232, 13135
holo-BarA + L-Val-SCmaD+ CmaE C105A 13134
holo-CytC2 11794 11794
L-Val-SCytC2 11894 11899
holo-CytC2+ L-Val-SCmaD+ CmaE 11903, 11795
holo-CytC2+ L-Val-SCmaD+ CmaE C105A 11794

a Missing the first methionine.

the mass correspondingiteval-SCmaD. However, in each ~ when the active site mutant CmaE C105A was used in place
case the reactions were not quantitative as the holo forms ofof CmakE.

the T domains were still present in the spectrum even at Alternative Aminoacyl Groupdn order to generalize the
higher concentrations of CmaE. Importantlyyal was not use of CmaE as an aminoacyl group shuttling agent, we
transferred to the holo forms of CmaA-T, BarA, or CytC2 examined whether CmaE could accept other amino acids
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+ CmaE + CmaE C105A
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Ficure 7: Autoradiogram of the CmakE (8M) catalyzed transfer
of L-[**C]Val (500 uM) from CmaA (10uM) to CytC2 (50uM)
using MgC} (5 mM) and ATP (5 mM).

+ CmaE C105A

+ CmaE

Mw
kDa
ArfA CoAoT, i 116.0
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Ficure 8: Autoradiogram of CmaA (1@M) and ArfA C,-A,-T,
(20 uM) incubated withL-[**C]Val (500 «M) in the presence of
CmakE (lane 1) or CmaE C105A (lane 2) for 60 min.

besidesL-allo-lle, its cognate substrate;Val, andL-lle.
Because CmaA is ineffective for the activation of other amino
acids besides-allo-lle, L-lle, andL-Val (8), we sought to

Biochemistry, Vol. 46, No. 25, 2007555

CmaE were not successful. Nevertheless, the promiscuity
displayed by CmakE in shuttling aminoacyl groups to and
from heterologous T domains is promising as an additional
strategy for circumventing the specificity of A domains
within multimodular NRP megasynthetases.

DISCUSSION

On the basis of exploiting acyl/aminoacyltransferases for
creating chemical diversity within NRPS assembly lines, we
sought to explore the ability of CmaE, an aminoacyltrans-
ferase found within the coronamic acid (CMA) biosynthetic
pathway, to serve as a promiscuous shuttling agent. Previ-
ously, we have shown that CmakE catalyzes the transfer of a
nonproteinogenic amino acyl group-allo-lle, from the T
domain in CmaA to the free-standing T domain CmabD via
an active site cysteing8). Upon aminoacylation of CmabD,
the non-heme iron halogenase CmaB chlorinatafio-lle
in they-position, thereby setting the stage for the subsequent
cyclopropanation catalyzed by CmaC (Scheme 1). In the
present work, we demonstrate that CmaE preferentially
interacts withholo-CmaA in comparison to aminoac@-
CmaA and that Cmak is capable of utilizing heterologous
donor and acceptor T domains in addition to alternative
aminoacyl groups.

The aminoacyl enzyme intermediate of CmaE forms
through an active site Cys and is dependent on the chemical
state of CmaA, whiclholo-CmaE encounters. As indicated
by bioinformatic analysis with othet/s-hydrolases, the side
chain—SH of Cysosis a primary candidate for the catalytic
nucleophile. Indeed the CmaE C105A mutant is catalytically
inactive, and the aminoac@-CmaE enzyme intermediate

employ an alternative strategy for determining whether Cmak is not observed during aminoacyl group shuttling. Surpris-
could accept other aminoacyl groups. In the first case with ingly, the aminoacyls-CmaE enzyme intermediate is also

L-Phe, Sfp was employed to loagho-CmaD withN-Nvoc-
L-PheS-CoA. The Nvoc-protecting group was subsequently

absent wherholo-CmaA is incubated with-[**C]Val and
ATP prior to the introduction of CmaE while monitoring

removed through irradiation at 360 nm, thus generating the labeling of CmaE with-[*“C]Val by autoradiography.

L-PheSCmaD, which was confirmed by MALDI-TOF
(10794 [M + H]* calculated, 10802 [Mt+ H]* observed).
As shown in Table 3, the addition bblo-CytC2 and CmaE
to L-PheS-Cmab results in the transfer ofPhe to CytC2.

Turning toL-Leu, we used the barbamide synthetase ade-

nylating enzyme, BarD, which activated_eu and transfers

However, while incubatingpolo-CmaA with CmakE prior to
initiating the activation of -[“C]Val, the formation of -[4C]-
Val-SCmaE was observed to occur in a time-dependent
manner. Furthermore, the relative rate is approximately an
order of magnitude higher for the loadinglailo-CmaD with
L-[**C]val when CmakE is incubated witholo-CmaA in

the activated amino acid to the phophopantetheinyl arm of comparison to that with preforming-[**C]Val-SCmaA.

holo-BarA. CmaE does indeed transfeteu fromL-Leu-
SBarA to CmabD resulting in-Leu-S-CmabD (10760 [M+
H]* calculated, 10756 [M+ H]" observed), whereas with
CmaE, C105AL-Leu-SCmabD is not detected (Table 3).

These results suggest that CmaE recognizes the holo and
aminoacylated forms of CmaA in distinct ways. Taking into
consideration the recent structural work on the conforma-
tional changes that occur when carrier proteins exist in their

Although these results demonstrate that CmaE has the@Po0, holo, and acylated form&&-29), it is not surprising

capacity for shuttling nonpolar amino acyl groups of similar that CmaE’s ability to recognize the T domain of CmaA
structure, the significance resides in the ability to interact Would be dependent on the conformation in which CmaA
with a heterologous donor T domain and a noncognate aminofesides. Exploration of the CmaA/CmakE recognition dynam-
acyl group. Further exemplifying the generality of CmaE’s ics Will be the subject of future inquiry.

shuttling ability, we examined whethar-Thr could be In a mechanistic context, the observation that CmaE
transferred to CmaD using SyrB1, an adenylatitiriolation prefers to interact with the holo form of CmaA over the
didomain from the syringomycin pathway with specificity aminoacylated form indicates that binding of Cmathtdo-

for L-Thr, as the donor substrat23 24). As shown in Figure CmaA may precede auto-aminoacylation of CmaA, suggest-
9, L-Thr is transferred from SyrB1 teolo-CmaD via CmaE ing that A domains may be regulated by partner proteins.
in a time-dependent fashion, whereas in the presence ofOnce CmaA aminoacylates itself, the aminoacyl group is

CmaE, C105A transfer tholooCmaD was not observed.
Unfortunately, attempts to shuttleThr from SyrB1 to other
T domains, that is, CytC2, BarA, or ArfA £A,-T,, using

transferred intermolecularly to the Gysside chain—SH
of CmaE. Subsequently, either the conformational change
that occurs within CmaE upon aminoacylation or the
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Table 3: MALDI-TOF Mass Analysis of Holo and Loaded Proteins in the Presence of CmaE or CmaE3C105A

protein calculated [M+ H]* observed [M+ H]*
holo-CmaD 10647 10645
L-Leu-SCmaD 10760 10756
holo-CmaD+ BarA + BarD + L-Leu+ ATP + CmaE 10756, 10645
holo-CmaD+ BarA + BarD + L-Leu+ ATP + CmaE C105A 10645
L-PheSCmaD 10794 10802
L-PheSCytC2 11942 11945
L-PheS-CmaD+ holo-CytC2+ CmaE 11948, 11795
L-PheSCmaD+ holo-CytC2+ CmaE C105A 11794

aMissing the first methionine.

kDa 0 10 30 60min 0 10 30 60min catalyzes the acetylation/deacetylation of the coumermycin
ot A; scaffold @5).
620 & e WL SyBT Our findings demonstrating the reversible shuffling of
10 CmakE CmakE C105A aminoacyl moieties to and from cognate T domains suggested
310 that it would be possible to use heterologous T domains as
144 - CmaD substrates. Along these lines, we first employed CytC2 and
) BarA, whose identity to CmabD is 16% and 17%, as acceptor
F'GUEEtg:d A%‘t}grald‘,'(‘;grrﬁm Zogosyl\r/lBll\glz%,\IA) g”dl\%maD d(i%PM)s substrates. Using CmaA as the donor T domainiafidC]-
'rgﬁﬂu) %?hewéres[enc]e O; (Cma“é (in'vl) %r ér(narg C)i(i'?A @M)(_ Val as the aminoacyl moiety, CmaE is shown to catalyze

the transfer ofiL-[1*C]Val from CmaA to CytC2. In order

regeneration of aminoac-CmaA leads to the dissociation o the shuttling to these heterologous T domains to be
of the CmaA-CmaE complex. For our results to be detected, the concentration of CmaE had to be increased by
consistent with the latter hypothesis, a mechanism in which @1 order of magnitude relative to that when Cmab is used,

aminoacylSCmaA is hydrolyzed after CmaE dissociates and the concentration of the acceptor substrate CytC2 had
thereby regenerating the CmaE-recognizable holo form of to be in excess of the donor substrate CmaA. The latter two

CmaA. would have to occur. Indeed. we have observed thatobservations are consistent with an increadeqjfior CytC2

after 5 min of the auto-aminoacylation of CmaA witkallo- relative to CmaD. The next challenge for CmaE occurred
[*H]lle, the amount of aminoacylated CmaA begins to with the use of ArfA G-A,-T,, whose T domain lies at the

decrease, suggesting that in the absence of CmakE there exist -terminus of a three-domain protein. In the event, Cmak

a mechanism by which hydrolysis of the aminoacyl group *>° shuttles.-{“C]val from CmaA to ArfA GrAzTa
) S whereas CmaE C105A does not. This observation is sub-
occurs in a kinetically competent manner (Yeh, E., unpub-

lished results). An alternative mechanism could involve the stantial in that it shows that CmakE can be used to transfer

; . . . an aminoacyl groupota T domain within a large NRPS
direct acylation of CmaE by the adenylation domain of : .
CmaA: however, the CmaA S542A mutant, which cannot scaffold, thus offering the opportunity to use Cmak to place

be phosoh tetheinviated. | ble to facilitate the t ; alternative aminoacyl moieties within an NRPS assembly line
€ phosphopantéthéinylated, 1S unablé (o facilitate e transter, g long as the upstream/downstream condensation domains
of L-[*C]Val to CmaD 8). Additionally, the acylation of

. ) ._are able to accept them. Because hefor CmaD (113+
CmaE _c_oulq induce a conformatlona! chang_e that results in 22 uM) is higher than that for CmaA (2% 4 M), the ability
a stabilization of the CmaACmaD interaction, thereby ot cma 1o shuttle aminoacy! groups using CmaD as a donor
facilitating the transthloester|f|cat|c_)n from one T domain to ¢ nstrate also offers a significant challenge.
32?:\222’(3 Tﬁ‘gﬁ:g’h;%g:sr experiments are necessary 1o Expanding the reperto?re of aminoacyl groups that serve
' as substrates for CmakE is also vital to establish CmaE as a
Once CmakE is aminoacylated after initially interacting with - versatile tool in generating chemical diversity within a NRPS
holo-CmaA, the shuttling of the aminoacy! group tolo- assembly line. Thus, we explored whether CmaE could
CmabD is reversible. More specifically, using both autorad- transfer other hydrophobic aminoacyl moieties in addition
iography and MALDI-TOF mass spectrometry, we estab- to L-allo-lle, L-lle, andL-Val. Both L-Leu andL-Phe could
lished that CmaE is capable of removing the aminoacyl group be transferred from a heterologous T domain to CmaD
from CmabD and shuttling it back to CmaA. In the first case, (L-Leu) and from CmaD to a heterologous T domain
autoradiographic analysis of theVal/L-[**C]Val exchange (L-Phe). Moreover, CmaE transfersThr from SyrB1 to
on CmabD indicated that CmaE could catalyze the shuttling CmaD increasing CmaE’s aminoacyl substrate capacity to
of L-Val from CmaD back to CmaA and in turn placg*‘C]- include those with polar functional groups. Unfortunately,
Val onto holo-CmaD. This was subsequently validated the transfer ofL-Thr from SyrB1 to another heterologous T
through MALDI-TOF analysis of the CmaE-catalyzed trans- domain such as CytC2, BarA, or ArfA \,-T, was not
fer of L-Val from CmaD to the CmaA-T domain. The successful, presumably because of the high concentrations
combination of these two results reflects CmaE’s ability to required of both donor and acceptor substrates. It will, thus,
interact with two T domains whose overall electrostatic be of interest to understand how CmaE recognizes its donor
properties differ significantly, that is, the pl of CmaD is 4.1, and acceptor T domains in order to further exploit its utility.
whereas the pl of CmaA-T domain is 5.4. Furthemore, the In summary, CmakE joins two other shuttling acyltrans-
reversibility of the aminoacylation is consistent with that ferases, SyrC and CouN7, recently identified in NRPS
found in the case of CouN7, a homologue of CmaE, which assembly linesg, 7). The unique chemical logic observed
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within the coronatine biosynthetic pathway goes beyond that
of a cryptic chlorination pathway and involves the shuttling
of aminoacyl moieties to and from T domains. Here, we have
shown that CmaE shuttles the aminoacyl group between T
domains in a reversible fashion similar to that seen with
CouN7. Furthermore, the reactivity of Cmak closely parallels
that observed with SyrC and CouN7, where heterologous
acceptor (not for SyrC) and donor substrates as well as
alternative aminoacyl groups can be employed. Thus, CmaE
should be useful for shuttling different aminoacyl groups
between T domains existing within heterologous NRPS
assembly lines to generate natural product-like derivatives.
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