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ABSTRACT: The fungal metabolite gliotoxin has a redox-active disulfide bridge spanning carbons 3 and 6
of a diketopiperazine (DKP) scaffold. The proposed DKP synthetase, GliP,Agpargillus fumigatus
Af293, is a three module (AT1-C;-Ax-T2-Cp-T3) 236 kDa protein that can be overproduced in soluble
form in Escherichia coliOnce primed on its three thiolation domains with phosphopantetheine prosthetic
groups, GliP activates and tether®?he on T andL-Ser on b, before generating the-Phet-SerS T,
dipeptidyl enzyme intermediate. Release of the dipeptide as the cyclic DKP happens slowly both in wild-
type GIliP and in enzyme forms where, @nd Tz have been mutationally inactivated. The lack of a
thioesterase domain in GliP may account both for the slow release and for the directed fate of intramolecular
cyclization to create the DKP scaffold for subsequent elaboration to gliotoxin.

The substituted 2,5-diketopiperazine (DKRjliotoxin intermediate, labeled Phe-Ser DKP has been efficiently
(Figure 1A) is the prototypic secondary metabolite in a family incorporated into gliotoxin produced Byichodermaviride
of fungal toxins known as epipolythiodioxopiperazines (12, 13), and protoplasts d&liocladiumeirenscan synthesize
(ETPs), which are characterized by an internal disulfide the dipeptide phenylalanylserine and the DKP cyclo-phenyl-

bridge (). Gliotoxin, which is produced by variouas- alanylseryl (4). Contrarily, the mycelium oPenicillium
pergillus Gliocladium Trichoderma Candidg and Peni- terlikowskii poorly incorporates cyclo-phenylalanylseryl de-
cillium species 1, 2), has antiviral 8—5), antibacterial 2), spite efficient uptake of the DKP1B). Furthermore, the

and immunosuppressivé-8) activity and causes apoptotic  protoplasts ofG. virens which make the DKP do not
and necrotic cell death in vitr®). These biological effects,  biosynthesize gliotoxinl4), and an “intermediate trapping”
as with all ETPs, are attributed to the bridged disulfide which experiment iriT. viride showed that the cyclo-dipeptide may
mediates toxicity either by direct conjugation to proteins with only be present in the organism in miniscule amounts under
susceptible thiol residues or by generating reactive oxygennormal growth conditionsl3). No other intermediates have
species during redox cyclind.(2). been isolated on route to formation of gliotoxin.

Rather little is known about the biosynthesis of gliotoxin ~ DKPs are in themselves intriguing bioactive molecules.
and other ETPs. Feeding experiments have demonstrated theBeveral DKPs, cycl&{Ala-L-Val), cyclo(-Pro+-Tyr), and
the core DKP is biosynthesized from phenylalanib@) @nd cyclo(L-Phet-Pro), isolated from cell-free supernatants of
serine (1); however, there has been some debate as tovarious Gram-negative bacteria, includirignterobacter
whether cyclo4(-phenylalanyl:-seryl) is an intermediate on  agglomeransCitrobacter freundij and various®seudomonas
the pathway to formation of gliotoxin. In support of such an species, have been implicated in quorum sensing. All three

of these DKPs are capable of activating a recombinant LuxR-

TWe gratefully acknowledge NIH Grant GM 20011 (to C.T.W.) and basefd N'acyl_homoserme laCtone_ (AHL) biosensor is-
a Department of Defense National Defense Science and EngineeringCherichia colias well as antagonizing the effect of the natural
Gr’:\t_iruate Egkwigiﬁe(;o ;-gé?]gé chould be addressed.  E-mail AHL activator, 3-0x0-C6-HSL. Additionally, cycla(Ala-
christgphvt\a/r_walsh@hmps.harvard.edu. Phone: (617) 432-1715. Fak:L-VaI) anc.l CyCIO(_PrO"T-Tyr) are capable .Of |_nh|b|t|n_g the
(617) 738-0438. AHL-mediated swarming motility oSerratia liquefaciens

1 Abbreviations: DKP, diketopiperazine; ETP, epipolythiodioxopip- and cyclo(-Pro+1-Tyr) is capable of activating another AHL
erazine; AHL N-acylhomoserine lactone; NRPS, nonribosomal peptide piosensor inAgrobacterium tumefaciend 6). Vibrio spp.

synthetase; A, adenylation; T, thiolation; C, condensation; PCR, _ ; ;
polymerase chain reaction; SOE, splicing by overlap extension; IPTG, also produce cyclo(Phe-Pro), which affects the expression

isopropyl B-p-1-thiogalactopyranoside; PPpyrophosphate; PheA,  Of the Tox-R-dependent genes ompU, ctxA, and ctxB, the
adenylation domain construct of the PheATE module from gramicidin latter two encoding subunits of cholera toxin which is

S synthetase; AMP, adenosinerbonophosphate; TE, thioesterase; jnyolved in virulence oWibrio cholera(17). DKPs can also

HPLC, high-performance liquid chromatography; HOBt, hydroxyben- -
zotriazole; HBTU, 2-(H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium actas antlfungal compounds. Cydﬂhet'PrO) and Cydo'

hexafluorophosphate; Fmoc, 9-fluorenylmethyl carbamate; LCMS, (L-Phetrans-4-OH-L-Pro) isolated fromLactobacillus plan-
liquid chromatography mass spectrometry; SIPAGE, sodium dode-  tarum have been shown to be active agaif&tsarium

cyl sulfate-polyacrylamide gel electrophoresis; DTT, dithiothreitol; i~hini ; ;
BSA, bovine serum albumin; TCA, trichloroacetic acid; CoA, coenzyme sporotrichioidesAspergillus fumigatusandKluyveromyces

A; DMF, N,N-dimethylformamide; DIEAN N-diisopropylethylamine; ~ Marxianus (18). Finally, DKPs have been shown to be
TFA, trifluoroacetic acid; TIS, triisopropylsilane. bactericidal as two marine bacterial strains associated with
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GliP D204A
GliP S2095A

Ficure 1: Gliotoxin structure and NRPS organization. (A) Structure of gliotoxin with the DKP core in bold. (B) Organization of the
gliotoxin NRPS, GliP. (C) 10% SDSPAGE gel of GliP wild-type protein and two representative GliP mutant proteins. The ladder is
Bio-Rad prestained SBSPAGE standards, high range.

cultures ofPecten maximugroduce a series of fiven-DKPs were performed as describe84]. Competent Top10 and

that are active againdfibrio anguillarum (19). BL21(DE3) E. coli strains were from Invitrogen. Oligo-
Recently, the biosynthetic gene clusters of gliotoxin and nucleotide primers were from Integrated DNA Technologies.

a related ETP, sirodesmin, have been identifi2d, @1). Restriction enzymes and T4 DNA ligase were from New

Common to both clusters is a nonribosomal peptide syn- England Biolabs. Herculase DNA polymerase was from
thetase (NRPS) with the architecture A-T-C-A-T-C-T, which Stratagene. Plasmid pET24b was from Novagen. DNA
is proposed to be responsible for forming the phenylala- sequencing to verify PCR fidelity was performed on double-
nylseryl DKP. It has recently been determined that disruption stranded DNA by the Molecular Biology Core Facilities of
of this NRPS irA. fumigatuseliminates gliotoxin production  the Dana Farber Cancer Institute (Boston, MA). Plasmid
(22). DNA preparation was performed using the Qiaprep kit from
NRPSs are multifunctional enzymes responsible for syn- Qiagen. Gel extraction of DNA fragments as well as
thesizing a myriad of biologically active natural products restriction endonuclease cleanup was done using the GFX
(23-26). They are comprised of an assembly line of modules kit from GE Healthcare. Ni-NTA Superflow resin was from
that utilize a thiotemplated2) mechanism for the incor-  Qiagen. FPLC purification of proteins was performed using
poration of monomers into an elongating peptldyl chain. Each a HiLoad 26/60 Superdex 200 prep grade column run on a
module contains semiautonomous domains with either p.920 pump equipped with a UPC-900 detector and a Frac-
catalytic or carrier functions2g). Each adenylation (A) 950 fraction collector (GE Healthcare) with a running buffer
domain is responsible for substrate recognition and activationof 20 mMm Tris, pH 8.0, 50 mM NaCl, 2 mM MgGland 1
as an aminoacy®-AMP (29) with subsequent covalent mM DTT. SDS-PAGE gels were from Bio-Rad. Protein
|0ad|ng onto a COgnatQ th|0|at|0n (T) domain'as an amino'acyl Samp|es were Concentrated using a 10K MWCO Amicon
thioester 80, 31). After initiation, a condensation (C) domain  yjtra device from Millipore, and final protein concentrations

catalyzes peptide bond formation between two adjacentyyere calculated using the protein’s absorbance at 280 nm
modules with nucleophilic attack of the downstream-loaded 5nd the predicted molar extinction coefficient.

monomer on an upstream peptidyl thioest&2, (33).

The gliotoxin NRPS, GIiP, has an unanticipated domain
architecture because it possesses an additional terminal C-
module (Figure 1B) that would not be expected to be
necessary for formation of a dipeptide but could be involved
for the subsequent transformation into a DKP. Furthermore,
as noted in the examples above, it is rare for an NRPS to

catalyze formation of a diketopiperazine that does not contain 10ADVP liquid chromatography pump modules, a SPD-
proline. 10AVVP UV-—vis detector, a SIL-10ADVP autosampler

In this study we reconstitute the activity of the entire Glip  M°dule, and a Vydac C18 Mass Spec columpig 2.1 x

NRPS in vitro and assay for the production of a phenylala- 2°0 M)
nylseryl DKP intermediate. Due to the slow rate of DKP ~ Radiolabeled-[**C]Ser (110 mCi/mmol) and-[**C]Phe
formation, we postulate that subsequent chemical transfor-(391 mCi/mmol) were from Sigma. Purifi@acillus subtilis
mations on route to gliotoxin, such as sulfur insertion, may phosphopantetheinyl transferase Sfp was obtained as previ-
occur while the linear dipeptide is still covalently bound to ously described3d5). Radio-HPLC was performed using a
the NRPS, and release of the scaffold could occur from the Beckman Coulter System Gold instrument equipped with a
terminal T domain of GliP at some later step. p-Ram module 3 radioisotope detector (IN/US Systems).
Phenylalanylseryl DKP was purchased from Sigma. Phe-
EXPERIMENTAL PROCEDURES Ser and Ser-Phe dipeptides were obtained from Bachem. All
Materials and General MethodsStandard recombinant  other chemicals and HPLC solvents were purchased from
DNA, molecular cloning, and microbiological procedures Sigma-Aldrich and were used without further purification.

HOBt, HBTU, Fmoc-protected amino acids, and amino
.lacid loaded resins were from NovaBiochem. Preparative
HPLC was performed on a Beckman Coulter System Gold
instrument with a Vydac Proteins and Peptides C18 column
(20 um, 22 x 250 mm). LCMS identification was carried
out on a Shimadzu LCMS-QP80@@quipped with two LC-
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Table 1: Primers Used To Generate GIliP Mutants

GliP mutant fragment primer direction primer sequénce
D204A a B-forward B8-ACGCTCTGCCAATGCCATCAGTAGTAGCGCTCGAC-3
3-reverse 5GAATGGAAAACAGCATGCCCGTAGAGGACGCAAAGGATAC-3'
b 5-forward B-GTACTGCATATCCTGTCGGTATCCTTGCGGCCTCTACG-3
3-reverse 5GGAATCCGCGGTTCTTGACGGTGCGATCAC-3
S555A a 5forward B-GTAACGACGGCCAGCGCGTGGTGGAATTCC-3
3-reverse 5GGGAGGTGAATCGAAGAGCAGCAARGCGTTTCCGCCC-3
b 5-forward B-CAATTTCTTCGCCATGGGCGGAAAGCGCCTTGCTGCTC-3
3'-reverse 5CATTCGGTACATTGACATGTTGGATATCAG-3
H757A a B-forward B8-GTAACGACGGCCAGCGCGTGGTGGAATTCC-3
3-reverse 5CCCAGGGAGTAACCATCGATCAGGCTGOGTGGGCCGTC-3
b 5-forward 8-GAAGTGACTGTCGTCTGGACGGCCCAGCGAGCCTGATC-3
3-reverse 5CATTCGGTACATTGACATGTTGGATATCAG-3
D1254A a B-forward B8-GGCCGACAAAAGCACCGCTTGCCGTCGACC-3
3-reverse 5CGCAGAGAAAATCTCGTTGGCACAGTACGCGAACGCAGG-3
b 5-forward B-GTATAGCTCAGTTCATGTCGCCTGCGTTGCGTACTGTGCC-3
3-reverse 5CTCTTGGTACATCTTCTGCTCGACCGCCGC*3
S1582A a 5forward B-CGGCAGGTCAAAATCCGTGGCTTCCGCGTC'3
3-reverse 5GAGCCGCCAACATCATCTGGAGAACGCATGGCCGCCC-3
b 5-forward B8-GATGACTTCCGTGCTCTGGGCGGCCAFCGGTTCTCCAG-3
3-reverse 5CGTGTGGAACTCGAGAGAACCTGACGGTAAAGACG-3
H1754A a B-forward B8-CGGCAGGTCAAAATCCGTGGCTTCCGCGTC:3
3-reverse 5GCACGCTGTTGAGATCGGCGACGGCCGGCTGGTAACC-3
b 5-forward 8-GTCGCACCCTCCTTGTGGTTACCAGGCGGCCGTCGCCG-3
3-reverse 5CGTGTGGAACTCGAGAGAACCTGACGGTAAAGACG-3
T1778P a 5forward B8-CGGCAGGTCAAAATCCGTGGCTTCCGCGTC:3
3-reverse 5GGGATAGTGCCATCGGTCCGGTGTTGGGGCGTCCTTCC-3
b 5-forward 8-GTCTCCGGCGTGTACGCGGGAAGGACGCGCCAACACCG-3
3-reverse 5CGTGTGGAACTCGAGAGAACCTGACGGTAAAGACG-3
S2095A a 5forward B-CGGCAGGTCAAAATCCGTGGCTTCCGCGTC3
3-reverse 5GACGGCTCAACCGCCAGGCCTGGATGOGTCGCCGCCG-3
b 5-forward B-GTCTCCTTCTTCGAGGCCGGCGGCGABCGATCCAGGCC-3
3-reverse 5CGTGTGGAACTCGAGAGAACCTGACGGTAAAGACG-3

a[talic, modified sequences; underlined, restriction site.

Cloning of GliP and Mutants, @erproduction, and
Purification of GliP ProteinsThe wild-type GIiP construct
was obtained from PCR amplification Af fumigatusAf293
cDNA, which was a gift from Robert A. Cramer, Jr.,
Durham, NC 22). Due to PCR difficulties and the need to
remove an internakKhd site from the GIiP sequence, the

All GliP mutants were derived using pGIiP as template
and SOE with the primers listed in Table 1. After PCR
purification the a and b fragments for each mutant were
mixed together and further amplified using thef@ward
first primer from the a fragment and thé&verse second
primer from the b fragment. The final PCR product GliP-

construct was amplified from this template in three pieces (D204A) was digested witiNdd/Notl, GIiP(S555A) and
and then ligated together. The following oligonucleotide GIliP(H757A) were digested withNotl/Hindlll, GIiP-
primers were used (italic, modified sequences; underlined, (D1245A) was digested wittHindlll/Sad, and GliP-

restriction site): GliP(a),'SACGCTCTGCCAATGCCAT-
CAGTAGTAGCGCTCGAC-3 and 3-CGCTGGGGAGC-
CCCCTQCAGATACTTCGACCAGAAC-3; GliP(b), B-
GCTCACGGGGCCGACAAAAGCACCGCTTGC3and
5-CGGGATGTCCAGACGCTGGGGAGCCCCCTIAG-
ATACTTC-3'; GliP(c), 3-GGAACGGAAGTTCTGGTC-
GAAGTATCTGGAGGGGGC-3and 3-CGTGTGGAACTC-
GAGAAGAACCTGACGGTAAAGACG-3. To incorporate

(S1582A), GliP(H1754A), GliP(T1778P), and GliP(S2095A)
were digested wittad/Xhd and ligated into a similarly
digested pGIiP plasmid.

The described expression plasmids were transformed into
E. coli BL21(DE3) competent cells. All constructs were
grown at 15°C in Luria—Bertani media supplemented with
5 mM MgCl, and 40ug/mL kanamycin to an O, of 0.8
when the culture was induced with 128 IPTG and then

the C5424G mutation, the splicing by overlap extension grown for an additional 24 h. The cells were harvested by

method 86) was used with the GliP(b) and GliP(c) frag-

centrifugation at 400§ for 16 min and stored as pellets at

ments. After PCR purification, the two fragments were mixed —80 °C until further use. Cell pellets fro 6 L of culture
together and further amplified using the forward first primer were thawed and resuspended in 30 mL of buffer (25 mM

from GliP(b) and the reverse second primer from GliP(c),

yielding a GliP(bc) product. GliP(a) was digested wittd/
Hindlll and ligated into a similarly digested pET24b vector.
GliP(bc) was digested withlindlll/Xhd and ligated into a

Tris, pH 8.0, 500 mM NacCl) and then lysed with two passes
on an Emulsiflex-C5 cell disruptor (Avestin). The lysate was
cleared by ultracentrifugation at 95apfor 35 min and then
transferred to 1 mL of Ni-NTA resin for incubation at@

similarly digested pET24b vector. After sequencing, a correct for 1.5 h. The resin was then transferred to a column, and

GliP(bc) clone was digested again wikhindlll/Xhd and

the protein was eluted with an imidazole gradient using steps

ligated into a similarly digested pGliP(a) pET24b vector to of 25 mL of 0 and 5 mM imidazole, 25 mL of 25 mM

give a full pGliP plasmid yielding a C-terminal Hisagged
construct.

imidazole, 10 mL of 200 mM imidazole, and 5 mL of 500
mM imidazole mixed into lysis buffer. After an SDFAGE
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gel was run to verify which fractions contained the protein,

Balibar and Walsh
by incubation with 75 mM Tris, pH 7.5, 5 mM Mgg1300

the 25, 200, and 500 mM imidazole fractions were concen- uM CoASH, and 3uM Sfp at room temperature for 1 h.

trated to 1.5 mL and subjected to gel filtration purification.
After the fractions containing the protein of interest were

Amino acid loading and condensation were then assayed by
initiation with 37.5 mM Tris, pH 7.5, 5 mM ATP, and 400

confirmed using SDSPAGE, the resulting fractions were M of each amino acid included (bot#C radiolabeled and
concentrated, supplemented with 10% glycerol, flash frozen unlabeled). After 1.5 h, reactions were quenched in 480

in liquid nitrogen, and stored at80 °C.

ATP—PP, Exchange Assay for GliP A Domain Substrate
Specificity.Reactions (10@:L) contained 75 mM Tris, pH
7.5, 10 mM MgC}, 5 mM DTT, 5 mM ATP, 1 mM sodium
[®2P]pyrophosphate (0.18Ci), 100 ug/mL BSA with 0.1

of 10% TCA, pelleted by centrifugation, and washed with 3
x 100 uL of 10% TCA. Cleavage of the T domain bound
products was performed by resuspending in 00of 0.1

M LiOH and heating at 60C for 15 min. The reaction was
then quenched by acidifying with 26 of 50% TCA and

uM enzyme, and substrate amino acid concentrations rangingcentrifuged to pellet the protein. The supernatant containing

from 0.05 to 17 mM. Reactions were incubated at room

the released products was analyzed by HPLC on a Vydac

temperature for 12 min and were quenched by addition of 250 x 4.6 mm C18 small pore column, using a D38%

500 uL of 1.6% (w/v) activated charcoal, 200 mM tetra-

sodium pyrophosphate, and 3.5% perchloric acid in water.

acetonitrile gradient over 18 min, then holding for an
additional 10 min, starting in 0.1% TFA in J@, and

The charcoal was pelleted by centrifugation and washed monitoring*‘C radioactive counts and absorbance at 260 nm.

twice with 500uL of 200 mM tetrasodium pyrophosphate
and 3.5% perchloric acid in water. The radioactivity bound
to the charcoal was then measured by liquid scintillation

Analysis of DKP Released from GliBach GIliP enzyme
(20 uM) included in the 20uL reaction was primed by
incubation with 75 mM Tris, pH 7.5, 5 mM Mggl300uM

counting. Note that enzyme concentrations and reaction timescoASH, and 3uM Sfp at room temperature for 1 h. The

were chosen such that ATPR exchange remained under
10% of equilibrium levels.

Analysis of Phosphopantetheinylation of Apo T Domain
Constructs.Reactions (2Q:L) to determine whether the T

domains were functional for phosphopantetheinylation con-

tained 75 mM Tris, pH 7.5, 5 mM Mggl 100 uM [*C]-
acetyl-CoASH, and 1&M GIliP and were initiated with 3
uM Sfp. At various time points ranging from 1 minto 5 h,
reactions were quenched into 80 of 10% TCA. Samples
were centrifuged and washed withx2200uL of 10% TCA,
and the protein pellet containing covalently bound radio-
labeled CoA was resolubilized in 20Q. of formic acid and
quantified by liquid scintillation counting. Acetyl-CoASH

reaction was then initiated with 37.5 mM Tris, pH 7.5, 5
mM ATP, 400 uM unlabeledL-Phe and 400uM C
radiolabeledL-Ser. At desired time points, reactions were
guenched in 8@&L of 10% TCA and pelleted by centrifuga-
tion, and the supernatant containing the released DKP product
was analyzed by HPLC on a Vydac 2504.6 mm C18
small pore column, using a€8% acetonitrile gradient over

18 min, then holding for an additional 10 min, starting in
0.1% TFA in KO, and monitoring!“C radioactive counts.

RESULTS

Cloning and Expression of GliP Constructhe gliotoxin

was used instead of the natural COASH substrate becauséNRPS, GIiP, was amplified from cDNA derived from

of the ability to incorporate &*C radiolabel on the acetyl
group. This radiolabel enables the monitoring of any pan-

mycelial tissue ofA. fumigatusAf293. In order to facilitate
cloning into a C-terminal Histagged vector, an internzhd

tetheine prosthetic group that is covalently appended to thesite had to be removed from the GliP sequence. Therefore,

NRPS by Sfp.

Synthesis of Peptide StandardsSer+-Phet-Ser,L-Phe-
L-Serit-Phet-Ser,L-Phet-Phei-Ser, L-Phet-Phei-Phe-
L-Ser, and_-Pheb-Ser.H-Ser(OtBu)-2-CITrt resin op-Ser-
(OtBu)-Wang resin was swelled in DMF and then reacted
with 3 equiv of F-moc protected amino acid, 3 equiv of
HBTU, 1 equiv of HOBt, and 12 equiv of DIEA dissolved
in enough DMF to bring the 3 equiv of amino acid to be
coupled to 0.2 M while shaking at room temperature for 2.5
h. Afterward, the resin was washed withx33 mL of DMF
and 3x 3 mL of CH,ClI, followed by F-moc deprotection
with 2 x 3 mL of 20% piperidine for 20 min.

After the resin was washed with anotherx33 mL of
DMF and 3x 3 mL of CH,Cl,, the procedure was repeated

again if there was another amino acid to be coupled.

a silent C5424G mutation was introduced during the PCR
process. Sequencing of pGliP revealed that although the two
introns predicted by bioinformatic2Q) were present, the
first was 30 nucleotides too long. The corrected GIiP
sequence has been deposited in GenBank (accession number
DQ457015). All GIliP point mutants, D204A ¢} S555A
(T1), H757A (G), D1245A (A), S1582A (), H1754A (G),

and S2095A (), were derived from this pGliP construct
and generated using the splicing by overlap extension (SOE)
method 86). Expression irE. coli at 15°C with 0.1 mM
IPTG induction yielded 34 mg/L protein for all constructs.

All of the 236 kDa proteins were purified to homogeneity
using nickel-affinity chromatography and gel filtration in
tandem (Figure 1C).

Amino Acid Actiation and Loading.Due to the cyclic

Otherwise, the product was cleaved from the resin overnight nature of the DKP scaffold in gliotoxin, the specificities of

using 2 mL of 90/5/5 TFA/HO/TIS. The TFA was blown
off under a stream of nitrogen, and the product was
redissolved in HO and purified by preparative HPLC using
a gradient of 6-25% acetonitrile over 25 min starting in
0.1% TFA in HO. Product peaks were identified by LCMS
and lyophilized to dryness.

Analysis of Intermediates Tethered to GliPach GIiP
enzyme (1Q:M) included in the 12QiL reaction was primed

the two A domains of GIliP were unknown as cyclization
could arise from either a-Phet-Ser or aL-Seri-Phe
dipeptidylS T domain precursor. Absent prediction from
colinearity with the released peptidyl product, the specificities
of A domains in NRPS modules have traditionally been
deduced using an NRPS code in which the identity of eight
amino acids in the A domain between a conserved aspartate
and lysine confers substrate specificiBr). However, this
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Ficure 2: Analysis of GliP A domains. (A) Alignment of the two A domains of GIliP with amino acid residues predicted to confer specificity
for L-Phe and.-Ser according to the NRPS A domain code based on residue positions within PheA. (B) Activati®hmefand.-Ser by

the GIliP A domain mutants D204A (Aand D1245A (A). (C) Michaelis-Menten kinetic parameters for activationiePhe and.-Ser by
wild-type GIiP. Light gray representsPhe and dark gray representSer.

code appears to only be applicable to bacteria and has notaffinity for L-Ser, several other amino acids were tested for

been generalizable to fungal A domair&8), as noted in
Figure 2A.

In order to address the functionality and specificity of the
two GIliP A domains, an ATPPR exchange assay was

activation by A to determine whethar-Ser was the actual
precursor amino acid used in formation of the gliotoxin DKP
scaffold. However, no activation was seen with the amino
acidsp-Ser,L-Ala, Gly, orL-Cys (data not shown). The PP

performed to determine whether the A domains were capableATP exchange measures both the back and forward reaction,

of converting amino acid substrate into an aminoaayl-
AMP. To distinguish which A domain activatesPhe and
which activates -Ser, point mutants were constructed in A
(D204A) or A, (D1245A) to selectively knockout a given
A domain and test only the activity of the remaining one.

involving PR release and readdition to the aminoacyl-AMP
enzyme complex. It is possible that ;FBlease is limiting
in this assay.

Detection of Cealent Aminoacyl- and Dipeptidyl-S-
Enzyme IntermediatesGliP has three putative 10 kDa

The conserved aspartate side chain in question is known fromthiolation domains embedded in its 2136 residue sequence,

crystal structures?29) to charge pair with the positively
charged NH" of the amino acid substrate. As noted in Figure
2B, the D204A mutant was capable of activatin§er, but

with Sekss, Sefkiss,, and Sefyos as the proposed sites for
posttranslational priming with phosphopantetheine to convert
inactive apo T domains into active holo T domains. A

notL-Phe, and conversely, the D1245A mutant was capable dedicated phophopantetheinyl transferase for such posttrans-

of activatingL-Phe, but not-Ser. These results conclusively
establish that Aactivates -Phe and A activates -Ser and
make the strong prediction that.aPhe+-SerS-GliP is the
precursor to the cyclo-Phe+-Ser DKP of gliotoxin.

lational priming is not detectable in the GliP clust2f) so
the broad specificity. subtilisSfp enzyme §5) was utilized
to prime GIiP for subsequent studies. Using a ratio of 1/3
Sfp/GliP, close to maximal phosphopantetheinylation was

Once the substrate specificities were established for theachieved within 5 min (data not shown).

two A domains and it was determined that neither would
activate the other’s substrate, a full set of MichaeMgenten
parameters for the amino acid-dependent2HP exchange
by wild-type GIiP was performed. As seen in Figure 2C the
keat fOr A1 towardL-Phe was 111.2= 0.6 mirm! and theK,
was 51+ 2 uM. The kinetics of A toward its substrate-Ser
were far worse with d&../Kn, of 5.444+ 0.08 mM1 min~1,
which is approximately 4 10P-fold lower than the catalytic
specificity of A, towardL-Phe. Although the calculated,
was higher than the maximum 17 mM concentration-&er
tested, the estimatek., was 2404+ 20 min! and the
estimatedK,, was 40+ 4 mM. Given these results of low

With three T domains and only two A domains, it was
unknown whether GliP conformed to the rule of colinearity
followed by most NRPSs3Q). Following the formation of
Phe-AMP and Ser-AMP in the active sites of the two A
domains, the activated amino acid moieties should be
transferable to the HS-pantetheinyl arm of the immediate
downstream T domain. To address this question, an alanine
point mutant of the conserved phosphopantetheinylated serine
was made for each of the three T domains. After initial
experiments using either[**C]Phe on-[“C]Ser positively
demonstrated covalent loading of the radioactive aminoacyl
group on holo T forms of wild-type GIiP, mixtures of these
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M"\M\ GIiP T3
Jk GIiP Ty

amino acids, both radiolabeled and unlabeled, were used to
interrogate T domain function.

As can be seen in Figure 3A,B, when eithef**C]Phe
and unlabeled-Ser or.-[“C]Ser and unlabeled-Phe were
mixed with holo GIiP, the thioester linkages cleaved by base
treatment, and the products detected by HPLC analysis, the
L-Phet-Ser dipeptide was recovered. If the domain is
mutated) -Phe cannot be loaded, and no dipeptide is formed,;

>

~N o
QO

[o2]
o

IS
el

Relative Intensity

however,L-Ser is still able to be loaded. Conversely, when GliP T
T, is mutatedi-Ser cannot be loaded, the dipeptide again is 20

not formed, but.-Phe can still be loaded. Mutation o T 10 GliP WT
does not affect loading af[*“C]Phe,L-['C]Ser, or dipeptide 0 : ‘
formation. These results conclusively demonstrate that A 0 5 10 15 20 25
loads L-Phe onto T and A loads L-Ser onto F, with B« Time (min)

subsequent dipeptide condensation occurring, presumably by 80!

action of G. To verify this, an alanine point mutation was 70 '
created in the conserved catalytic His motif of & Hys; J\ ,\N\ GliP T3
(40). As predicted, in the absence of functional, G-Phe 801

andL-Ser can be loaded, but no dipeptide is formed (Figure 50 GIiP Ty

30). 401
Diketopiperazine Release and Roles gfddd T;. Two

" ; 30 ’\q GIiP T4
additional features of GIliP (AT1-C1-Ax-T,-C-T3) are of |

20
note. First, it has a third putative module »T;) that is A\,\‘

Relative Intensity

noncanonical in that it lacks an A domain of typical NRPS 9
elongation modules3@). Second, although the cyclic DKP 0
is the anticipated product to be released by GliP, there is no
discernible thioesterase (TE) domaiB9) at the carboxy
terminus of GliP. The great majority of NRPS assembly lines
end in a TE domain that catalyzes the disconnection of the
full-length acyl chain from its thioester linkage to the 60
pantetheinyl arm of the most downstream T domaif).( 50 J\ _

The question arises whether the dipeptidyPhet-Ser GliP C1 (Phe)
chain is moved from Jto T3 by C; action not as a peptide 401
synthetase but as an acyl (dipeptidyl) transferase and whether 30y k_k GliP WT (Ser*)
that leads to release by intramolecular cyclization as the DKP. 201
To study this question, the S2095A @nd the H1754A ¢ 10/ M\
GliP mutants were analyzed. As discussed above, after base 0 ‘ ‘ . ‘
hydrolysis of tethered products, the mutant releasasPhe- 0 5 10 15 20 25
L-Ser dipeptide present on,T.-Phe that has been reloaded 45 Time (min)
onto Ty, as well as two additional products (Figure 4A). Both 40
of these new peaks are visible when eitheSer orL-Phe is
radiolabeled, indicating that the products contain at least one %
of each of these amino acids. 30

The first of these peaks was positively identified as the 25 . Standards
L-Phe+-Ser DKP by both coelution with authentic standard 20
(Figure 4B) and mass spectral analysis: 235.104NH]* 15
calculated, 234.8 observed. Formation of radiolabeled DKP 10l
suggests that failure to transfer the chain tonay result in
stalling and a conformation of GIliP that results in intra- 5 Standards
molecular capture of the activatedSer carbonyl by the 0 ‘ ‘ ‘ ‘ !

. . ; 0 5 10 15 20 25

amino group of the-Phet-SerS T, during base hydrolysis. Time (min)
The inactive G mutant gives the same pattern as the inactive
T3 mutant (Figure 4A), consistent with the view that&hd Ficure 3: Analysis of GliP T domains. (A) Radio-HPLC traces
T are involved in the same process: they may normally depicting intermediates tethered to wild type and designated GliP

: . . T domain mutants wher[*“C]Phe and unlabeledSer are loaded
move the dipeptidyl moiety from 2fto Ts, and when that . onto GIiP. (B) Radio-HPLC traces depicting intermediates tethered

does not occur, DKP formation ensues under these experi-io wild type and designated GliP T domain mutants whé#C]-
mental conditions. Unfortunately, the second peak was not Ser and unlabeled-Phe are loaded onto GliP. (C) Radio-HPLC

yet able to be identified. Several possible compounds weretraces depicting intermediates tethered to wild type and &I

; ; ; ; ; ; mutant when.-[1C]Phe and unlabeled-Ser (Phe*) on-[*“C]Ser
sySntheS;)Zhed tg Chch):ﬁ forSIdent;;[%/ byscoell;’[rllon, SInC|Udlng and unlabeled-Phe (Ser*) are loaded onto GliP. (D) HPLC traces
L-S€r-Fhe,L-Sert-Fhet-oer,L-Fhet-Sert-Fhet-oer,L- showing designated standards with which GIiP intermediates
Phet-Phet-Ser,L-Phet-Phet-Phet-Ser, and.-Phep-Ser, coelute L-Phe and.-Ser were monitored b¥C radioactive counts,

none of which were positive matches (Figure 4C). Collection andc-Phet-Ser dipeptide was monitored at 260 nm.

GliP WT

0 5 1‘_0 _1‘5 2 25
%0. Time (min)

80
0 J \ GIiP Cq (Ser*)

Relative Intensity )

GliP WT (Phe*)

L-Phe-L-Ser

L-Ser L-Phe

Relative Intensity 3
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B 70 Time (min) FiIGURE 5: DKP formation. Time course showing soluble DKP
released from wild-type GIliP and,@nd T; mutants. Diamonds
60 represent wild-type GIliP, triangles represent the GliPn@itant,

and squares represent the Glipriutant.

(4]
o

DKP 0.0130+ 0.0006 min®. Furthermore, DKP formation is
equally leisurely in wild type and in thesind G mutants,

Relative Intensity
i
o

30 which indicates that the released DKP can be generated from
20 LLPhe the L.-Phet-SerST, intermediate.
10 ’\ DISCUSSION
0 : : L-Phe-L-Ser The 14 known members of the ETP fungal toxins all use
0 5 10 15 20 25 a cyclic diketopiperazine as a scaffold that bears a 3,6-
C 120 Time (min) disulfide or 3,6-polysulfide bridge. The di/polysulfide func-
tionality is the source of both higher eukaryotic and fungal
100 toxicity. ETPs such as gliotoxin proceed to form mixed
LPhe.L.Phe-L-Ser R disulfides with many thiol-containing proteins and thus show
%‘ 80 nonspecific toxicity. Further, the dithio forms of ETPs are
S L-Phe-L-Ser-L-Phe-L-Ser [\ subject to reoxidation to the disulfide forms and undergo
£ 60 iterative redox cycles, generating reactive oxygen species
g I\ L-Ser-L-Phe as another facet of damagg @). Although all ETPs share
T 40 this di- to polysulfide bridge as warhead, the DKP scaffold
& J\ L-Phe-D-Ser can vary between several combinations of Phe, Ser, Trp, Tyr,
20 J\\ Gly, Ala, Thr, and Val, presumably reflecting NRPS
0 L-Ser-L-Phe-L-Ser selectivity of amino acid monomerg)(
0 5 10 15 20 25 Almost all previously described DKPs resulting from
Time (min) NRPSs have required proline to be the second amino acid

FIGURE 4: Analysis of GliP G and T; mutants. (A) Radio-HPLC  residue. Expression of the first two modules of either
traces depicting intermediates tethered to,@@ T; GliP mutant  gramicidin S or tyrocidine synthetases leads to formation of

when L-[1*C]Phe and unlabeled-Ser (Phe*) orL-[**C]Ser and Lol .
unlabeledL-Phe (Ser*) are loaded onto GIiP. (B) HPLC traces phenylalanylprolyl DKP in vitro &3, 42). Considering the

showing designated standards with which GliP mutant intermediates More natural system of indole alkaloids fraxapergillusand
coeluteL-Phe was monitored bYC radioactive counts, andPhe- Penicilliumspp., fumitremorgin B, in which the gene cluster
L-Sef(gi)peﬁgﬁg atnd phen)rl]lala_nylseryl DKP (\;vererTohnitoreEj art]260 is known to encode an NRPS, and the related molecules
nm. ¢ races showing compounds which could have ynrostatins, cyclotryprostatins, spirotryprostatins, fumi-
ﬁgp;'fﬁgrmg:gg rgtn gg'énﬁm ,ﬂ%?ksﬁgmdisn%ﬁg%hﬁ_sé,"’;]neqards tremorgins, \_/erruculogen,.brevianamides, paraherquamides,
L-Ser compound which eluted at 29 min in the given conditions. @nd austamides all contain a DKP formed frerirp and
L-Pro @3). Similarly, the ergot alkaloid ergotamine from
of the peak for identification by mass spectrometry was also Claviceps purpurea for which the gene cluster encodes
unsuccessful. At most, it is known that the unknown product several NRPSs, contains a phenylalanylprolyl DKP precursor
contains Phe and Ser, and probably does not contain more44, 45). Due to the presence of proline in all of these NRPS-
than one Phe, since all compounds with more than one Phederived products and the lack of thioesterase domains which
are retained on the C18 small pore HPLC column much normally catalyze terminal cyclization in NRPs, it is postu-
longer than the unknown peak. lated that DKP formation may be spontaneous as a result of
Finally, the rate of DKP formation was tested for wild- conformational constraints induced by the cyclic nature of
type GliP as well as the&and T, mutants. If the DKP isan  proline and instability of the peptidyl thioester.
actual intermediate on the pathway to gliotoxin formation, = One notable exception to this requirement of proline for
it would be expected that GliP would form and release the DKP formation in NRPs can be found in the biosynthesis of
molecule at a reasonable enzymatic rate. As can be seen irthaxtomins fromStreptomycespp. which consist of related
Figure 5, DKP formation is not fast, occurring at a rate of congeners of cyclo=(4-nitrotryptophylt -phenylalanyl). How-
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ever, in this system the amino acids are activated on separat&er carbonyl by the amino group of thePhet+-SerST,
NRPS proteins which have identical A-M-T-C organization under the particular assay conditions. The second new
(46). This may suggest some quaternary interaction betweenintermediate could not be identified to date. Several possible
the NRPSs with both C domains acting in a concerted compounds were synthesized, but none coeluted nor did mass
manner, thus bypassing a linear dipeptide intermediate.spectrometry yield any information as to the identity of the
Additionally, DKPs have been known to arise independently intermediate.
of NRPSs. In mammals the DKP cyclefis-L-Pro) is Our efforts to detect the dipeptidyl chain accumulating
derived from the nonenzymatic cyclization of the thyrotropin- on T; have not yet succeeded, in part because of spontaneous
releasing hormone (TRH, pGlu-His-Pro) after cleavage by DKP formation and release from GIliP at a rate of ap-
pyroglutamate amino peptidasé7}. Streptomyces noursei  proximately one per hour.
produces a non-proline-containing DKP albonoursin, cyclo-  The absence of a TE domain in GIiP is unusual but in
(APheALeu). Sequencing of the gene cluster and functional fact may ensure that the only release route is the intramo-
analysis demonstrated that a small 26.8 kDa protein, AIbC, |ecular cyclization to the cyclo-Phet-Ser DKP. DKP
was capable of synthesizing the cylcdthet-Leu) precursor  formation is observed in other NRPS assembly lines, but
as well as cycla(-Phet-Phe) when expressed Btrepto-  the conformer determinants that control intramolecular
myces liidansandE. coli (48). capture of the thioester by the amine in the dipeptidyl chain
While the enzymatic machinery and mechanism for are not fully understood. Presumably, the other ETP bio-
building the 3,6-disulfide bridge are key defining features synthetic NRPSs that make DKP scaffolds will have
of ETPs and as yet remain unstudied, the work reported hereequivalent modular architecture, a presumption which does
provides a starting point for understating the assembly of hold true for SirP, the NRPS involved in biosynthesis of
the DKP scaffold. First, we have achieved overproduction sirodesmin 21). The NRPS encoding the cyclo-Trp-L-
and purification of theA. fumigatusAf293 GliP three module Pro) known as brevianamide F in the biogenesis ofAhe
NRPS inE. coli. This enormous 236 kDa protein can be fumigatustremorgenic mycotoxin fumitremorgirb2) has
coaxed into expression in soluble form and purified in usable recently been observed to be a bimodular enzyme with an
quantities for initial enzymatic characterization. Second, we extra C domain (A T:-Ci-A>-T»-C,). The role of the last C
have been able to use the posttranslational priming enzymedomain in generation or release of the DKP scaffold is not
Sfp, from B. subtilis to convert the apo GIiP to the holo yet known since no studies on the purified DKP synthetase
GliP form, enabling study of peptide bond formation. To have yet been reported.
our knowledge GIiP represents the first multimodular fungal  Whether intramolecular cyclization and turnover to free
NRPS to be successfully heterologously expresséd woli DKP are fast in vivo or in the presence of other proteins for
with production of soluble functional protein. Previously, fashioning the ETP core is not yet clear. It is also possible,
multimodular NRPSs were purified directly from their fungal ~ albeit without any experimental evidence, that the sulfur
source, as was the case for enniatin synthetase purified fromincorporation occurs before cyclization to DKP, for example,
Fusarium scirpi(49) and ampullosporin synthetases purified while the L-Phet-Ser dipeptide is tethered ons. TFuture
from Sepedonium ampullosporuifb0). However, these  work with other enzymes in the gliotoxin cluster will involve
enzymes were only demonstrated to be functional for amino assays both with the free DKP and with intermediates
acid adenylation. Recently, a T-C didomain, Fum14p, from tethered on wild type and mutant forms of GliP.
Fusariumeerticillioides (51) was successfully heterologously
expressed ift. coli; however, it was used to form ester bonds ACKNOWLEDGMENT
between two soluble substrates, not the typical enzyme-bound
peptides found in NRPS assembly lines. Third, we have
established that the ;Adomain activates-Phe and the A
domain activates-Ser, providing baseline information for
fungal A domain selection rules. Fourth, we have established
that the holo T and T, domains become covalently loaded REFERENCES
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