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ABSTRACT: Microbially derived modular polyketide synthase and nonribosomal peptide synthetase
biosynthetic pathways are a rich source of novel natural products. Development of these systems for the
engineered biosynthesis of diverse secondary metabolites continues to progress as a robust source of
chemical diversity. Recent efforts that employ individual enzymes and catalytic domains for the production
or madification of small molecules have met with growing success. In this study, the thioesterase domain
from the cryptophycin biosynthetic pathway was isolated and its function evaluated with a series of linear
chain elongation intermediates in developing a novel chemoenzymatic synthesis of the cryptophycin/
arenastatin class of antitumor agents. The results show the high efficiency of the thioesterase in generating
the 16-membered depsipeptide ring of this important natural product system. Moreover, analysis of selected
substrates revealed considerable tolerance for structural variation withseteeryptophycin unit C
p-alanine residue, but strict structural requirements at the phenyl group position of the dshiydyoxy
octadienoate chain elongation intermediates.

Cyanobacteria are a rich source of natural products with  Polyketide synthase (PKS), nonribosomal peptide syn-
potential clinical applications. Although hundreds of bioac- thetase (NRPS), and fatty acid synthase (FAS) TEs utilize
tive compounds have been isolated from cyanobactéyja (  an Asp(Glu)/His/Ser catalytic triad, analogous to serine
there has been only limited exploration of the genetics and proteases, to form an acyl intermediate with the Ser residue
enzymology of cyanobacterial secondary metaboligm (  followed by either hydrolysis or intramolecular cyclization
7). Access to the biosynthetic pathways of these natural (14—16). Crystal structures of the PKS TEs of the pikro-
products is likely to facilitate the discovery and development Mycin (17) and deoxyerythronolide B1@) biosynthetic
of new biologically active small molecules. Furthermore, clusters have been determined as well as the NRPS TE of
manipulation of the corresponding biosynthetic systems at the surfactin 19) biosynthetic cluster. Cgrrently, no cocrys_tal
the enzyme level can also lead to the development of newStructures of NRPS or PKS TEs with full-length native
non-natural derivatives. Increasingly sophisticated efforts are SUPStrates or inhibitors incorporated into the active site
being made to reengineer biosynthetic pathways for in vivo binding p_ocket have been r_e_p_orted. :
production of structural analogue8—11); however, sig- E)gtenswe substrate specificity and chain I_ength tolerance
nificant work remains to optimize library size and production studies have been performed on the tyrocidine NRPS TE

yields of new compounds. These challenges have motivatedélozs’itlig’nzi?]_tﬁ? 'rr?glesglﬁzm\l;\;g}ghaf: cljnSOTllteZgﬁgg)lr(zlerz]tZE cid
gﬁx(catlgfarlngir\}grosfit;ht?)r/nc%err?é%?\?t%i;nez[tr;?gssef(ciltcﬂi;rrﬁ:itfsn of mined that the tyrocidine TE is most sensitive to the amino

f | d bi hetic cl ith sub biai dacid changes near the site of ring closure. In addition, these
rom selected biosynthetic clusters with substrates obtained;,, ostigators determined that peptide chains of 6, 8, 10, 12,
through chemical synthesidZ, 13).

and 14 amino acids could be cyclized with the tyrocidine
TE (21). Ready access to synthetic polypeptide chains as
T This work was supported by NIH Postdoctoral Training Grant NCI SUbStre_‘tes for NRPS'de”Ve_d TES_haS _enabIEd their detailed
CA09676 to Z.Q.B., NIH Grant CA70369 to G.I.G., and NIH Grant analysis. By contrast, relatively little is known about the
CA8T3155ht0 D.H.S. g hould be add 4. Teleon (734)substrate specificity of PKS, or mixed PKS/NRPS TEs for
* To whom correspondence snou € aadressed. lelephone: H i : H i
615-9907. Fax: (734) 615-3641. E-mail: davidhs@umich.edu. native chain elqngat|0n .Intermedla.t(.es' apparently because of
# University of Michigan. the challenges involved in synthesizing these compol2f]s (
8 Current address: Center for Drug Design, University of Minnesota, 24).

Miﬂ‘r&e‘?‘po”s.’ M’f\',\i5455- . During the 1990s, three research groups independently
o U?]'i\/,irfs'itt{, %f K?ﬁse;s & identified members of the cryptophycin (Crp) natural product

L Abbreviations: PKS, polyketide synthase; NRPS, nonribosomal family, each from different organism2%-28). The first
peptide synthetase; TE, thioesterase; FAS, fatty acid synthase; SAR,group to identify this secondary metabolite (in 1990), from

structure-activity relationship; Crp, cryptophycin; PCP, peptidyl carrier ; _deri ;
protein; NAC, N-acetylcysteamine; HPLC, high-performance liquid the lichen-derived cyanobacteriliostocsp. ATCC 53789,

chromatography; ESI-TOF, electrospray ionization time-of-flight; ORF, d_iscovered that the compound was active against the
open reading frame; O/N, overnight; SD, standard deviation. filamentous fungus of the genw@ryptococcushence the
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ferred to NRPS-type gene products for the addition of
tyrosine (which is subsequently methylated on its hydroxyl
group), methylg-alanine, and leucic acid. The full-length
. X chain intermediate is then cyclized and released from the
. biosynthetic enzymes by the cryptophycin TE. During
0 UnitB . . S0 L

) 3 i l \C[ biosynthesis, tailoring enzymes catalyze chlorination of the

UnitD 0=y "N=~0 OMe OMe-tyrosine residue (unit B) and epoxidation of the unit

R; Rs H A vinyl group (Figure 1). Interestingly, arenastatin lacks a
chlorine atom and includg%alanine (unit C) as opposed to
the methylg-alanine incorporated in the most predominant
species of cryptophycins (Figure 1).

Recently, we identified DNA encoding the biosynthetic
cluster responsible for cryptophycin from the cyanobacterium
Nostoc sp. ATCC 53789 (N. A. Magarvey and D. H.
Sherman, unpublished observations). This was accomplished

name cryptophycin (Figure 126). A related compound by comparative metabolomic analysis of the related cyano-
named arenastatin-A (cryptophycin 24, Figure 1) was later biont Nostoc punctiformehat has an extensive array of
isolated from the marine spongBysidea arenariaby presumed secondary metabolite gene clusters (N. A. Ma-
Kobayashi and Kitigawa2(7). Subsequently, Moore and co- garvey and D. H. Sherman, unpublished observations)
workers identified at least 29 closely related structures of determined from its genome sequence (http://genome.orn-
the originally discovered cryptophycin in the extracts of the l.gov/microbial/npun/). Through comparison of the corre-
cyanobacteriunNostocsp. GSV 22425, 28, 29). The major ~ sponding PKS/NRPS gene clusters cloned and sequence-
product isolated by Moore was cryptophycin-1 (Figure 1), scanned fromNostocsp. ATCC 53789, we were able to
which displayed selective tumor cytotoxicitgd). Further- identify a series of secondary metabolite biosynthetic systems
more, intravenous injection of cryptophycin-1 was found to unique to this organism. Analysis of the structure of
be effective against mammary, colon, and pancreatic adeno-Cryptophycin and DNA sequenced from the localized cryp-

Unit C
Rq = Me, Rz = H, X = Cl, Cryptophycin-1
Ry = Rg = X =H, Cryptophycin-24, Arenastatin
Ry = Rz = Me, X = Cl, Cryptophycin-52

Ficure 1: Chemical structures of cryptophycin-1, cryptophycin-
24 (arenastatin), and cryptophycin-52.

carcinomas when assayed in mouse xenogra?f)s l(ater, tophycin gene cluster has provided the overall architecture
a main mode of action for this activity was found to be and catalytic domain organization of the system.
associated with inhibition of tubulin polymerizatiodl). The In this paper, we describe efforts to explore the substrate

in vivo potency of cryptophycin-1 is in the picomolar range, tolerance of the cryptophycin terminal TE that mediates
making it 100-1000 times more potent than paclitaxel and termination and cyclization of a mixed NRPS/PKS-derived
vinblastine 82). This superior activity of cryptophycin-1  chain elongation intermediate. This was accomplished through
prompted the chemical synthesis of cryptophycin and the cloning, expression, and use of the Crp TE domain in
extensive SAR studies38—36). Recently, two new ana-  compination with chemically synthesizedcacryptophycin
logues, cryptophycin-309 and cryptophycin-24&2)( with 54 secoearenastatinN-acetylcysteamine (NAC) thioester
improved stability and water solubility have shown signifi- ¢ ,pstrates. Specific structural analogues of the unit A
cantly improved efficacy compared to cryptophycin-52 (LY 5 phyqroxy octadienoate and unit Galany! residue were
355073) 88), and are being considered as second-generationgenerated in an effort to investigate TE substrate flexibility
clinical candidates. However, the lengthy and low-yield oo e as its ability to catalyze hydrolysis or macrocycliza-
synthesis of these important new derivatives has limited tion between C-2 ester and C-16 hydroxyl groups to provide

opportL.mmes for clinical .evaluanon. ] an efficient chemoenzymatic synthesis of cryptophycin and
Previous total synthesis routes to the cryptophycins have grenastatin natural products.

employed cyclization at the C-9 or C-12 position of the

molecule using standard peptide coupling meth88s-44). EXPERIMENTAL PROCEDURES
An alternative approach by Kobayashi utilized a Wittig

Horner cyclization at the C-12C-13 position 45). Georg Cryptophycin Thioesterase Cloning StrateByNA encod-
and co-workers pursued an alternative strategy that involveding the Crp TE is contained at thé-8nd of the 3terminal
ester formation at the C-5 positiod). Significant chal- open reading frame necessary for biosynthesis of the

lenges remain with respect to the efficient construction of backbone of cryptophycin. Identification of the DNA encod-
cryptophycin natural products and analogues. Their continueding the cryptophycin thioesterase was elucidated through use
promise as anticancer therapeutics motivated our develop-of the NCBI CDART program for identification of conserved
ment of native biosynthetic enzymes to enhance flexibility domains. The nnpredict secondary structure prediction
and expand strategy choices for their assembly and modifica-program 47) was used to determine the putative secondary
tion. structure of the gene product of the DNA between the
The biosynthesis of cryptophycin is particularly interesting putative thioesterase domain and a domain capable of being
because of its cyanobacterial origin, extensive functional- phosphopantetheinylated. The forward primeASTTAT-
ization, and use of mixed NRPS/PKS biosynthetic enzymes. CATATGGGTTCCGATTCCGGAGCCGA-3was designed
Formation of cryptophycins is thought to originate with a immediately 3of DNA predicted to encode a protein capable
phenyl acetate starter unit followed by addition of three acetyl of being phosphopantetheinylated in a region appearing to
groups catalyzed by PKS gene products (R. E. Moore, lack secondary structure based on the nnpredict program
personal communication). The intermediate is then trans-results and contained the Ndel endonuclease cleavage site.
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The reverse primer AAATAAGGATCCTCATCATTTTTC- collected and incubated with 7 mL of Qiagen Ni agarose
CAATTGATGGGT-3 was constructed to anneal to the 3 overnight at £C. The agarose was then loaded into a column
end of the open reading frame containing a BamHI cleavageand washed with 10 column volumes of 0.1 M sodium
site. DNA encoding the entire putative cryptophycin bio- phosphate buffer (pH 8) containing 20 mM imidazole and
synthetic gene cluster was contained on the cosmid pDAM163.300 mM NaCl. Next, the column was washed with 10
pDAM163 DNA was prepared using a Qiagen large construct column volumes of wash buffer containing 50 mM imidazole.
DNA extraction kit from a 500 mL culture grown overnight Protein was eluted with wash buffer containing 100 mM
at 25°C in LB medium containing 5Q«g/mL ampicillin. imidazole. The eluted sample containe80 mg of protein
PCRs were performed with O of pDAM163 DNA from as determined using a Bio-Rad Bradford assay kit. Samples
the extraction, uM forward primer, 1uM reverse primer, were run m a 4 to 20% SDSPAGE gel to check for purity.

1x ExTaq buffer (Takara), uL of ExTaq polymerase A band corresponding to the expected molecular weight was
(Takara), and kM dNTP (Takara) in a final volume of 50  observed at-95% purity (Supporting Information, Figure
uL with water. The PCR program consisted of 30 cycles of S1). Protein was subjected to a PD-10 column prior to kinetic
the following amplification conditions: denaturation for 1 assays for buffer exchange to 100 mM sodium phosphate
min at 95°C, annealing for 1 min at 50C, and extension  buffer at pH 8.

for 1.5 min at 72°C. PCR fragments corresponding to the
desired length were separated on a 1% agarose gel anc}.n
purified from the gel using a Qiagen gel extraction kit. The

PCR fragment was cloned into a pGEM T-Easy vector __... - - :
: . ; alization was accomplished with UV light (254 nm) and by
(Promega) using T-overhang cloning with the pGEM T-Easy dipping into a solution of either vanillin (60 g of vanillin

kit (Promega). Clo_nes were transformed into XL-1 _Blue_ and 10 mL of concentrated 80, in 1 L of 95% EtOH,
competent cells using heat shock protocols as described in

) T stored at—20 °C) or KMnOy (3 g of KMnQ,, 20 g of Kx-
dentfied Using blochhite screening according to the pGEw CC: 81 0:25 9 Of NaOH n 300 . of waten) followed by
. 9 . g accc 910 P heating. THF and ether were distilled from sodium ben-
T-Easy kit protocol. Five clones containing the insert were

replated, and half of the colony was subjected to PCR to iﬁfgf]g?:eréaﬁ dwgflzeﬂgf’m?dswﬁg Ff|r:r?; f?;;:;ﬁig ol
verify the insert of the desired DNA size using the same grapny b 9 g

PCR conon Ised sbove, wih e exceparxs mn 12 00 TE) M e eaer sovent e L
incubation of each clone at 9& prior to the amplification . : . . y
cycles. One clone containing the desired size DNA insert argon in oveo-dned (156C) glassware. Optical rotations
was grown m a 2 mL culture overnight in LB medium Were_determln_ed on an .Autopoll ll (Rudolph Research)
containing ampicillin (Research Products International Corp.) polarimeter using the sodium D ling & 589. nm)_ at23C

(50 ug/mL). DNA was purified using a Qiagen mini-prep and are reported as followsop, concentratlonc(ln grams

kit. DNA sequenced at the University of Michigan DNA per 100 mL), and solventH and**C NMR spectra were

sequencing core lab was sequenced with 3-fold redundaanecordeOl on either a Bruker_—300 MHZ or Bruker-SOQ MHz
from the B-end using the T7 primer binding site and three spectrometer. Proton chemical shifts are reported in parts

times from the 3end using the SP6 primer binding site. per million from an internal star_ldard of residual chloroform
DNA from the sequenced clone was ligated into the Ndel (7'2_6 ppm), and carbon che_mlcal shifts are reported using
and BamHI sites in pET28b (Novagen) and transformed into an internal otandard of residual chloroform (77'(.) ppm).
BL21 electrocompetent cells using electroporation. All cells Proton.c.hemlcal data are rep_orted as _foIIows: chemical shift,
were plated on LB plates containing kanamycin (Research Multiplicity (ovip = overlapping, s= singlet, d= doublet,
Products International Corp.) (3@/mL) and incubated O/N ¢ = triplet, g = quartet, p= pentet, m= multiplet, and br

at 37°C. Ten colonies were subjected to PCR verification — Proad), coupling constant, and integration. Mass spectra

of the desired DNA insert using the primers and protocols Weré obtained at the University of Michigan Mass Spec-
listed above. trometry Laboratory on a Waters Ultima magnetic sector

Cryptophycin Thioesterase Expression and Purification gsss _spclactron:]ete_r equcllppr(]ad with an olectr]ospraﬁ/ mtorfacle.
A clone containing the desired insert size, as visualized by “Ne€mical synthesis and characterization of each molecule

agarose gel electrophoresis, was grown O/N in 25 mL of &€ given in the Supporting Information.

2YT broth containing 5Q.g/mL kanamycin at 37C. Five Kinetic Characterization of Cryptophycin Thioesterase
milliliters of the O/N culture were used to inocudal L of Activity with Substrate?24. A standard curve of the cleaved
2YT medium containing 5@g/mL kanamycin and grown  product was determined on a 10 to 67% acetonitrile/water
at 37°C. The culture was induced at an @Bof 0.7 with (0.1% TFA) gradient over 30 min. Cleavage reactions were
0.2 mM IPTG and grown overnight at 3. Cells were run for 15 min at 30°C with 1.4 uM cryptophycin
harvested at 50@p for 30 min. The pellet was then thioesterase with 0.312, 0.625, 1.25, 2.5, and 5 mM substrate
resuspended in 20 mL of 0.1 M sodium phosphate buffer at containing 4% DMSO in 0.1 M NajPC, buffer at pH 7, 8,

pH 8 containing 20 mM imidazole and 300 mM NaCl; 4 and 8.75. Reaction produ2b was monitored at 245 nm in
mg of lysozyme ad 2 g of sucrose were then added to the an effort to determine the rate of hydrolysis for the reactions.
cell suspension and incubated at room temperature for 30A standard curve at 245 nm was calculated?®in an effort

min until the solution viscosity increased. The solution was to determine the kinetics of the reaction. All reactions were
then placed on ice and subjected to sonicationk(20 s) run in triplicate. Crp TE was incubated at 3C for 1 h
(solution became less viscous). The suspension was therfollowed by addition of substrat®4 and run in parallel with
centrifuged at 170apfor 1 h at 4°C. The supernatant was a reaction that included non-preincubated Crp TE to ensure

General Chemical Procedure8nalytical thin-layer chro-
atography (TLC) was performed on precoated Macherey-
Nagel silica gel plates with a fluorescence indicator. Visu-
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a. CrpC

b, cpE 1 aspscakg[]ws e PIQNGLPPLFCVPGAGGNVLYFHHLAQYLG4.5
TWeTE 1 KRFESRYGTA L[N Q@E]- -|r|a r n|v F|c[F]T[F 1 6 a o[5]v v ¥|o|k L a|a E[1]- 41
SfTE 1 GGSDGQDVM..EQIIFAFPPVLGLEYQ!EL[%SRL-&)
GrsTE 1 EKQREKN|I|EL P LNEE--DRNVFL!APIGAQGVFYKKLAEQI.41
cpTE 46 NN Q[EJL Y ¢[T]e[A]e ¢ L[P|c E T[E]r B k s V[E E]1[A]s [Qu[T|x[ATT]e T[V@ P]v[E P ¥]|F[T] %
TweTE 42 - - -gavs|ulys- -[FpF 1lelp]|- - - - - p[n[R[M E|Q AAITAI&PSGPYTL?&
STTE 41 --SYKLC- FbDF I1|E[E]- - - - - EDRL|DR p|lL 1|o k|L @ pleE|G B[L T|L| 75
GrsTE 42 -lBlT A s|iyls]- -|[EDF IjE|D|- - - - - D DR 1|0[Q EsMIQ TlQls plele¥]v|L] 7
cptE 91 alGlu[S]F[€]s u[v vV F ElM[E]N [Tl L 1[G]k s[¥]a v[VG T|L[o TP AR Ts Al HoND F 135
TveTE 77 M|G ¥ s|s|e|la N|L A F E V A K|E|L E]E rR|G|Y G|¥|T D|1 1 L|F[D s ¥]w[K]- D k|a|1[E]R TV A 120
STTE 76 FA CSLAFEAAKKLEGQRIVQRIIMVKK-QGVSDLDGR 119
GrsTE 77 1|@ ¥ s|s|e]o N|LAFE v A K[E ME|R ¢lg]y s|¥]|s plL v L]F|p[vix]wlk]- o xlv]|F|Eje Tk E 120

* m
CrpTE 136 SNWDNAKWICRMTEVIEDIGENLFLSYETLTSLTWQQNYFKfeo
TyeTE 121 ET[E]ND - - - - - - - 1|la QJL|F a Eli]c|E N|T E[M F[N]M T @ E[D]F QLY A A N[E] 154
SITTE 120TVSD ------- vle[a LM N v N R|D N[- - - - - EALS ----------- 141
GrsTE 121 E E|E[E N - - - - - - . Lkl 1fm e e[C]r|E NP Gum FN|M TR E[D]F E[E]Y F A n|E| 154
crpTE 181 K[LJET VGFLPAQTDIKIVRG VFQTQCQ[TKI[YEPEKTYKTPITLF 225
TycTE 185 F Qs FvR[E|T v s[¥]v M[F]a ~ T[é]M T T[A]alr H T 1]o s E L[E]a[D]- - - - - 194
STTE 142 A HGLEKQIK|T HA[F|Y s|y|v Vv s Tlg|le v k|a[p[1[E]L L|T s 6 a|D|F|D|- - - - - 181
GrsTE 155 F Qs FrTrlgMr k|¥|m s|E]y T|Q v|gle v E|la|T[1 H L 1o a E FlE|E[E]K 1 D EN 199
cro TE ZZECAREINPQESYSHIFQEPT GWNQFsDGEVEI!LHI[V|e[e]n[H]V s[MT]s 270
TVCTE 195 - - - - - - - EAPVAAKWNE|s AlW[- - -ANATQRLLTY s|ela|e|i|H|s rfML|a 220
STTE 182 - « = = « « - < - - - - I PEMWLASWE ---EATTGAYRMEKR|G|F|G|T|H|a ElML|q 217
GrsTE 200 EKADE - E[EJk TY L EEKWN EJK A[]- - - NKAAKRFVKYN|gv|gjalH[s n[ML|c 240
s

CrpTE 2711 EPH VK

VIL|A QQIM Q SLEQAQKTHQEKEW
Tyc TE 230 - - -ID|Y|AlS Q A S QNI|LQ|E L F I|L|K 257
ST TE 21'2- - -TDRAGLEFTQT 230
Grs TE 241 - - -|BDJGILJE R 5 5 KQ]LGTFVK 262

Ficure 2: Comparative analysis of the cryptophycin thioesterase with NRPS thioesterases. (a) Representation of the CrpC polypeptide and
the excised Crp TE. C represents the condensation domain, A the adenylation domain, T the peptidyl carrier protein, CoA Lig the CoA
ligase, and TE the thioesterase. (b) Primary structure alignment of the thioesterase domains of the cryptophycin, tyrocidine, surfactin, and
gramicidin biosynthetic clusters. The positions of the catalytic triad are indicated with asterisks. Dark gray regions are identical amino
acids; light gray regions are similar amino acids based on hydrophobicity.

that the Crp TE was active for the entire time course of the parallel. The total contents of each reaction mixture were

reactions. separated using reverse phase HPLC with a 10 to 100%
Crp TE-Catalyzed Cyclizations of Substrates-15. A gradient (acetonitrile and 0.1% TFA/water and 0.1% TFA)

500uL solution containing 25, 50, and 7BV substratel2 over the course of 37 min on an Alltech Econosil At

or substratd 4, 12.5, 25, and 37.BM substratel5, and 6.25, C18 column with dimensions of 250 mx 4.6 mm. The

12.5, 25, 50, and 76M substratel 3with 1 uM cryptophycin products were analyzed by ESI-TOF mass spectrometry in

thioesterase, 0.095 M NaPFO, buffer (pH 7), and 5%  the positive ion mode. The relative concentration of products

DMSO was incubated at 3€C; the reactions in 12xL and substrates was determined by comparing absorption at

aliquots from each reaction mixture were terminated by 245 nm.

addition of 125uL of 10% TFA in water. The absorbance

of the products of each reaction was measured at 245 anoRESULTS

260 nm. A standard curve for the cyclized productldf Crp TE Subcloning, Expression, and PurificatiddNA

was determined at 245 and 260 nm. The absorbances of théarboring the Crp TE is contained within the larger frame-

substrates and products were determined to be approximatelyork of the 3-terminal ORF necessary for biosynthesis of

equal at 245 and 260 nm. The kinetics for cyclization of the backbone of cryptophycin (Figure 2). Therefore, trunca-

each substrate were determined at 245 or 260 nm. Each timdion of the DNA in the final ORF was necessary to clone,

course was repeated at least twice (Supporting Information, overexpress, and purify Crp TE as an independent catalytic

Figure S2). domain. Initially, the TE domain was identified using
Large-Scale Cyclizationsl2—15. A 50 mL reaction CDART (48). Immediately 5of the gene encoding Crp TE
mixture containing 10@M 12, 13, 14, or 15, 0.1 M NaH- is a region that encodes a putative peptidyl carrier protein

PO, (pH 7.0), 5% DMSO, and #M Crp TE was incubated  (PCP) domain. The expression plasmid was constructed to
overnight at 30°C. A negative control for each reaction comprise the TE ORF only, beginning immediatelyBthe
containing all reagents except for the Crp TE was run in DNA predicted to encode the PCP domain.
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Scheme 1: Chemoenzymatic Synthesis of Cryptophycins/Arenastatins

0 HS (0] 0 R,. Re
" NHAc 1) EDC, :
AcHN oH 1 cat. DMAP AcHN OWR\/NHBOC
oo Yy —————— AN g ~Ng
acetone:H,0 (1:1) o
1 EDC, NaHCOj3 2 )SANHBOC 5, Ry =Me, Ry = H, 36%
- - 0,
86% Ry R2 6, Ry = Me, Ry = Me, 36%
3,Ry=Me, Ry =H 1) 4 NHCI 1,4-dioxane
4, R1 =Me, Ro = Me 2) Boc-D—Tyr(OMe)-OH
PyBop, DIPEA
DMF
MeO
OMe
(0] OH
2 H H . o R
A R 1) 4 NHCI 1,4-dioxane Ry, B2
ACHN\/\S N)J\/\/\l/\/ 3 AcHN. _~ O\[e’\/N
H Me 2) PyBOP, DIPEA, DMF S NHBoc
Me o o
R /\)\/\/\CQ H
R H R R P e ’ éH ? 7,Ri=H,R2=H, 97%
13, Ry = H, Ry = H, Rg = Ph, 24% 7 uM CrpTE 8, il N,le - =,H -
14,R;=Me, Ry=H, Rg=Ph, 46% | 30°C,40h 10,R3=Ph 9, Ry = Me, Ry = Me, 84%
15, Ry = Me, Ro = Me, R3 = Ph, 35% 100 mM NaH,PO4 11,R3=H ’ ’ ’
(pH 7.0)
Me
RSWYO
0.0 .
Rs
oy o
RyRp H
16,Ry=H,Ry=H,R3=H 20,R;=H,Rp=H,Ry=H
17, Ry =H, Ro = H, Ry = Ph, 54% 21,Ry =H, Ry =H, Rg = Ph, 9%
18, Ry = Me, Ry = H, R3 = Ph, 56% 22 Ry = Me, R2—HR3—Ph 9%
19, Ry = Me, R, = Me, R3 = Ph, 42% 23, Ry = Me, Ry = Me, Rg = Ph, 8%

Amplicons from PCRs were purified and inserted into revealed Ser94, His265, and Asp121 of Crp TE as the amino
pGEM T-Easy vectors using T-overhang cloning techniques. acid residues comprising the presumed catalytic triad (Figure
Resulting clones were screened using a blue/white screening?).
strategy and subjected to DNA sequencing to identify the  Chemical Synthesis of SubstratSabstrates were designed
desired Crp TE product. The fragment was subcloned into aand synthesized to probe the ability of the Crp TE to cyclize
PET28b vector which incorporates an N-terminal six-His tag unit A and unit C structural variants. Leucic acit) (vas
onto the corresponding gene product. converted to theN-acetylcysteamine (NAC) thioesteR)(

Recombinant Crp TE was purified on Ni agarose-@6% using EDCI (catalytic DMAP, CECI,, 86%). The NAC
purity (Supporting Information, Figure S1). The molecular thioester serves a dual role as both a C-terminal acid-stable
mass of the polypeptide was determined to be 35,424 Da byprotecting group and an activating group with respect to
ESI mass spectrometry and 35,410 Da by MALDI-TOF mass enzymatic macrocyclization. Esterification dfwith Boc-
spectrometry (Supporting Information, Figure S3). The p-alanine 8) employing EDCI (catalytic DMAP, CkCly,
calculated average mass for the Crp TE is 35,550 Da, and36%) afforded5 in moderate yield. Removal of the N-
the monoisoptopic mass is 35,527 Da. The determinedterminal Boc (HCI, 1,4-dioxane, 25C, 1 h) and coupling
molecular mass corresponds to Crp TE that is missing its of the crude amine hydrochloride salt with Boeyrosine
N-terminal methionine (calculated monoisotopic mass of methyl ether employing PyBOP as an activating agent
35,417 Da). The protein was further characterized by trypsin (DIPEA, DMF, 25°C, 1 h, 91%) afforded tridepsipeptide
digestion followed by HPLEMS analysis that confirmed 8. The Boc group was cleaved (HCI, 1,4-dioxane) followed
the loss of the N-terminal methionine (data not shown). by coupling to unit A (0) activated by PyBOP (DIPEA,

Removal of the His tag with thrombin yielded a construct DMF, 25 °C, 1 h, 46%) to afford the full-lengtiseco
with an activity equivalent to that of the His tag-containing cryptophycin NAC thioester substratd 4] after HPLC
Crp TE (data not shown). Therefore, all subsequent studiespurification. The full-length substrate$3 and 15 were
were conducted using the His-containing Crp TE. In addition, prepared analogously (see Scheme 1). Substratevas
the protein could be lyophilized and reconstituted in reaction prepared from tridepsipeptide intermedidtédy coupling
buffer to give approximately the same activity as nonlyo- with des-phenyl unit A analogukl (PyBOP, DIPEA, DMF,
philized Crp TE. 1 h, 43%).

Primary sequence alignment of the Crp TE with the  Cyclization of Unit A Deriatives.Previous studies of the
corresponding TE catalytic domains from the surfac®it)( tyrocidine TE have reported sensitivity of the enzyme to
gramicidin @9, 50), and tyrocidine %1) gene clusters  modification of substrate substituents in the proximity of the
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Ficure 3: (a) Catalytic scheme for cyclization and hydrolysis reactionsejtHPLC traces of cryptophycin thioesterase (TE)-catalyzed
cyclization and hydrolysis of2—15, respectively. HPLC traces of reactions without Crp TE (red traces) and the products of cryptophycin
thioesterase-catalyzed reactions (blue traces).

site of ring closureZ?). Thus, we first attempted to test the
flexibility of the Crp TE to cyclize substrates containing
modifications to unit A of cryptophycin. Substrai® was
designed to be identical to substrat8, except for the cyclization of substratel3). Calculation of theKy for
absence of a terminal phenyl group. Upon incubatio®f  substratel2 was precluded by the limited solubility of the
with Crp TE, two new products were detected and analyzed substrate. Thé./Km value for hydrolysis of substrate2

by ESI-TOF mass spectrometry and found to correspond towas determined to be 0.2960.003 mM™ s7%. ThekealKn

17 and 21 with a cyclization:hydrolysis ratio of 5:1 as value for cyclization was deduced on the basis of klé
calculated for small-scale reactions (Figure 4). ®aefor Kwm for hydrolysis and the cyclization:hydrolysis ratio to be
cyclization of 13 in the presence of Crp TE was 1 3 0.0348 mMt s,

uM, which was well below the maximal substrate concentra-  Cyclization of Unit C Dermatives. The variation of
tion that was used (7GM), while the k., for the reaction methylation at the C-6 positions of arenastatin and crypto-
was determined to be 0.0150.001 s?, resulting in akea/ phycin (Figure 1) prompted us to test the ability of the Crp
Ku value of 1.09 mM?! st (Table 1). The cyclization:  TE to cyclize NAC thioester substates containing no methyl

hydrolysis ratio for the Crp TE-catalyzed cyclization of
substratel 2 was determined to be 1:8.3 fa6 and20 (more
than 40 times less efficient than for Crp TE-catalyzed



Chemoenzymatic Synthesis of Cryptophycins/Arenastatins Biochemistry, Vol. 44, No. 41, 2009.3463

tions), and resembles substratd with regard to C-6
methylation. Upon incubation with Crp TE, substratewas
cyclized to producé8and hydrolyzed to provid22 (Figure
3). The limited solubility of14 precluded measurement of
keat andKy values for the cyclization reaction with Crp TE.
N\/\ \ﬂ/\/ NHz Therefore, thé../{Ku was measured on the basis of the slope
of the linear region of the rate versu$4] plot as 0.41+
0.01 mM s The cyclization:hydrolysis ratio for the
reaction was determined to be 10:1 for small-scale reactions.
A. no glycerol (25, SNAC) Because the cyclization reaction was assessed well below
B. 5% glycerol (25:26 =1:1.9, SNAC) the Ky in the linear region of the rate versus4] plot, the
keafKm for hydrolysis was calculated on the basis of the
cyclization:hydrolysis ratio to be 0.041 mMs ™1,
Incorporation of a second methyl into the C-6 position of
14 yielded substratel5, which contains a gem-dimethyl,
analogous to cryptophycin-58%). HPLC analysis followed

H by ESI-TOF mass spectrometry revealed two new peaks upon
j;l/ m/\/ NHp + \.]/N\/\SH incubation of15 with Crp TE corresponding t&9 and 23
o]
25 R =OH

OMe

(Figure 3). The cyclization:hydrolysis ratio was 6:1 for
substratel5. Once again, the limited solubility of substrate

5% B = ghwcornt SNAC 15 precluded measurement of individua; andKy, values.
The k.o Ky value for the cyclization ol5was 0.15+ 0.01
Hydrolysis at pH 7 mM~* s7* and for hydrolysis 0.025 mw s,
357 To test the ability of these substrates to be cyclized by an
s alternate TE, substrate$3—15 were incubated in the
E i presence of surfactin TE. The exclusive products of these
2 f: reactions were the hydrolyzed forms of each thioester which
g i} yield the correspondingeceacids21—23, respectively.
B i To verify the structures of the products from each
: o —_— cyclization reaction, large-scale reactions were conducted and

the cyclized products were isolated and characterizetHby
NMR (Supporting Information, Figure S4).
Hydrolysis of NAC-Depsipeptide (Units®). Both the

[24] (mM)
Hydrolysis at pH 8

40 linear and cyclized forms of the cryptophycins are fairly
_‘g i insoluble in water, and therefore, kinetic characterization of
5 hydrolytic rate constants of the Crp TE was conducted using
2 o a substrate modeled after the depsipeptide fragment corre-
2 . sponding to the B-D units of cryptophycin-24 (Figure 4).

s Characterization of the Crp TE-catalyzed hydrolysis of

C. s < e e substrate24 was monitored by HPLC. The product of the
[24] (mM) reaction was determined using E&ass spectrometry to
Hydrolysis at pH 8.75 be 25 (ES" = 380.6, calculated mass 380.2).
i Initially, the Crp TE was stored in buffer containing 5%
i § glycerol. However, analysis by HPL-&@MS of hydrolysis of

i substrate24 with Crp TE in this buffer revealed that the
glycerol adduct26 was the major product of the reaction
(ES' = 454.4, calculated mass 454.2). Subsequent analysis

Rate (uM/min)

. of the Crp TE-catalyzed hydrolysis of substr& in the
d. — absence of glycerol yielde2b exclusively. The generation
SR s R of a glycerol adduct has been observed previously with

i . . thioesterase2(), which is an important consideration when
Ficure 4: (a) Cryptophycin TE-catalyzed conversion of substrate - N ; L .
2410 product5, 26, and SNAC in 0.1 M NabPO; buffer (pH 8) determining kinetics using buffers containing this solvent

containing 4% DMSO. (bd) Rate vs 24] for the cryptophycin (especially when using indirect methods).
thioesterase-catalyzed hydrolysis of substedtés, 2.5, 1.25, 0.625, The hydrolytic activity of Crp TE was determined for

and 0.312 mM) at pH 7, 8, and 8.75, respectively. Reactions were sypstrate24 using steady-state kinetic analysis utilizing
conducteg in trlplrllcate and standard errors are indicated by error up| ¢ analytical methods (Figure 4). Table 2 summarizes
bars on the graphs the catalytic rate constants for hydrolysis of substPatevith
group (L3), an R-methyl group14), and a gem-dimethyl Crp TE at pH 7, 8, and 8.75.

group (15), at the C-6 position. Cryptophycin-1 is the major These studies demonstrate that the Crp TE is efficiently
natural product isolated frofdostocsp. ATCC 53789, from expressed and robust in its stability and cyclization activity
which the cryptophycin biosynthetic cluster has been cloned for secoNAC-cryptophycins andseceNAC-arenastatins.
(N. A. Magarvey and D. H. Sherman, unpublished observa- Initial specificity studies show that Crp TE is sensitive to
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Table 1: Steady-State Kinetic Parameters for Crp TE-Catalyzed Cyclization and Hydrolysis
cyclization: keat=SD (S Km £ SD M)  Kear= SD (1) K £ SD M) kealKn (MM~ 57 keaf Ky (MM~ 570

substrate R R, Rs; hydrolysis for cyclization for cyclization for hydrolysis  for hydrolysis  for cyclization for hydrolysis
12 H H H 1:83 - >75 - >75 0.0348 0.296+ 0.003
13 Ph H H 5:1 0.015+ 0.001 14+ 3 0.0045+ 0.0008 25+ 11 1.09+ 0.31 0.2+ 0.1
14 Ph Me H 10:1 - >75 - >75 0.41+0.01 0.04%
15 Ph Me Me 6:1 - >37.5 - >37.5 0.15+ 0.01 0.025

2 The calculation of this value was based on the experimentally determined cyclization:hydrolysis ratio and value of the experimentally determined
cyclization or hydrolysis for each molecule.

Table 2: Steady-State Kinetic Parameters for Cryptophycin loading, this may indicate that the substrate with the lower
TE-Catalyzed Hydrolysis of Molecul24 Kwm and higher efficiency is the natural substrate. However,
the significance of the loweKy for substratel3 in the

H a (st Ku (uM oKy (MM~1st . . - .
7p Ok; li0)07 520(/; 7L il ME)64 ) context of the natural biosynthetic system is not readily
8 6.2 o1 620+ 30 097 apparent because instead of diffusive loading, the substrate

8.75 0.39+ 0.02 310+ 50 1.26 is channeled from one enzyme to the next without breaking
a covalent tether to the biosynthetic enzymes. Perhaps a better
indicator of the natural substrate for NRPS and PKS systems
is the ratio of cyclized to hydrolyzed product. In that case,
moleculel4 as a substrate for Crp TE gave a cyclization:
hydrolysis ratio of 10:1, while the ratio fdt3 was 5:1.
Further modification of the unit C, C-6 methylene was
DISCUSSION performed to examine the utility of Crp TE for cyclization
of substrates containing a C-6 gem-dimethyl, a functional
TEs catalyze the release of natural product intermediatesgroup found in the clinical drug candidate cryptophycin-52
from many polyketide synthase, fatty acid synthase, and (52). The ability of the Crp TE to cyclize molecules with
nonribosomal peptide synthetase biosynthetic systéms ( a cyclization:hydrolysis ratio of 6:1 suggests that this route
16). In the case of the cryptophycin mixed PKS/NRPS to cyclization is indeed viable despite the presence of two
biosynthetic cluster, the TE domain also catalyzes the bulky methyl groups.
cyclization to the cryptophycins. The purpose of this study  The limited solubility of the full-length cryptophycins
was to characterize the Crp TE domain frdwostocsp. made determination of tHe, andKy values for cyclization
ATCC 53789 through semisynthesis of a seriesseto of these molecules difficult. Therefore, the hydrolytic activity
cryptophycin chain elongation intermediates. This paper of the cryptophycin thioesterase was explored with a NAC
describes the subcloning, expression, purification, chemical thioester depsipeptide modeled after the B units of the
synthesis of full-length chain elongation intermediates, cryptophycins 24). The most efficient activity K.ofKy =
cyclization, and hydrolysis activity of the Crp TE. 1.26 mM s71) for hydrolysis of substrat24 was achieved
To address the specificity of the Crp TE for unit A at pH 8.75. However, over the pH range of 8.75, the
variants, derivatives afecocryptophycin-24 were designed, catalytic efficiency varied less than 2-fold. The increased
synthesized, and cyclized. MoleculEgand13differ in the specificity constant at pH 8.75 was due to a decreasg,in
absence and presence of a terminal phenyl group in unit A, from pH 8 to 8.75, and a decreaseKp from pH 8 to 8.75.
respectively. Crp TE catalyzed the cyclization of molecule Interestingly, thek., of hydrolysis was far greater for these
13with a partition ratio of 5:1 (cyclized:hydrolyzed), whereas substrates than the, for cyclization of moleculed4—16.
the partition ratio for cyclization of molecul&2 was 1:8.3 However, theKy, value for the depsipeptide was much greater
(cyclized:hydrolyzed). The greater than 40-fold difference than that for the proposed natural substrEeresulting in
indicates that the phenyl ring of the cryptophycins is essential a similar kea/Kw.
for efficient cyclization. Thek../Ky for hydrolysis of13was To evaluate the efficiency of the Crp TE relative to other
much lower than théc,/Ky for hydrolysis of12. The rate lactone- and lactam-forming TEs, we compared the reported
of hydolysis for compound2 was approximately the same values for cyclization of the macrolactone-forming epothilone
as the rate of cyclization for compourd@®. In addition, the (24) and surfactin§3) terminal transferases and the lactam-
rate of hydrolysis of compound3 was much lower than  forming tyrocidine 1) and gramicidin21) TEs. Compared
the rate of hydrolysis for compount®. It is possible that  to the macrolactone-forming TEs, the Crp TE w0 times
the phenyl group ofl3 acts to exclude water that could more efficient at cyclization. The excised macrolactam-
potentially compete with the C-16 hydroxyl group as a forming TEs are significantly more efficient at cyclization
nucleophile. mainly because of their relatively loWy values for their
Arenastatin and cryptophycin-1 are presumably produced substrates A1). The two lactam-forming domains were
by very similar metabolic systems. To explore a potential greater than 30-fold more efficient at cyclization than the
divergence in the TE specificity for C-6 methylation within Crp TE. As noted previously, the meaning f;’s, and
unit C, we tested the cyclization gf-alanine structural  therefore thée./Kw's, for the excised domains is unclear in
variants. Interestingly, th&y for the methylated substrate the context of the natural systems because the substrate is
14 was at least 5 times greater than that of fhalanine always covalently attached to an upstream domain prior to
substratel 3, resulting in an overall increased efficiency of covalent attachment to the thioesterase in the biosynthetic
cyclization for 13. In enzyme systems that use diffusive systems.

deletion of the phenyl ring of unit A, but tolerant to methyl
group variations in unit C. Furthermore, we have developed
a unique and efficient method for the chemoenzymatic
synthesis of cryptophycins/arenastatins.
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Significantly, use of the Crp TE for the chemoenzymatic
synthesis of cryptophycin/arenastatin natural products high-
lights a new route to depsipeptide cyclization and, hence,
the synthesis of this important class of antitumor agents.
These studies will aid in future work that is conducted on
the efficient assembly of cryptophycins for development of
anticancer drugs and will likely provide access to new
structures by combining the tools of synthetic chemistry and
natural product metabolic enzymes.
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