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ABSTRACT. We present a systematic and quantitative study of the preteintein recognition between

the three tyrocidine synthetases TycA, TycB, and TycC investigated with two artificiahns assay
systems, which had been previously developed: the “DKP assay system” for the interaction of TycA
with TycB and the L'/p-Phet-Asn assay system” for the interaction of TycB with TycC. TycA&E

and TycB-Apnl E, which are used as donor enzymes, both prowidRhe-S-Ppant, so that no substrate
specificities interfered with the quantification of proteiprotein recognition. We tested all donor/acceptor
enzyme combinations between the two artificial assay systems for product formation activities as well as
two hybrid enzymes, where the E-domains of TycA and TyhBd been exchanged against each other.
Furthermore, four donor/acceptor protein fusions were constructed on gene level, resulting in dimodular
proteins. We were able to show that the E-domains mediate prateitein recognitionn trans Product
formation of the different donor assayed with the two acceptor enzymesTy8B,T and TycG-CAasnT/

Te in transwas only obtained if the donor enzyme harbored the cognate E-domain. Interestingty, all

cis fusions (dimodular proteins) were active, giving strong evidence that unnatural prpteiein
interactions can be “forced” by fusion of the distinct enzymes. Finally, we were able to detect product
formation in the “DKP system” with engineered hybrid proteins where the A-domain of TycA had been
exchanged against the isoleucine-activating A-domain of Bao#l the valine-activating A-domain of
TycC,, respectively. All of these findings are of high relevance for future NRPS engineering approaches.

Microorganisms produce many pharmacologically active (PKSs), respectivelylj. These enzymes, irrespective of
secondary metabolites, among them antibiotics (like penicil- origin, are composed of modules, whereby each module is
lin, erythromycin, vancomycin, and tyrocidine), immuno- responsible for the recognition, activation, and incorporation
suppresiva (e.g., cyclosporin), and cytostatica (e.g., epothilone).of one specific building block into the growing product chain.
Some of these interesting compounds belong to the groupsSuch modules can be further subdivided into domains, each
of polypeptides and polyketides that reveal unusual struc- harboring one special catalytic function.

tures. They are biosynthesized by so-called nonribosomal |, NRPSs, the adenylation (A) domains are responsible
peptide synthetases (NRPSsind polyketide synthases for the substrate recognition and activation as aminoacyl-
O-AMP under ATP consumption2j. Subsequently, the
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schaft and the Fonds der Chemischen Industrie. phosphopantetheine’'(®pant) moiety as a thioester under
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Rockefeller University, 1230 York Ave., New York, NY 10021. to functional holo-PCPs is carried out by-phospho-

1 Abbreviations: A, adenylation domain; aminoacyl- or peptidyl-S- . .
Ppant, aminoacylated thioester form of cofactor Ppant bound to the Pantetheine transferases p) under consumption of CoA.
strictly conserved serine residue of PCPs; Alataminobutyric acid; After activation and covalent binding of the substrates to
ATP, adenosine 'Sriphosphate; C, condensation domain; CoASH, the enzymes, the condensation (C) domains catalyze the

coenzyme A; DKP, diketopiperazine; DTE, 1,4-dithioerythritol; E, i _Aami i
epimerization domain; EDTA, ethylenediaminetetraacetic acid; HPLC, nUC|e0ph|“C attack of the-amino group of the new bUIldIng

high-performance liquid chromatography; LSC, liquid scintillation Plock onto th.e thio-esterified _Carboxy group of the amino-
counting; NRPS, nonribosomal peptide synthetase; PCR, polymeraseacyl- or peptidyl-S-Ppant moiety bound to the PCP of the

chain reaction; PCP, peptidyl carrier protein, referring to the same thing preceding module §). By the action of these essential
as “T” but used in the text to stress the function of the protein (in

analogy to the well-known ACPs of fatty acid synthases and polyketide domams (A'dea'“v PCP, and C-domain) the growing

synthases); PCPPCP normally localized in front of a C-domain; FCP~ peptide chain is handed over from one module to the next
PCP naturally connected to an E-domain; Pparph®sphopantetheine;  until the termination module is reached. There, a termination
PR, inorganic pyrophosphate; SIM, single ion mode; T, thiolation - qomain in bacterial systems most often a thioesterase (Te)
domain, referring to the same thing as “PCP” but used for the L .
description of proteins (“one letteone domain” nomenclature of ~domain, is responsible for the release of the product from

NRPSs); TCA, trichloroacetic acid; TLC, thin-layer chromatography. the enzyme templater). Besides these essential domains

10.1021/bi0342230 CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/09/2003



Protein Interaction in NRPSs Biochemistry, Vol. 42, No. 17, 2003115

ted tveB tveC

Module 1 Module 3 Module 5 Module 7 Module 9

Module 2 Module 4 Module 6 Module 8 Module 10
I I I I

-]

Hh b hh b ki b
Pe poun Y
b 3 BRE

0 :

o ol M o .
wl wl Hl o
n 7 o o ° ° o NH;
N Hy
@w, 0 o H O o
. [s) HI [s) o o
0. _NH ) H\’N
O H O o] o o
N NH Hs !
H H o o
HAN Tyrocidine A
OH

O A-domain @ PCP (O C-domain @ E:-domain @ Te-domain

Ficure 1: Tyrocidine synthetases. The three getye#\, tycB, andtycCare encoding the tyrocidine synthetases TycA (one module), TycB
(three modules), and TycC (six modules). At positions 1 and4aino acid is built into the product, and at the C-terminal end of TycC,
a Te-domain is localized, generating product turnover by intramolecular cyclization and release of tyrocidine A.

the modules can contain different optional domains. Among product formation in the DKP system with engineered hybrid
them are epimerization (E8,9), heterocyclization (Cy)1(0, proteins where the A-domain of TycA had been exchanged
11), and N-methylation (M) 12) domains, significantly  against the isoleucine-activating A-domain of Ba@hd the
contributing to the chemical diversity and therefore to the valine-activating A-domain of Tyc{ respectively 9).
bioactivity of the corresponding secondary metabolites.

Whereas in all known fungal NRPS systems the modules EXPERIMENTAL PROCEDURES

are organized on one single large enzyme, for example, . . .
cyclosprin synthetase with a mass of 1.4 MDa is the largest _ €loning of the Recombinant Peptide Synthetase Genes and

single polypeptide chain currently know3), in bacteria Protein Querproduction.All plasmids used are based on the

there are often several synthetases interacting with each othePQE vector system from Qiagen (Hilden, Germany). Stand-

Very often, at the C-terminal end of such synthetases e_lrd procedures were applied for PCR amplification, purifica-

interacting with others of the same system, E-domains aretion, ar_ld plonln_g of recombinant DNAL). For cloning,
localized. In the tyrocidine biosynthesis system, there are ESCherichia coliXL1 Blue (Stratagene, Heidelberg, Ger-
three synthetases, TycA (one module), TycB (three modules),Many) was used.
and TycC (six modules) (compare Figure 1), and at the The cloning of the recombinant peptide synthetase frag-
C-terminal ends of TycA and TycB there are E-domains. ments encoding the proteins TycA-RTE (16), TycBi-
So the question arises, by which mechanisms is the formationCArrl (16), TYCA-Apnel/[EVE3 (9), TycBs-Apnd E (17),
of only one product with a distinct length and order secured? TYCBs-Apnel/EV (9), TycCi-CAnsnT/Te (17), TycCo-Aval

To understand this ordered protein interaction, we here TEY* (9), and BacA-Ae/TEV** (9) was described else-
present a systematic and quantitative study of the protein Where.
protein recognition in the tyrocidine biosynthesis system. We  The plasmids encoding the dimodular fusion proteins
tested all donor/acceptor enzyme combinations between theoriginate from plasmids pQE60-tycA-ATELG), pQE70-
two described artificial systems for product formation activity tycBs-ATE (17), pMS-tycB-CAT (cloning; see below), and
as well as two hybrid enzymes, where the E-domains of pQE60-tycG-CAT/Te (17). Plasmid pMS is a derivative of
TycA and TycB had been exchanged against each other. the pQE60 (Qiagen). Phosphorylated primét&BTCGGG-
Furthermore, four donor/acceptor protein fusions were TACCGCAGGAACTAGTC-3 and 3-GATCGACTAGT-
constructed on the gene level, resulting in dimodular proteins. TCCTGCGGTACCC-3were annealed with each other and
We were able to show that the E-domains mediate pretein subsequently ligated with tHgglll linearized pQEG60 plasmid
protein interactiorin trans Interestingly, allin cis fusions resulting in plasmid pMS. Gene fragment tyeBAT was
(dimodular proteins) were active, giving strong evidence that PCR-amplified using chromosomal DNA Bfcillus bresis
unnatural proteir-protein interactions can be “forced” by ATCC 8185 with the primers '5STATCCATGGGAAGA-
fusion of the distinct enzymes. Finally, we were able to detect TCTAGTGTATTTAGCAAAGAACA-3' and B-TATG-
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GATCCTTCCACATACGCTGCCAG-3 Plasmid pMS and  buffer B in 60 min. The proteins eluting were identified by
PCR fragment tycBCAT were digested withNcd and UV detection at 280 nm and SBDFAGE analysis of the
BanHI and ligated with each other, resulting in pMS-tyeB  fractions.
CAT. Plasmid pMS-tycBCAT was then digested with After dialysis against assay buffer [50 mM HEPES (pH
Ecarl and Bglll and ligated with the tycA-ATE-encoding  7.6), 100 mM NaCl, 1 mM EDTA, 2 mM DTE, 10 mM
fragment obtained from pQEG0-tycA-ATEL§) using the MgCl;] all of the purified proteins were shock-frozen in
same restriction enzymes to give plasmid pMS-tycA-ATE/ liquid nitrogen and could be stored &80 °C over several
tycB;-CAT. For generation of plasmid pQE-tygBTE/ weeks without significant loss of activity.
tycB:-CAT, pQE-tycB-ATE was linearized witlBanHI and Posttranslational Modification of the Enzymes by Sfp and
dephosphorylated. Plasmid pMS-tyeBAT was digested = CoASH.Priming of heterologously expressed proteins was
with Bglll and BarrHI. Subsequently, the purified frag- carried out in vitro by addition of 206M CoASH and 15
ments containing tycBATE and tycB-CAT were ligated. nM recombinanBacillus subtilisPpant-transferase Sfp)(
Plasmid pQE6(#™itycC,-CAT/Te was generated from to all assays that required holoenzymes. After preincubation
plasmid pQE60-tycECAT/Te by utilizing the QuickChange  of the samples for 10 min at 3T for priming, the assays
site-directed mutagenesis kit (Stratagene) as recommendedvere started by addition of the amino acids.
by the manufacturer’'s protocols with the primers 5 ATP—PP, Exchange Reactiodenylation domain activ-
GAGGAGAAATTAGGATCCGAAAAGCAGGAAAAC- ity, specificity, and correct folding of all proteins utilized
ATCGCAAAAATTTACCCGC-3 and 3-GCGGGTAAA- were examined by applying the AFPR exchange assay
TTTTTGCGATTGTTTCCTGCTTTTCGGATCCTAATT- (6). We tested the cognate substrate amino acids relevant
TCTCCTC-3 (exchanged bases are underlined). Subse-for the subsequent assays.
quently, the new plasmid was digested vamH! and Xbal. Aminoacylation Assaylo a reaction mixture containing
With the same restriction enzymes, fragments of plasmids 500 nM enzyme, 50 mM HEPES (pH 7.6), 200 mM NacCl,
pQEGO-tycA-ATE and pQE70-tycPATE were obtained. 1 mM EDTA, 10 mM MgCh, and 1 mM ATP, equilibrated
The purified digestion products containing the gene frag- (10 min) at 37°C, “C-labeled substrate amino acids were
ments of tycA-ATE and tycECAT/Te as well as tycB rapidly added to a final concentration of 2(M. At various
ATE and tycG-CAT/Te were ligated with each other, time points, 10QuL aliquots were taken and immediately
resulting in the two fusion plasmids pQE-tycA-ATE/tyeC  quenched by addition of 1 mL of ice-cold TCA (10%). After
CAT/Te and pQE-tycBtycC,-CAT/Te, respectively. 15 min of incubation on ice, samples were centrifuged (4
E. coli M15/pREP4 was transformed with all plasmids °C, 13000 rpm) for 20 min, washed twice with 1 mL of ice-
described. Expression and purification of the tegged cold TCA, redissolved in 15Q:L of formic acid, and
apoproteins were performed as previously descrit®d (  quantified by LSC.
Overproduction and purification after single-stegNiffinity Method for the Calculation of Aete Enzyme Concentra-
chromatography were confirmed by SBBAGE (18). The tion. A common margin of error is made when determining
protein concentrations were assigned using the calculateda protein concentration by the calculated extinction coef-
extinction coefficients for thé\,go of the enzymes (TycA-  ficient or by the method of Bradford. According to our
Apnel E, 136580 Mt cm™2; TycA-Apnel /ETYCB2, 132620 Mt experience, aminoacylation activities may vary significantly
cm L, TycBi-CApl, 92230 Mt cm™%; TycBs-Apnel E, (up to 3-fold) depending on the batch of protein utilized in
135870 Mt cm™%; TycBs-Apnel /EYA, 139830 Mt cmL; the assays. However, expression and purification conditions
TycC-CAasnT/Te, 150800 Mt cmL; TycA-Apnd E/TYCB;- were the same, and expression rates are not varying
CApol, 228810 Mt cmt; TycBs-Apnel E/TYCB1-CApoT, significantly from one preparation to another one (as
228100 Mt cm%; TycA-Apnel E/TycG-CApsn T/Te, 287380 estimated by SDSPAGE; data not shown). So the reasons
M~t cm™%; TycBs-Apnel E/TycG-CAasnT/Te, 286670 M? for the observed differences in enzyme activities remain
cm L TycCa-Ava/TEWYCA 108820 M1 cm™; BacAs-Aje/ obscure at the moment. However, in the present work we
TE™eA 121480 Mt cm%; also see Method for the Calcula-  tried to take this behavior into consideration for all product
tion of Active Enzyme Concentration in Experimental formation assays by calculating the enzyme concentration

Procedures). on the basis of the aminoacylation activity as an internal
The dimodular fusion proteins TycAm\l E/TycB;- standard for the amount of active protein as described

CAprol, TYCBs-Aphel E/TYCB-CApiol, TYCA-Apndl E/TycG- previously (L9).

CApsnT/Te, and TYCB-Aphel E/TYycC-CAasnT/Te were fur- L/b-Phet-Asn Formation AssayFor the detection of

ther purified by ion-exchange chromatography on #&TA peptide products, TycCA-gel E, TYCA-Apnel /[ETYCES TycBs-
purifier FPLC system (Amersham Biosciences, Freiburg, Apnel E or TycBs-Apnel /ETA, and TycG-CAasnT/Te (100
Germany). Dialysis against ion-exchange buffer A (see nM active protein each) were assayed at@avith 40 uM
below) was carried out utilizing HiTrap desalting columns L- or b-Phe and 4M L-Asn for up b 6 h in afinal volume
(Amersham Biosciences). For subsequent ion-exchange chroef 500uL. In the case of the dimodular fusion proteins, 100
matography an Source 15Q HR 16/5 anion-exchange columnnM TycA-Apnel E/TYCG-CApsnT/Te or TycBs-Apnd E/TycG-
(Amersham Biosciences) was used with the following CAasnT/Te was utilized under the same reaction conditions.
gradient at a flow rate of 1 mL/min [buffer A, 50 mM  The reaction was stopped by the addition of a 3-fold excess
HEPES (pH 8.0), 100 mM NaCl, 1 mM EDTA, 2 mM DTE, of methanol. After centrifugation (13000 rpm, 15 min) and
10 mM MgCh; buffer B, 50 mM HEPES (pH 8.0), 1000 transferring the supernatant to fresh tubes, the solvent was
mM NaCl, 1 mM EDTA, 2 mM DTE, 10 mM Mgdl]: removed under vacuum, and the residue was dissolved in
loading 100% bufferA, followed by washing with 5 column  100uL of 10% methanol (v/v) and applied (9Q.) to HPLC-
volumes of 100% buffer A and a linear gradient up to 100% MS. Separation of the reaction products was achieved on a
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250/3 Nucleosil C18 reversed-phase column (Machery andfor 30 min at 37°C. Product formation was initiated by

Nagel) by applying the following gradient at a flow rate of
0.3 mL minm? [buffer A, 0.05% formic acid/water (v/v);
buffer B, 0.045% formic acid/methanol (v/v)]: loading 10%
buffer B, linear gradient up to 60% buffer B in 25 min,
followed by a linear gradient up to 100% buffer B in 5 min,
and then holding 100% buffer B for 5 min. The products
were identified by comparison with standards (UV detection
at 215 nm) and by on-line ESI-MS analysis with an Agilent
1100 MSD.

DKP Formation Assaykor comparison of DKP produc-
tion rates 6), TYCA-ApnelE, TYCA-Apnhol/ETYE3, TycBs-
Apnel E or TycBs-Apnel /EVA, and TycB-CAp,T (50 nM
active protein each) were assayed at@with 100uM L-
or b-Phe and 10@M L-Pro for up o 3 h in afinal volume
of 200uL. In the case of the dimodular fusion proteins, 50
NM TyCA-Apnhel E/TYcB-CAproT Or TycBs-Apnel E/TyCB;-
CApol was utilized under the same reaction conditions.
TycCs-Ava/TEY and BacA-A/TEVYA were assayed
together with 250 nM TycBCApI under the same condi-
tions except that 100M L-Val and 10QuM L-lle were used

mixing equal volumes of preincubated reaction mixtures of
the hybrid proteins and TygBCAp I, respectively. At
various time points, 10QuL aliquots were taken and
immediately quenched by addition of 1 mL of ice-cold TCA
(10%). After 15 min of incubation on ice, samples were
centrifuged (4C, 13000 rpm) for 20 min, washed two times
with 1 mL of ice-cold TCA, redissolved in 150L of formic
acid, and quantified by LSC.

RESULTS

Nomenclature of the Recombinant Enzymes and Atrtificial
Assay Systems Utilizedn this study we used several
recombinant enzymes. For demonstrating the origin and the
domain composition of each domain in an easy matter, we
utilize a special nomenclature. For example, the hybrid
enzyme TycB-Apnl /ETYA originates from the third module
of tyrocidine synthetase TycB (compare Figure 1) and
consists of an A-, a T-, and an E-domain; thereby the
covalently fused E-domain is the E-domain of TycA (the
protein fusion is indicated by a “/”), and the A-domain

as donor substrates, respectively. The reaction was stoppe@pecificity is mainly phenylalanine.

by the addition of 1 mL of methanol. After centrifugation

In the tyrocidine biosynthesis system prodticttermediate

(13000 rpm, 15 min) and transferring the supernatant to atransfer between TycA/TycB and TycB/TycC was previously
fresh tube, the solvent was removed under vacuum, and thestudied in artificial systems. The well-studied “DKP forma-

residue was dissolved in 104 of 30% methanol (v/v) and
applied (5QuL) to HPLC. Separation of the reaction products

tion system” consists of the one modular synthetase TycA-
Apnhel E and the first module of TycB (TyGBCApoT). D-Phe

was achieved on a 70/4 Nucleosil 100-5 C18 reversed-phaséds transferred from TycA to TycBresulting in the formation

column (Machery-Nagel) by applying an isocratic method
at a flow rate of 0.6 mL mint with 30% buffer B [buffer

A, 0.05% formic acid/water (v/v); buffer B, 0.045% formic
acid/methanol (v/v)]. The products were identified by

of linear p-Phet-Pro bound as a thioester to theRpant
moiety of the enzyme. Cyclio-Phet+-Pro-DKP is subse-
guently released by the nucleophilic attack of the N-terminal
amino group ofb-Phe on the carboxy group of tlrePhe-

comparison with standards (UV detection at 215 nm) and L-Pro-S-Ppant thioester, resulting in the regeneration of the

by on-line ESI-MS analysis with an Agilent 1100 MSD.
In case of the TycEAva/TE™A and BacA-A/TEYA

enzymes for a new round of catalysis (see Figure 8p) (
Furthermore, an artificial system had also been developed

assays, separation of reaction products was achieved on @nd characterized for the second transition (TycB/TycC). The
250/3 Nucleodur 100-3 C18ec reversed-phase columnterminal module of TycB (TycBAphI E) transfers Phe to

(Machery and Nagel) by applying the following gradient at
a flow rate of 0.3 mL min' and a column temperature of
40 °C [buffer A, 0.05% formic acid/water (v/v); buffer B,
0.045% formic acid/methanol (v/v)]: loading 10% buffer B,
linear gradient up to 60% buffer B in 55 min, followed by
a linear gradient up to 95% buffer B in 5 min, and then
holding 100% buffer B for 10 min. On-line ESI-SIM (single
ion mode)-MS analysis (Agilent 1100 MSD) was used for
highly sensitive product detection.
Alternatively, a 125/2 Nucleodur C18 gravity (@m)

the first module of TycC (TycECAasnT/Te), which harbors
the Te-domain of Tycgdirectly fused to its C-terminus
ensuring product turnover and release of linearPhet-
Asn (compare Figure 2b){).

The E-domain of TycBnaturally epimerizes a tetrapep-
tide, but it has been demonstrated that aminoacyl-S-Ppant
is also accepted as a substrate, although the epimerization
efficiency is strongly decreased compared to peptidyl-S-Ppant
substrates1(7). Therefore, whem-Phe is used as substrate,
the reaction is slow and a 2:1 mixture of and b-Phet-

reversed-phase column (Machery and Nagel) was used withAsn is formed, while witho-Phe exclusivelyp-Phet-Asn

the following gradient at a flow rate of 0.2 mL mihand a
column temperature of 4TC [buffer A, 0.05% formic acid/
water (v/v); buffer B, 0.045% formic acid/methanol (v/v)]:
loading 5% buffer B, linear gradient up to 61.3% buffer B
in 52 min, followed by a linear gradient up to 95% buffer B
in 1 min, and then holding 100% buffer B for 2 min. On-

is observed at much higher product formation rafes 20).
Therefore, the C-domain of TyeGs capable of accepting
and elongating - or pb-Phe-S-Ppant instead of its natural
substratenp-Phet-Pro+-Phep-Phe-S-Ppantp-Phe is also
transferred from TycA to TycB. However, up to now, in vivo
no shortened peptides resulting from a “misinteraction”

line MS analysis was performed by ESI-TOF measurement between TycA and TycC have been observed, giving rise
with a Qstar mass spectrometer (Applied Biosystems) in for a correct and selectively ordered recognition of the

positive ion mode.

Radio Assay for the Detection of Elongation and Product
ReleaseTycCy-Ava/TEYA or BacAi-A e/ TEWYA (500 nM)
was preincubated at 3T with their substrate amino acids
[2 uM [*4C]-L-Val or L-lle (450 mCi/mmal), respectively].
TycBi-CApiol Was separately preincubated with 1 naM\bu

different synthetases. Moreover, when deleting the E-domain
of TycA in the DKP system, no product is formed, neither
with L-Phe nor withp-Phe as substrat&); but when only

the function of the E-domain was knocked out by a point
mutation, b-Phet-Pro-DKP formation had been observed
exclusively withp-Phe as substrat@1).
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a) D-Phe-L-Pro-DKP system b) L/D-Phe-L-Asn system
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FicUrRe 2: Thebp-Phet-Pro-DKP and./p-Phet-Asn artificial NRPS systems are shown schematicallyp{Bhet-Pro-DKP system: TycA-
Apnhel E and TycB-CAp, T activate and covalently bindp-Phe and.-Pro to their 4-phosphopantheteine cofactors, respectively. Thereby,
ATP is hydrolyzed to PRand AMP. Subsequentlp-Phe is transferred to TyGBCApoT upon the action of the C-domain. Water is released,
and the lineap-Phet-Pro is now covalently attached to the cofactor of the acceptor enzyme. BecRugas a secondary amino acid, the
nucleophilic attack of the N-terminal amino groupmfhe on the carboxy group of the thioester becomes favored, so that finally cyclic
D-Phet-Pro is set free under release of one molecule of water, resulting in the regeneration of the enzymes for a new round of catalysis.
(b) L/D-Phet-Asn-system: TycB-Apnl E and TycG-CAasnT/Te activate and covalently bind their substrate amino acids under consumption
of ATP. TheL/p-Phe is transferred to the acceptor enzyme, idneéPhet-Asn-S-Ppant is formed under release of water. The Te-domain
directly fused at the C-terminus of Tyg@nsures release of lineaib-Phet-Asn and thereby recycles the two enzymes for a new round

of catalysis. In contrast to the-Phet+-Pro-DKP system, the epimerization reaction is very slow, because the peptidyl-S-Ppant E-domain
of TycBs is optimized to epimerize a peptidyl-S-Ppant substrate. Furthermore, the C-domain qffibra@lly accepts a-Phet-Pro+-
Phep-Phe-S-Ppant and is obviously not capable of discriminating agaike-S-Ppant. In conclusion, wheiPhe is utilized as substrate,

a 2:1 mixture of./pb-Phet-Asn is formed, while wittb-Phe as substrate, the reaction is much more efficient, and exclushRihet-Asn

is produced.

Generation and Purification of the Recombinant Enzymes. in the b-Phet-Pro-DKP assay®) with TycB;-CApol (16)
In this study, we tested TyCA#AJE (16), TycA-Apnel/ as acceptor enzyme as well as in tfePhet-Asn formation
E™¢B3 (9) (in which the natural E-domain was exchanged assay {7) with TycC;-CAasnT/Te (17) as acceptor enzyme
against the E-domain of TygB TycBs-Apnd E (17), and (compare Figure 4a). Additionally, the two hybrid proteins
TycBs-Apnel /EVCA (9) (in which the natural E-domain was  TycCs-Ava/TE™CA (the Phe-activating A-domain of TycA-
exchanged against the E-domain of TycA) as donor enzymesApnl E was exchanged against the valine-activating A-
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1 2 M 3 4 Apnel /[EVCB3, TycBs-Apnel E, and TycB-Apn /E™°) de-
— scribed in this study in the DKP assay system (compare
- o Figure 2a) 6) and in theL/p-Phet-Asn assay system (see
" — Figure 2b) (7) for product formation activities. TycB
122.0kDa — = CApoT and TycG-CAasnT/Te were utilized as acceptor

enzymes, respectively. Moreover, the set of four dimodular
fusion enzymes harboring modules which are naturally
interacting with other synthetas@s trans (TycA-Apnel E/
79.0 kDa — - : TycB1-CAprol, TYCA-Aphe E/TYcC-CApsnT/Te, TycBs-
Aphel E/TYcG-CAasnT/Te, and TyCB-Apnel E/TYCB1-CApioT)
was also tested in these assays (see Figure 4b). All of the
assays were separately done witRhe and-Phe as donor
substrates, because the peptidyl-S-Ppant E-domain ofsTycB
47 0 kDa — ' is known to be less efficient when epimerizing aminoacyl-
: S-Ppant substratesly, 20). It had been demonstrated
previously that this effect can be overcome in product
formation assays by utilizing-Phe instead of-Phe as

M: Protein-size standard substrate amino acidL). All enzymes are illustrated in

I: TycA-Ap, TE-TycB |-CA, T (241 kDa) Figure 4.

2: TycB3-Ap,, TE-TycB-CA,, T (241 kDa) Product Formation in the-Phel-Pro-DKP SystemThe

3: Tyc:A‘-Al v TE-TycC,-CA , | T/Te (269 kDa) results of theo-Phet-Pro-DKP assays are shown in Figure
’ *he sn

) . 5a. In all cases, relative values were calculated, whereby the
4. TycBy-Apy, TE-TycC,-CA,, T/Te (267 kDa) value for the wild-type system (TycA+#el E combined with
FiIGURE 3: SDS-PAGE of the dimodular fusion enzymes after ion-  TyCB1-CApiol in trans) with b-Phe as substrate was used as
exchange chromatography. reference (set to 100%). Previously, thé>het-Pro-DKP
formation rate was estimated to be 0-@8 mirr! (16). All
domain of TycG) (9) and BacA-A/TE™* (the Phe-  products formed were exclusivetyPhet-Pro-DKP. In no
activating A-domain of TycA-AnTE was exchanged against case wasL-Phet-Pro-DKP observed. Wild-type TycA-
the Val-activating A-domain of BacA (9) were tested for  Ap, TE and the hybrid enzyme TygB\pnel /EVA, both
product formation with TycBCApT (see Figure 4a). The  harboring the E-domain of TycA, showed comparable
overproduction and purification of these enzymes were product formation activities with TycBCApT. The activi-
performed as previously described (for literature, see above).ties are in the same range for both substrateBhe and
They were purified to homogeneity by single-step?Ni  p-Phe ©-Phe, TycA-AndE, 100%; TycB-Apndl/ETYA,
affinity chromatography (confirmed by SD$AGE; data 93%;L-Phe, TYCA-And E, 141%; TycB-Apn /[EVA, 104%).
not shown). In contrast, wild-type TycBApndIE, normally interacting
We constructed additionally a set of four dimodular fusion in transwith TycC,, was not capable of transferring any Phe
enzymes. In their natural context, the modules utilized for to TycB;-CApoT in trans Surprisingly, TyCA-Anel /ETY0BS,
the fusions are interacting with other onied¢rans The four harboring the same E-domain, showed a residuBhet -
fusion proteins TyCA-Anl E/TycB;-CApoT (241 kDa), Pro-DKP formation activityg§-Phe, 11%] -Phe, 7%). Very
TyCcA-Apnl E/TycC-CAasnT/Te (269 kDa), TycB-Apnl E/ interestingly, the two dimodular fusion enzymes TycA-
TycB;-CApol (241 kDa), and TycBAphel E/TYcC-CAnsnT/ Apnel E/TycB-CApoT and TycB-Apnel E/TycB-CApoT, the
Te (267 kDa) were individually expressed as C-terminagHis latter one imitating a system showing no product formation
tagged fusions in the heterologous hé&stcoli (compare activity in trans both produced comparable amounts of
Figure 4b). After the purification by Rt affinity chroma- product wherp-Phe was used as substrate amino acid (42%
tography, all of them showed the expected band size onand 44%, respectively). In the case 16Phe as substrate,
SDS-PAGE, but additionally, a second band was observed the fusion enzyme imitating the natura trans system
at ~120 kDa in all cases. Because the size of the smaller (TycA-Apnel E/TycB;-CApoT) showed a marginally higher
band (120 kDa) correlated with putative single-modular amount of product synthesized (64%), while with TyeB
degradation fragments generated by a cleavage of theApnlE/TycB;-CApT only 8% activity was observed. This
dimodular enzymes near the fusion site, we applied the Ni- can be explained by the poor efficiency of the TycB
NTA-purified recombinant proteins to ion-exchange chro- E-domain, which is a peptidyl-S-Ppant E-domain, to epimer-
matography to make sure that no enzyme fragments canize aminoacyl-S-Ppant substrate$7)( In principle, all
interfere with the assays. After ion-exchange chromatogra- dimodular fusion enzymes showed comparable high-product
phy, the dimodular proteins were purified to homogeneity formation activities, indicating an efficient interaction be-
(see Figure 3). For all product formation assays the amounttween artificially linked modules.
of active protein used was calculated from the results of the  Product Formation in theL/p-Phet-Asn SystemThe
aminoacylation assays (data not shown), as described inresults of the./p-Phet-Asn assays are shown in Figure 5b.
Experimental Procedures, to guarantee the comparability ofin all cases, relative values were calculated, whereby the
product formation activities among the different enzyme pairs value for the wild-type system (TygB\pneT E combined with
(see Experimental Procedures). TycCi-CAnsnT/Te in trang) with b-Phe as substrate was used
Investigation of Proteir-Protein RecognitionWe assayed  as reference (set to 100%). Previously, the product turnover
all TycA- and TycB-donor enzymes (TycA-AwTE, TycA- rate for this system witlp-Phe as TycB substrate was
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Ficure 4: Schematic overview of enzyme combinations used in this study. (a) Fam thens combinations four enzymes were used as
donor enzymes (TYCA-pnel E, TYCBs-Apnel /ETYA, TycBs-Apnel E, and TycA-Anl/E™YCB3) and assayed in all combinations with TyeB

CApoT and TycG-CAxsnT/Te as acceptor enzymes for product formation activities. Black was used for the illustration of TycA domains
and gray for TycB domains. The acceptor enzymes are shown in the same color codes as in Figures 1 and 2. Additionally, two TycA
derivatives containing A-domains for the activatione¥al (TycC,-A) and L-lle (BacAi-A) instead of the Phe-activating A-domain of

TycA were assayed with TygBCAp I for product formationin trans (b) The four dimodular fusion enzymes used in this study are
shown. The upper twi cis combinations (TycA-Anl E/TycB;-CApol and TycB-Apne TE/TycC-CAasnT/Te) are imitating the natural

in transprotein—protein combinations, while the lower ones (TyeBpne TE/TYCB;-CApoT and TyCA-Aenl E/TYcC-CAnsnT/Te) represent

in cis combinations of modules normally not interacting with each other.

determined to be 1.16 mih(17). The results of these assays active withL-Phe anc-Phe as substrates, regardless of the
are consistent with the-Phet-Pro-DKP system. Enzymes E-domain they harbored. However, in contrast todtehe-
harboring the E-domain of TycBvere capable of product L-Pro-DKP assay system, the latter enzyme, harboring the
formationin transwhile those with the TycA E-domain were  TycA E-domain naturally not interacting with Tye@® trans

not. For wild-type TycA-AnJE and the hybrid enzyme showed a marginally reduced activity compared to TycB
TycBs-Aprel /E™YA, absolutely no product formation activity — Apnel E/TYcC-CAasnT/Te (L-Phe,,; b-Phe,/s). Further-
was observed. Interestingly, the hybrid enzyme TycisH more, the fusion of TycBAphTE to the acceptor module
E™B3 (p-Phe, 204%;).-Phe, 93%) showed higher product led to an increased amount of product synthesis when
formation activity than TycB-Apnhd E (D-Phe, 100%:.-Phe, compared to thén trans system.

10%) itself, which is naturally interacting with the acceptor  val-Pro-DKP and lle-Pro-DKP FormationOur results
module. clearly indicated that the E-domains are involved in mediat-
Again, both dimodular fusion enzymes Ty£Bpnl E/ ing the proteir-protein recognition between the tyrocidine
TycC,-CAnsnT/Te (0-Phe, 295%) -Phe, 187%) and TycA-  synthetases. It was also demonstrated previously that the

Apnhel E/TYcG-CAnsnT/Te (0-Phe ,93%;-Phe, 85%) were  electrophilic donor site of the C-domain of TycBApT
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a) Relative D-Phe-L-Pro-DKP formation activities with is, at least to some extent, unspecifg2) Therefore, we
TycB;-CAp,, T as acceptor enzyme decided to investigate the capability of Tye&y./TE™A

and BacA-A/TE™A to transfer Val or lle to TycBCApoT.
- In both cases, we were able to detect products by HPLC-

~ L-Phe D-Phe ESI-TOF analysis with the masses of lle-Pro-DKP (M
H* measured, 211.153; M- H* calculated, 211.145) and
Val-Pro-DKP (M + HT measured, 197.133; M+ H*
calculated, 197.129). The products were formed in a time-
dependent manner (compare Figure 6), and no products were
detected when ATP or TygBCAp,I was omitted in the
assays. In both cases two peaks were obtained (compare
Figure 6). With a different column, it was possible to separate
these peaks by baseline (data not shown), giving rise to the
conclusion that both,.- and b,L-dipeptide products were
formed. However, because no chemical standards were
available, we were not able to prove this by co-injection and
to quantify the product formation activities exactly. The
amount of products formed seemed to be very low when
compared to mass and UV signal intensitymsPhe-Pro-
DKP formation under comparable conditions (in the range
of ~1%). However, albeit the physicathemical properties
of p-Phe-Pro-DKP with respect to UV absorption and
ionization efficiencies should be only slightly different from
those of Val-Pro-DKP and lle-Pro-DKP, they are not directly
b) Relative L/D-Phe-L-Asn formation activities with comparable with each other.

TycCy-CA 5, T/Te as acceptor enzyme In another set of experiments, it was not possible to detect
any linear products (lle-Pro or Val-Pro) if two TyefApT/
Te hybrids 23) were used as acceptor enzymes, where the
Te-domains of tycrocidine or surfactin synthetases were
covalently fused to and which were previously shown to
cleave the linear dipeptides in another cont@g) (data not
shown).

To demonstrate that lle and Val were transferred to the
acceptor enzyme before product release, we exploited the
property of TycG-CApoT to activate primary proline anal-
ogons by side specificitie®28). With primary nucleophilic
acceptor substrates suchiagbu, no product release takes
place and the putative dipeptides formed remain covalently
bound to the enzymes. Therefot-labeled -lle andL-Val
were used to measure transfer to the acceptor enzyme. The
donor enzymes TycfAva/TE™A and BacA-A/TETYA
were first allowed to covalently load theit“C-labeled
substrate amino acids. Without acceptor enzyme, after
approximately 26-30 min a stable amount of radioactivity
bound to the enzymes was reached (compare Figure 7). When
TycB1-CApoT, Which had been separately preincubated with
ATP andL-Abu, was added aftel h tothis reaction mixture,
the amount of enzyme-bound radioactivity increased sig-
Ficure 5: Comparison of product formation activities. (a) The nificantly (see Figure 7). This effect is interpreted as the
relativep-Phet-Pro-DKP formation activities with TYcBCAp T transfer ofi“C-labeled.-lle or L-Val to the acceptor enzyme

as acceptor enzyme are shown for the different donor enzymes with : . .
L-Phe (left side) ana-Phe (right side) as substrate amino acids. (1YCBi-CAerl) Dy dipeptide formation, subsequently fol-

(b) The relativeL/p-Phet-Asn formation activities with TycG lowed by a reaminoacylation of the donor enzymes Wic
CAasnT/Te as acceptor enzyme are shown for the different donor labeled substrates. In summary, we were able to show that
enzymes with.-Phe (left side) and-Phe (right side) as substrate  the engineered hybrid enzymes were capable of transferring
amino acids. In all cases, the first two bars of each block represent| ;o o "val (instead ofp-Phe) to TycB. However, the

donor enzymes carrying an E-domain naturally interacting with the ffici . | d : f di .
corresponding acceptor enzyme, followed by two enzymes with EfiCIENcies were very low, and a mixture of diasteriomers

E-domains normally not interacting with it and finally by two Seemed to be formed, while in the natural system exclusively
dimodular fusion enzymes harboring the donor and acceptor p-Phe is transferred to TyGBCApoT.

modules on one single polypeptide chain (one with the correspond-

ing donor module, the other with the donor module naturally not DISCUSSION

interacting with the acceptor). All data represent average values . . . . .

obtained out of at least three independent assays, whereby the Despite the existence of many bacterial NRPS biosynthesis
margin of error was in all cases less than 5%. systems consisting of multiple synthetases, in all cases only

R
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P
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Ficure 6: LC-ESI-TOF data (extracted ion) of lle-Pro- and Val-Pro-DKP formation. (A) An assembly of five LC-MS runs is shown.
BacA;-A e/ TEWA and TycB-CAp,oT were assayed with each other in the presence of their substrates and in the dependence of the time
(1, 2 and 3 h reaction time). Additionally, as negative controls ATP or the acceptor enzyme THeBT was omitted, respectively. On

the right side, an enlargement of one peak (adté reaction time) is shown as exemplary. (B) An assembly of five LC-MS runs is shown.
TycCys-Ava/TE™YA and TycB-CApoT were assayed with each other in the presence of their substrates and in the dependence of the time
(1, 2, and 3 h reaction time). Additionally, as negative controls ATP or the acceptor enzymeCeRT was omitted, respectively. On

the right side, an enlargement of one peak (atér reaction time) is shown as exemplary.

products of a distinct length and order are found. In principle, and TycB-Apnd E. Both enzymes show nearly identical
one can imagine two mechanisms ensuring this correct ordersubstrate specificities. The most significant difference is that
of interaction between the different subunits of a synthetasethe E-domain of TycA is an aminoacyl epimerase, whereas
complex: substrate specificity or selective protefmotein that of TycB is a peptidyl epimerase exhibiting low
recognition. Previous studies gave some evidence for theefficiency when epimerizing aminoacyl-S-Ppant substrates
latter possibility. It was reported that GrsA-AT, where the (17, 20). However, this effect can be compensated for by
E-domain was deleted, was not capable of transferring Pheutilizing b-Phe as substrate amino acid. For both enzymes,
to TycB;-CApioT, even whem-Phe was utilized as substrate product formation assay systems were developed previously,
(6). Furthermore, mutational analysis of the GrsA E-domain the DKP @) and theL/p-Phet-Asn (17) assay systems, to
revealed that point mutants abolishing E-domain activity are measure transfer between TycA and TycB as well as between
still capable of transferringp-Phe to TycB-CApl (21). TycB and TycC, respectively. Additionally, two hybrid
Additionally, it was shown that the C-domain of TygC  enzymes were tested, in which the E-domains were swapped
normally elongating a tetrapeptidyl-S-Ppant, can also catalyzeagainst each other (TycA#J/E™°E3 and TycB-Apnel/
peptide bond formation witb/o-Phe-S-Ppantl(?). The latter E™CA) (9).
substrate is the same as would be provided by TycA. Both assay systems used in this study are artificial systems.
However, a shortened tyrocidine derivative resulting from a Therefore, it cannot be totally excluded that the data
mistransfer from TycA to TycC has never been reported so presented could be marginally skewed. Anyhow, our results
far. These observations suggested selective profintein clearly indicate that the origin of the E-domain controls
recognitions to govern correct peptide chain transfer betweenprotein—protein recognitionin trans. Although all donor
the TycA and TycB, as well as between TycB and TycC enzymes provided-Phe, an efficient product formation
synthetase subunits. activity was only detected when the E-domain naturally
In this study, we sytematically and quantitatively inves- interacting with the corresponding acceptor enzymes was
tigated the impact of TycA and TygBE-domains on present in the donor proteins. With nhoncognate E-domains,
selective proteirrprotein recognition between the tyrocidine no product formation activities were observed, except in the
synthetases TycA, TycB, and TycC (see Figure 1). Thereby, case of TycA-AnT/ETE3 when assayed with TyGBCApT .
we took advantage of the similarities between TycAwRE For this noncognate E-domain/acceptor enzyme combination,
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A) Tycc4_AW/TETycA resul_t remains _some_hovy obscure at the moment and will
) require further investigation.
15000 In the past few years many efforts were undertaken to
Qevnnnn & reprogram and to engineer NRPS templates with the aim to
LT generate enzymatic templates biosynthesizing new valuable

products 16, 24—28). In this study we did the proof of
principle, that swapping PCP-E-didomains represents an
additional possibility to obtain new peptide products by
directed engineering approaches. In the case of the two

dpm
..
ﬁ‘

0 , , , , , hybrid enzymes TycEAva/TEYA and BacA-A e/ TEWA,
0 20 40 60 80 100 120 we were able to demonstrate that dipeptide-DKP products
time [min] are formed in the presence of the acceptor enzyme FycB
CApoT and substrates. However, product yields were very
B) BacA;-Ay/TEDA low. There are some effects that can be responsible for these

observations. Earlier studies revealed that the C-domain of

15000

TycB; is enantioselective for the-isomer at its electrophilic
donor site but at least to some extent unspecific to the nature
\ _.—‘U """" 1 of the amino acid 42). However, no steady-state kinetics
g ‘,“ were done, so that possibly only the catalytic efficiency
“’ toward unnatural substrates is lowered. On the other hand,
r/‘——: many examples can be found in the literature for C-domains
processing unnatural substrates with acceptable efficiencies
0 ' ' ' ' ' (16, 24, 26). Therefore, the C-domain of TygBhould accept
0 20 4060 80 100 120 unnatural substrates in therconfiguration at least with a
time [min] moderate activity. Surprisingly, in the case of the two hybrid
FIGURE 7: Aminoacylation and transfer kinetics. The aminoacyl- enzymes tested, always two substances which had the same
ation reactions of TycEAva/TEYA (A) and BacA-Aje/TETYA masses were observed, giving strong evidence for being a

(B) with their cognaté“C-labeled substrate amino acids (Val and mixture of .- and p-Val/lle-Pro-DKP diastereoisomers,

lle) are shown in the dependence of the time. At defined time points, . : : :
aliquots were taken and subsequently quenched by the addition ofrespectlvely. Amino acid transfer studies clearly demon-

1 mL of ice-cold 10% TCA. The acid-stable amount of radioactivity Strated that product formation takes place by transfer of Val
bound to the enzymes was quantified by scintillation counting. At and lle to the acceptor enzyme and not by an unspecific
the position marked by an arrow (60 min reaction time), the assays reaction of reactive compounds in the reaction mixture. Thus,
were split. To one half, TycBCAgiol was added, which had been o TycB C-domain does not seem to be strictly enantio-
preincubated for 60 min with nonlabeledAbu as substrate amino f .
acid. If Val or lle is transferred to the acceptor enzyme, one would selective towa_rd altered substratg;. Arjother effect V\,’h'Ch
expect an increase of the total amount of radioactivity bound to Probably contributes to the low efficiencies of the reactions
the enzymes, because after transfer of the labeled amino acids tds that the E-domain of TycA is selective for Phe-S-Ppant
TycB;-CApioT, the donor enzymes are capable of covalently loading as substrate and the epimerization efficiency toward unnatural
a new labeled substrate amino acid. substrates is strongly decreas€dg9). It was not possible

to bypass the E-domain function by utilizingVal or p-allo-

lle, because both A-domains (Tyg@nd BacA) exclusively
activate the_-isomers (data not shown).

Besides using such hybrid enzymes with PCP E-

a residual product formation activity (7% withPhe and
11% withp-Phe) was detected. One possible explanation for
this effect could be that to a minor extent A- and PCP
domains also participa;e_as proteiprotein recognition didomains, which at the moment seem to be only less
elements. However, a similar effect has not been observedggicient, we describe a second engineering approach in this
for TycBs-Apnel/EM** when assayed with TyG@CAasT/ study, which could be of much higher relevance for practical
Te. Probably, the C-domain of TygGs somehow more  aphr0aches in the future. As demonstrated, the E-domains
efficient for peptidyl-S-Ppant substrates than for aminoacyl- jay an important role in mediating proteiprotein interac-
S-Ppant substrates, suppressing such a “residual activity” intions between synthetases interacting with each dtrteans

the latter enzyme system, while the C-domain of TyéB  The question arose, if such trans systems would be still
naturally elongating-Phe-S-Ppant. A surprising result was  active in cis. Therefore, the two fusion enzymes TycA-
that the hybrid enzyme TycA-#AcI/EV*®was 10 times more Ay, TE/TycB;-CApT and TycB-Apnd E/TYcC-CAns T/ Te
efficient in product formation with TycGCAasnT/Te than  were designed. Our results revealed that it is possible to fuse
TycBs-Arnel E itself whenL-Phe was used as substrate and modulesin cis, which normally interact with each othér

still two times more efficient witho-Phe. One possible  trans The product formation activitiel cis were slightly
explanation is that the aminoacylation velocity is faster in reduced for the first dimodular enzyme%0%) and surpris-

the case of the hybrid enzyme. However, witfPhe as ingly significantly higher for the latter one (three times higher
substrate, the rate-limiting step should be the epimerizationwith p-Phe as substrate). Obviously, the modules and
reaction R0). On the other hand, a more speculative domains are still flexible enough to interact functionally with
interpretation would consider a stimulating effect of the PCP  each other when being fused together on one single polypep-
domain of TycA, normally interacting with an aminoacyl- tide chain. Very interestingly, the two unnatura cis
S-Ppant epimerase, on the peptidyl-S-Ppant E-domain offusions, TycA-Anl E/TycG-CApsnT/Te and TycB-Apnel E/
TycB; when epimerizing aminoacyl-S-Ppant substrates. This TycB;-CApo T, were also active, with comparable activities
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to that of TycA-Aene E/TYCB;-CApT and TycB-Apnel E/
TycCi-CAnsnT/Te, indicating that the protetrprotein rec-
ognition mediated by the E-domains is only necessary for
thein trans systems. When fused together, the enzymes do
not have to find each other in solution, and this close
proximity seems to be sufficient for a productive interaction.
This result also suggests that no “negative” recognition
elements are present, which might lead to repelling forces
in fusion enzymes.

In summary, we clearly demonstrated in this study that
the E-domains which are localized at C-terminal modules
of NRPSs are involved in proteirprotein recognition.
Furthermore, we were able to show that modules normally
interacting with each othén transcan be fused togethar
cisunder preservation of their activities. Most interestingly,
modules not interacting with each othier trans become
active when fused togethir cis. Especially the latter finding
could be of high relevance for future rational engineering
approaches. Further experiments should aim at a more
detailed mapping of the proteitprotein recognition elements
within the C-terminal E-domains, possibly with regard to
small linkers as was reported for the polyketide synthases
(30).
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