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Aminoacyl-SNACs as small-molecule substrates for the
condensation domains of nonribosomal peptide synthetases
David E Ehmann, John W Trauger, Torsten Stachelhaus* and

Christopher T Walsh

Background: Nonribosomal peptide synthetases (NRPSs) are large multidomain
proteins that catalyze the formation of a wide range of biologically active natural
products. These megasynthetases contain condensation (C) domains that

catalyze peptide bond formation and chain elongation. The natural substrates for
C domains are biosynthetic intermediates that are covalently tethered to thiolation
(T) domains within the synthetase by thioester linkages. Characterizing C domain
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substrate specificity is important for the engineered biosynthesis of new

compounds.

Results: We synthesized a series of aminoacyl-N-acetylcysteamine thioesters
(aminoacyl-SNACs) and show that they are small-molecule substrates for NRPS
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C domains. Comparison of rates of peptide bond formation catalyzed by the

C domain from enterobactin synthetase with various aminoacyl-SNACs as
downstream (acceptor) substrates revealed high selectivity for the natural
substrate analog L-Ser-SNAC. Comparing L- and p-Phe-SNACs as upstream
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(donor) substrates for the first C domain from tyrocidine synthetase revealed clear

D- versus L-selectivity.
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Conclusions: Aminoacyl-SNACs are substrates for NRPS C domains and are

useful for characterizing the substrate specificity of C domain-catalyzed peptide

bond formation.

Introduction

A variety of peptide natural products, including the anti-
biotics penicillin and vancomycin, the immunosuppressant
cyclosporin A and the bacterial siderophores yersiniabactin,
mycobactin and enterobactin, are assembled by nonriboso-
mal peptide synthetases (NRPSs) [1-9]. NRPSs are very
large, multidomain proteins that contain sets of functional
domains termed modules. The sequence of the peptide
produced by a NRPS is determined by the order of mod-
ules. Each module contains a thiolation (T') domain (~ 80
residues) that is posttranslationally modified with phospho-
pantetheine (P-pant) in a reaction catalyzed by a phospho-
pantetheinyl transferase [10]. Chain initiation involves each
module loading a specific amino acid onto its I" domain, a
process that involves amino acid activation catalyzed by an
adenylation (A) domain (~ 550 residues) followed by reac-
tion of the resulting aminoacyl adenylate with the P-pant
thiol group to form an aminoacyl thioester (aminoacyl-S-T).
Subsequent chain elongation steps are catalyzed by pep-
tide bond-forming condensation (C) domains (~ 450 resi-
dues) (Figure 1). In addition to C, A and 'I" domains, which
comprise a core elongation module, modules may contain
optional modification domains including L- to D-epimeriza-
tion (E) domains and N-methylation domains.

Determination of the substrate specificity of C domains,
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which is important for the engineered biosynthesis of nov-
el peptides, is challenging because the substrates and prod-
ucts of the reaction are covalently attached to and specified
by the synthetase. Reconstitution of one peptide bond-
forming reaction to produce a dipeptidyl-S-T" domain prod-
uct requires two T domains primed with phosphopante-
theine and loaded with an amino acid. Only recently
have such two module reconstitutions been achieved
with purified proteins [11,12]. In the absence of down-
stream domains the dipeptidyl-S-T' domain condensation
product remains covalently tethered to the enzyme (except
in special cases) so turnover cannot occur. Probing sub-
strate specificity is also difficult because the upstream do-
nor and downstream acceptor substrates are defined by the
A domains [13,14].

To directly evaluate C domain specificity, we set out to
synthesize small-molecule surrogates for aminoacyl-S-T do-
mains, one of the natural substrates for C domains. Prece-
dent from work with polyketide synthases suggested that
aminoacyl-S-T' domains could be replaced by aminoacyl
N-acetylcysteamine (NAC) thioesters (aminoacyl-SNACs)
[15,16]. The NAC moiety mimics the terminal part of
P-pant (Figure 2). We report here the synthesis of a series
of aminoacyl-SNACs and the ability of some of these to
serve as downstream acceptor substrates for the C domain
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Figure 1. C domains in NRPSs catalyze peptide bond formation
between intermediates that are covalently bound to T domains by
thioester linkages. Peptide bond formation results in transfer of
the upstream acyl donor to the downstream aminoacyl acceptor.
The wavy line represents phosphopantetheine.

in the EntF subunit of enterobactin synthetase [6] (Figure
3a) and as upstream donor substrates for the first C domain
of tyrocidine synthetase (Figure 3b) [11]. Peptide bond
formation rates for different aminoacyl-SNAC substrates
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Figure 2. Aminoacyl-SNACs are small-molecule mimics of
aminoacyl-S-T domains, one of the natural protein-bound
substrates for C domains. NAC is identical to the terminal portion
of phosphopantetheine.

were determined to provide a readout of the C domains’
specificities.

Results

Synthesis and characterization of aminoacyl-SNACs

A series of aminoacyl-SNACs were synthesized as outlined
in Figure 4. Coupling of NAC to a Boc-protected amino
acid was effected with DCC/HOBt and K,COj;. Deprotec-
tion of the resulting Boc-aminoacyl-SNAC followed by
ether precipitation afforded the aminoacyl-SNAC as the
trifluoroacetic acid (T'FA) salt. L- and D-isomers of Ser-,
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Figure 3. Replacement of aminoacyl-S-T domains with aminoacyl-SNACs. (a) For the C domain in the EntF component of enterobactin
synthetase, Ser-SNAC mimics Ser-S-EntF T domain, the C domain’s natural downstream (acceptor) substrate. (b) For the first C domain
from the TycB component of tyrocidine synthetase, b-Phe-SNAC mimics p-Phe-S-TycA T domain, the C domain’s natural upstream (donor)
substrate. Experiments in this study use the protein ProCAT, which consists of the first three domains of TycB. The enzyme-bound
dipeptide product p-Phe-Pro-S-ProCAT T domain undergoes non-catalyzed intramolecular cyclization to form p-Phe-Pro diketopiperazine

(DKP).
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Figure 4. Synthesis of aminoacyl-SNACs. The synthesis of L-Ser-
SNAC is shown as a representative example.

Ala-, 'Thr-, Phe-, Tyr-, Pro- and Leu-SNAC were synthe-
sized. The identity and purity of the compounds was veri-
fied by MALDI-TOF mass spectrometry and 'H NMR.

To be useful as C domain substrates, the aminoacyl-
SNACs must have sufficient stability toward non-enzy-
matic hydrolysis and dimerization. We determined half-
lives for non-enzymatic hydrolysis/dimerization for the L-
aminoacyl-SNACs (75 mM Tris—=HCI, pH 7.5, 37°C) by
detection of the free thiol of NAC using the D'TNB col-
orimetric assay [17]. With the exception of L-Pro-SNAC, all
of the aminoacyl-SNACs displayed half-lives between 50
and 130 min. The L-Pro-SNAC exhibited a shorter half-life
of only 15 min, probably due to formation of Pro-Pro di-
ketopiperazine. Since all of the enzymatic reactions de-
scribed in this study use 2-15 min reaction times, the
aminoacyl-SNACs are sufficiently stable to be useful as
C domain substrates.

L-Ser-SNAC as downstream (acceptor) substrate for the
EntF C domain

The enterobactin NRPS consists of three subunits, EntE,
EntB and EntF. The EntF subunit (140 kDa, four do-
mains) has a single C domain that uses as upstream (donor)
substrate 2,3-dihydroxybenzoic acid (DHB) tethered to the
aryl carrier protein (ArCP) domain of EntB (DHB-S-EntB
ArCP) and as downstream (acceptor) substrate serine teth-
ered to the T domain of EntF (Ser-S-EntF T' domain) [6].
We set out to determine if Ser-SNAC could replace Ser-S-
EntF T domain as acceptor substrate for the EntF C do-
main (Figure 3a). If so, then the condensation product
would be released into solution rather than remaining teth-
ered to the EntF 'T" domain, allowing one to monitor multi-
ple turnovers of the C domain.

In a reaction containing EntF, the donor substrate DHB-S-
EntB ArCP domain (10 kDa) and the acceptor substrate L-
Ser-SNAC, we observed formation of the condensation
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Figure 5. L-Ser-SNAC is a downstream (acceptor) substrate for
the EntF C domain. HPLC traces of reactions that contained EntB
ArCP loaded with DHB and 5 mM L-Ser-SNAC in the presence or
absence of EntF are shown: (a) reaction with 1 uM EntF followed
by addition of potassium hydroxide, (b) reaction with 1 uM EntF,
and (c) control reaction without EntF. All reactions were carried
out as described in Materials and methods.

product DHB-Ser-SNAC and DHB-Ser (which results from
thioester hydrolysis during the reaction and work-up) (Fig-
ure 5). The identity of the products was determined by
MALDI-TOF mass spectrometry and, for DHB-Ser, by
HPLC co-elution with a synthetic standard. No product
formation was detectable in the absence of EntF. In sub-
sequent assays, the condensation product DHB-Ser-SNAC
was completely hydrolyzed to DHB-Ser by briefly heating
with potassium hydroxide before HPLC analysis to simpli-
fy product quantitation. A reaction with 2 mM L-Ser-SNAC
and 500 nM EntF (4000:1 substrate:enzyme) showed lin-
ear DHB-Ser formation over 15 min. The concentration
dependence of the rate of peptide bond formation demon-
strates that the reaction follows Michaelis—Menten Kki-
netics, with a K, of 7 mM and a robust 4. of 230
min~! (Figure 6). Thus, the EntF C domain can utilize
L-Ser-SNAC as a downstream (acceptor) substrate in place
of the normal substrate L-Ser-S-EntF T domain.

Peptide bond formation catalyzed by truncated EntF
proteins

EntF contains four domains, an N-terminal C domain (50
kDa) followed by a serine-specific adenylation (A) domain
[18], a T domain (10 kDa) and a C-terminal thioesterase
domain (30 kDa). We next prepared the truncated EntF
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Figure 6. Plot of EntF-catalyzed DHB-Ser formation rate versus
Ser-SNAC concentration. Reactions contained EntB ArCP loaded
with DHB, Ser-SNAC and 250 nM EntF and were incubated at
37°C for 4 min.

proteins EntF C-A-T (110 kDa) and EntF C-A (100 kDa),
which delete the last one or two domains of EntF. Both
EntF fragments retain C domain activity with DHB-S-
EntB ArCP as donor and 1-Ser-SNAC as acceptor. In re-
actions with 2 mM L-Ser-SNAC, full-length EntF shows a
#obs Of 30 min~!, while EntF C-A-T and EntF C-A show
kobs values of 66 min~! and 64 min~!, respectively (Figure
7). No DHB-Ser formation was observed in the absence of
the EntF fragment. We also observed that serine could not
replace Ser-SNAC as acceptor substrate (data not shown).
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Figure 7. DHB-Ser formation rates with truncated EntF proteins.
Reactions contained EntB ArCP loaded with DHB, 2 mM Ser-
SNAC and 500 nM EntF, EntF C-A-T or EntF C-A. Full-length
EntF displays a ko,s for DHB-Ser formation of 30 min~', while the
truncated EntF proteins EntF C-A-T and EntF C-A display kops
values of 66 min~' and 64 min~", respectively.

With the two-domain protein EntF C-A, which contains no
T domain, there is no possibility that peptide bond forma-
tion results from reaction of Ser-SNAC with the P-pant
group of the EntF T domain to form Ser-S-EntF T do-
main. Thus, the C domain activity observed for EntF C-A
confirms that Ser-SNAC is used directly as a substrate by
the C domain.

EntF C domain recognition of side chain size and

L- vs. p-configuration

We next tested a series of aminoacyl-SNACs that vary the
side chain size and L- versus D-configuration as acceptor
substrates for the EntF C domain. All assays were carried
out using 500 nM EntF and 2 mM aminoacyl-SNAC.
When D-Ser-SNAC was used, a rate of 0.7 min~! was ob-
served compared to a rate of 30 min~! observed with L-
Ser-SNAC (Table 1). Thus, the EntF G domain is 40-fold
selective for L- versus D-Ser-SNAC. Further assays with
Ala-, Thr-, 'Tyr-, Phe-, Leu- and Pro-SNAC revealed that
the EntF C domain is selective for its natural substrate
analog Ser-SNAC (Table 1). Compared with Ser-SNAC,
the reaction rates with L.-Ala-SNAC, L-Thr-SNAC, L-Tyr-
SNAC and L-Phe-SNAC were diminished 2-fold, 30-fold,
40-fold and 50-fold, respectively, and no peptide bond for-
mation was detectable with Leu-SNAC and Pro-SNAC. In
addition, none of the p-aminoacyl-SNACs D-Ala-, pb-Thr-,
D-Tyr-, D-Phe-, D-Leu- and D-Pro-SNAC were substrates.
Thus, the EntF C domain recognizes both the side chain
and L- vs. D-configuration of its downstream (acceptor) sub-
strate.

p-Phe-SNAC as upstream (donor) substrate for the first C
domain of tyrocidine synthetase

Tyrocidine synthetase consists of three subunits, TycA,
TycB and TycC. The first C domain in this synthetase is
the first domain of the TycB subunit, and normally uses D-
Phe loaded onto the T domain of TycA as upstream (do-
nor) substrate and Pro loaded onto the first T' domain of
TycB as downstream (acceptor) substrate. We next exam-
ined whether this first C domain could recognize D-Phe-

Table 1

Rates (kobs, min~') of EntF C domain-catalyzed DHB-amino
acid formation with EntB ArCP loaded with DHB as upstream
(donor) substrate and an aminoacyl-SNAC as downstream
(acceptor) substrate.

Aminoacyl-SNAC

Side chain configuration

L D
Ser-SNAC 30 0.7
Ala-SNAC 16 <0.1
Thr-SNAC 1.1 <0.1
Tyr-SNAC 0.7 <0.1
Phe-SNAC 0.6 <0.1
Leu-SNAC <0.1 <0.1
Pro-SNAC <0.1 <0.1

Reactions were carried out with 500 nM EntF and 2 mM amino-

acyl SNAC as described in Materials and methods.
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Figure 8. b-Phe-SNAC is an upstream (donor) substrate for the
C domain of ProCAT. (a) Amount of Phe-Pro DKP condensation
product formed as a function of time in reactions that contained
either 500 nM holo-ProCAT, 500 nM holo-ProCAT(H147V) or no
ProCAT, 1.3 uM [®H]Pro and either 5 mM p-Phe-SNAC or 5 mM
L-Phe-SNAC. The Pro-CAT proteins were converted to holo-form
using the phosphopantetheinyl transferase Sfp. (b) ProCAT-
catalyzed p-Phe-Pro DKP formation rate versus p-Phe-SNAC
concentration. Reactions contained 500 nM holo-ProCAT, 1.3 uM
[®H]Pro and 5 mM b-Phe-SNAC and were incubated at 37°C for
8 min.

SNAC as an upstream (donor) substrate in place of the
natural substrate D-Phe-S-T. Prior efforts [11] have estab-
lished that first module of gramicidin S synthetase (GrsA,
which is functionally equivalent to TycA) and the isolated
first module of TycB (referred to as ProCAT) function
together in vitro to form a peptide bond, yielding D-Phe-
Pro-S-ProCAT 'T' domain. In the absence of downstream
modules, the enzyme-bound dipeptide undergoes intramo-
lecular cyclization, resulting in release of D-Phe-Pro dike-
topiperazine (DKP) at the slow rate of 0.5 min~!
[11,13,19].

When ProCAT (500 nM) was incubated with [*H]Pro, ATP
and D-Phe-SNAC (5 mM), we observed time-dependent
production of radiolabeled p-Phe-Pro DKP, reaching about

1.7 equivalents relative to enzyme over 1 h (Figure 8a).
The identity of the product b-Phe-Pro DKP was verified
by HPLC co-clution with a synthetic standard and by
MALDI-TOF mass spectrometry. The reaction showed
saturation Kinetics with a K, of about 2.5 mM (Figure
8b). When ProCAT was either omitted or replaced by
the catalytically inactive C domain mutant Pro-
CAT(H147V), no pD-Phe-Pro DKP formation above back-
ground was observed (Figure 8a). When L-Phe-SNAC was
used in place of D-Phe-SNAC, no DKP formation above
the non-enzymatic background rate was observed. This
result indicates that the ProCAT C domain is selective
for the D- versus L-configuration of its natural upstream
(donor) substrate Phe-S-TycA T domain.

Non-catalytic DKP formation at a rate comparable to the
enzyme-catalyzed rate was observed in control reactions
without ProCAT (Figure 8a). The high background rate
is probably due to slow, rate-limiting product release by
DKP formation (0.5 min~!). With p-Leu-SNAC as donor
substrate for the ProCAT C domain, we observed no DKP
formation above the non-enzymatic background rate. How-
ever, because the background rate was comparable to the
ProCA'T-catalyzed rate with D-Phe-SNAC (the analog of
the natural substrate), we cannot conclude whether this
result reflects actual selectivity of the C domain for D-
Phe-SNAC versus D-Leu-SNAC. Thus, while we are able
to demonstrate D- versus L-donor selectivity for the Pro-
CAT C domain, the GrsA/ProCAT system is not suited to
systematically probing donor selectivity.

The GrsA/ProCAT system provided an opportunity to an-
alyze whether ProCAT can use Pro-SNAC as downstream
(acceptor) substrate. However, in experiments using GrsA
loaded with D-Phe as donor and Pro-SNAC as acceptor no
DKP formation above background was observed (data not
shown). Also, when D-Phe-SNAC and L-Pro-SNAC were
tested together with ProCAT to evaluate if one could
use aminoacyl-SNACs as both donor and acceptor sub-
strates at the same time, no DKP formation over the back-
ground level was observed.

Discussion

In studies of the substrate specificity of C domains in
NRPSs, the use of small-molecule substrate analogs to
mimic both the upstream (donor) substrate aminoacyl- or
peptidyl-S-T' domain and the downstream (acceptor) sub-
strate aminoacyl-S-T domain is potentially very useful. Our
approach of using aminoacyl-SNACs as small-molecule
substrate analogs builds on precedent from work with poly-
ketide synthases (PKSs), where acyl-S-T' domain donors
have been replaced by acyl-SNAC donors to change chain
initiation units and to bypass inactivated chain elongation
domains [15,16]. In addition, work with the actinomycin
NRPS demonstrated that an aryl thioester could serve as
a C domain donor substrate [20].
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We showed here that the C domain in the EntF subunit of
enterobactin synthetase can utilize L-Ser-SNAC as a down-
stream (acceptor) substrate, allowing us to measure for the
first time the value of A (230 min~!) for an NRPS C
domain. Our results here indicate that the EntF C domain
recognizes the CH,OH side chain of its natural substrate
(L-Ser-S-EntF T domain) since L-Ala-, L-Thr-, L-Phe-, L-
Tyr-, L-Leu- and L-Pro-SNAC are poorer substrates. The
observed 40:1 preference of the EntF C domain for r-Ser-
SNAC versus D-Ser-SNAC and the fact that none of the
other D-aminoacyl-SNACs tested are substrates demon-
strates that this C domain is selective for L- versus D-ami-
noacyl acceptor substrates. This result is in accord with
carlier work in which aminoacyl CoAs were used to gen-
erate aminoacyl-S-T' domain acceptors [13]. With a conven-
ient assay for EntF C domain activity in hand, we were
then able to show that the EntF C-A fragment retained full
peptide bond-forming activity. In future studies, further
truncation of the EntF C-A protein and point mutations
within the C domain will allow definition of a minimal C
domain and illuminate the role of conserved residues.

We also showed here that the first C domain of tyrocidine
synthetase (i.e., the ProCAT C domain) can utilize D-Phe-
SNAC as an upstream (donor) substrate. The observed
preference for D-Phe-SNAC versus L-Phe-SNAC donors
shows that this C domain is selective for aminoacyl-S-T'
domain donors having the D-configuration. This result
agrees with earlier work using aminoacyl CoAs [13] and
with an experiment that used a GrsA mutant that has an
inactivated epimerization domain together with ProCA'T,
in which no peptide bond formation was observed despite
formation of the potential donor substrate 1.-Phe-S-GrsA T
domain [19]. We were unable due to the slow turnover and
high non-enzymatic background rate of this system to sys-
tematically probe specificity of the ProCAT C domain for
different D-aminoacyl-SNAC donors.

The C domain donor and acceptor substrate specificities
observed here are likely to be general for other C domains.
Thus, it is likely that C domains in general will specifically
recognize the side chain and L- versus D-configuration of
their downstream (acceptor) aminoacyl substrates and will
recognize the L- versus D-configuration of their upstream
(donor) substrates. These results are useful guidelines for
the engineered biosynthesis of new compounds. The ap-
proach described here of using aminoacyl-SNACs to probe
C domain specificity could be broadened to the use of
peptidyl-SNAGCs [21], which in principle would allow anal-
ysis of the donor specificity of internal C domains, as op-
posed to first C domains which use aminoacyl thioesters as
substrates. Finally, aminoacyl- and peptidyl-SNACs should
be useful small-molecule substrates for other NRPS do-
mains including the heterocyclizing condensation domains
[22], epimerization domains [19] and V- and C(-methylation
domains. Indeed, peptidyl-SNACs have recently been

used to probe the substrate specificity of a chain-terminat-
ing thioesterase domain [21].

Significance

Nonribosomal peptide synthetases (NRPSs) catalyze the
formation of a diverse array of natural products. In these
large, multidomain proteins, substrate specificity is well-
documented for adenylation domains, which catalyze ami-
no acid activation, but less is known about the selectivity
of condensation (C) domains, which catalyze peptide bond
formation. In this study, we used aminoacyl N-acetylcyste-
amine thioesters (SNACs) as small-molecule substrates for
C domains to assess substrate specificity. Studies of one C
domain using aminoacyl-SNACs as downstream (acceptor)
substrates revealed high selectivity for the side chain size
and L- versus D-configuration of the substrate. Experiments
with a second C domain from a different NRPS using
aminoacyl-SNACs as upstream (donor) substrates revealed
clear D- versus L-selectivity. This study demonstrates a
new approach to characterizing C domain specificity, which
is important for the engineered biosynthesis of novel com-
pounds.

Materials and methods

General procedure for synthesis of aminoacyl-SNAC substrates
"H NMR spectra were recorded on either a Varian Unity NMR spectrom-
eter at 500 MHz or a Varian M200 spectrometer at 200 MHz. MALDI-
TOF mass spectrometry was carried out using a Perseptive Biosystems
Voyager-DE STR mass spectrometer. Boc-protected amino acids were
obtained either from Calbiochem or Bachem. To the Boc-protected ami-
no acid (1 eq.) in THF was added a mixture of DCC (1 eq.) and HOBt
(1 eq.) in THF followed by N-acetylcysteamine (1 eq., except for Tyr
derivatives, for which 10 eq. was used). After stirring the resulting mix-
ture for 45 min at 24°C, K,CO3 (0.5 eq.) was added and the reaction
stirred for 3 h at 24°C. The reaction was then filtered and concentrated
by rotary evaporation. The residue was taken up in ethyl acetate and
washed once with one volume of 10% aqueous NaHCQOj3;. The organic
layer was dried (NapSO,4) and concentrated. The crude product was
purified by flash chromatography (3-5% MeOH in CHCI3) and concen-
trated to afford the Boc-aminoacyl-SNAC. Yields were in the range of
50-80%. Deprotection was carried out by dissolving the Boc-amino-
acyl-SNAC in 50% TFA/CH.Cl, (for Ser and Thr derivatives, which
have a tbutyl side chain protecting group, the deprotection solution
also contained 5% (v/v) N-acetylcysteamine). After allowing the solution
to stand at 24°C for 1 h, the reaction was concentrated by rotary evap-
oration. The residue was twice taken up in CHxCl, and concentrated to
remove TFA. The resulting residue was taken up in a minimal volume of
CH,Cl, and precipitated with diethyl ether. The resulting solid was
washed twice with ether and dried to afford the aminoacyl-SNAC in
30-80% yield.

Characterization of aminoacyl-SNAC substrates

L- and p-Boc-Ser(tBu)-SNAC: 'H NMR (DMSO-ds): & 7.97 (t, 1H), 7.25
(d, 1H, J=8.0 Hz), 4.08 (m, 1H), 3.47 (d, 2H, J=5.4 Hz), 3.06 (m, 2H),
2.79 (t, 2H, J=7.0 Hz), 1.72 (s, 3), 1.35 (s, 9H), 1.04 (s, 9H).

- and p-Ser-SNAC: 'H NMR (DMSO-d;): & 8.39 (br s, 3H), 8.05 (m,
1H), 5.80 (br s, 1H), 4.33 (t, 1H, J=4.0 Hz), 3.81 (d, 2H, J=4.0 Hz),
3.19 (m, 2H), 3.04 (m, 2H), 1.78 (s, 3H); MALDI-TOF MS (monoisotopic,
L-isomer) [M+H]: 207.5 (207.1 calc.).

L-Boc-Thr(tBu)-SNAC: 'H NMR (DMSO-d): & 7.99 (t, 1H), 6.35 (d, 1H,
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J=8.6 Hz), 4.02 (m, 2H), 3.06 (m, 2H), 2.80 (m, 2H), 1.72 (s, 3H), 1.36
(s, 9H), 1.01 (m, 12H).

b-Boc-Thr(tBu)-SNAC: 'H NMR (DMSO-ds): & 8.00 (t, 1H), 6.36 (d, 1H),
4.05 (m, 2H), 3.12 (m, 2H), 2.84 (m, 2H), 1.76 (s, 3H), 1.40 (s, 9H), 1.05
(m, 12H).

L-Thr-SNAC: '"H NMR (DMSO-d): & 8.33 (br s, 1H), 8.07 (t, 1H), 5.63
(br s, 1H), 4.14 (m, 2H), 3.20 (m, 2H), 3.05 (m, 2H), 1.78 (s, 3H), 1.20
(d, 3H, J=6.6 Hz); MALDI-TOF MS (monoisotopic, L-isomer) [M+H]:
221.5 (221.1 calc.).

p-Thr-SNAC: '"H NMR (DMSO-ds): § 8.33 (br s, 3H), 8.07 (t, 3H), 5.63
(br s, 1H), 4.14 (m, 2H), 3.20 (m, 2H), 3.02 (m, 2H), 1.78 (s, 3H), 1.20
(d, 3H, J=6.2 Hz); MALDI-TOF MS (monoisotopic, L-isomer) [M+H]:
221.5 (221.1 calc.).

L- and p-Boc-Ala-SNAC: 'H NMR (DMSO-ds): & 7.99 (s, 1H), 7.60 (d,
1H, J=7.5 Hz), 4.06 (q, 1H, J=7.0 Hz), 3.12 (m, 2H), 2.83 (m, 2H), 1.78
(s, 3H), 1.39 (s, 9H), 1.20 (d, 3H, J=7.5 Hz).

L- and p-Ala-SNAC: "H NMR (DMSO-ds): § 8.34 (br s, 1H), 8.06 (s, 1H),
4.31 (q, 1H, J=7.5 Hz), 3.21 (m, 2H), 3.05 (m, 2H), 1.79 (s, 3H), 1.42 (d,
3H, J=7.5 Hz). MALDI-TOF MS (monoisotopic, L-isomer) [M+H]: 191.1
(191.1 calc.).

L- and p-Boc-Phe-SNAC: 'H NMR (DMSO-ds): & 8.01 (s, 1H), 7.64 (d,
2H, J=8.5 Hz), 7.25 (m, 5H), 4.23 (m, 1H), 3.15 (m, 2H), 3.03 (m, 1H),
2.85 (m, 2H), 2.78 (m, 1H), 1.78 (s, 3H), 1.31 (s, 9H).

L- and p-Phe-SNAC: "H NMR (DMSO-ds): & 8.49 (br s, 3H), 8.01 (t, 1H),
7.28 (m, 5H), 4.51 (t, 1H, J=6.6), 3.13 (m, 4H), 2.95 (m, 2H), 1.78 (s,
3H); MALDI-TOF MS (monoisotopic, L-isomer) [M+H]: 267.2 (267.1
calc.).

L- and p-Boc-Tyr-SNAC: '"H NMR (DMSO-ds): § 9.16 (br s, 1H), 7.98 (t,
1H, J=5.4 Hz), 7.56 (d, 1H, J=8.0 Hz), 6.97 (d, 2H, J=8.8 Hz), 6.59 (d,
2H, J=8.7 Hz), 4.06 (m, 1H), 3.07 (m, 2H), 2.80 (m, 4H), 1.73 (s, 3H),
1.28 (s, 9H).

L- and p-Tyr-SNAC: '"H NMR (DMSO-ds): § 8.44 (br s, 3H), 8.01 (t, 1H),
7.03 (d, 2H, J=8.5 Hz), 6.70 (d, 2H, J=8.4 Hz), 4.42 (t, 1H, J=6.6 Hz),
3.14 (m, 2H), 2.98 (m, 4H), 1.78 (s, 3H); MALDI-TOF MS (monoisotopic,
L-isomer) [M+H]: 283.1 (283.1 calc.).

L- and p-Boc-Leu-SNAC: 'H NMR (DMSO-ds): & 7.99 (s, 1H), 7.57 (d,
1H, J=8.0 Hz), 4.03 (m, 1H), 3.11 (m, 2H), 2.83 (m, 2H), 1.77 (s, 3H),
1.62 (m, 1H), 1.41 (m, 2H), 1.40 (s, 9H), 0.86 (d, 3H, J=6.0 Hz), 0.82 (d,
3H, J=6.0 Hz).

L- and p-Leu-SNAC: "H NMR (DMSO-d5): & 8.46 (br s, 3H), 8.07 (s, 1H),
4.20 (t, 1H), 3.20 (m, 2H), 3.07 (m, 2H), 1.78 (s, 3H), 1.76 (m, 1H), 1.61
(m, 2H), 0.91 (d, 6H, J=6.5 Hz); MALDI-TOF MS (monoisotopic, L-iso-
mer) [M+H]: 233.2 (233.1 calc.).

L- and p-Boc-Pro-SNAC: 'H NMR (DMSO-ds): § 8.02 (d, 1H), 4.30 (t,
1H, J=7.5 Hz), 3.33 (m, 2H), 3.13 (m, 2H), 2.87 (m, 2H), 2.19 (m, 2H),
1.83 (m, 2H), 1.76 (s, 3H), 1.32 (s, 9H).

- and p-Pro-SNAC: 'H NMR (DMSO-dg): & 9.22 (br s, 2H), 8.03 (m,
1H), 4.59 (t, 1H, J=7.0 Hz), 3.36 (m, 2H), 3.15 (m, 2H), 2.96 (m, 2H),
2.22 (m, 2H), 1.82 (m, 2H), 1.65 (s, 3H); MALDI-TOF MS (monoisotopic,
L-isomer) [M+H]: 217.2 (217.1 calc.).

Determination of aminoacyl-SNAC hydrolysis/dimerization rates
Aminoacyl-SNAC hydrolysis/dimerization rates were determined by
measuring formation of N-acetylcysteamine using 5,5’-dithiobis(2-nitro-

benzoic acid) (DTNB) [17]. Reactions (200 pl) contained 3 mM DTNB,
75 mM Tris—HCI (pH 7.5) and 5 mM aminoacyl-SNAC at 37°C. Rates
were determined by measuring the increase in absorbance at 412 nm
(due to formation of the 2-nitro-5-thiobenzoate anion, extinction coeffi-
cient=14140 M~' cm~") on a Perkin-Elmer Lambda 6 spectrophotom-
eter over 8 min.

Protein expression and purification

EntD, EntE, EntB ArCP, full-length EntF and EntF C-A proteins were
purified as previously described [9,23,24]. To generate the EntF C-A-T
protein, the T domain coding sequence was amplified by PCR from
pPMS22 [18] using the primers EntF426-F (5'-GAATTCCATATGCT-
GCTGTGCGGCGATGTCGAT-3’) and EntF1046-R (5'-TGACCGCTC-
GAGTTCTTCAGCATCAATAATCG-3’). The PCR product was digested
with Nsil and Xhol and ligated into Nsil/Xhol-digested pET22b-EntF-
(1-974-Hisg) [24] to create plasmid pET22b-EntF(1-1046-Hisg). Esche-
richia coli BL21(DE3) cells harboring this plasmid were grown at 37°C in
2 | LB medium with 100 pg/l ampicillin to an optical density at 600 nm of
0.6. The cells were then induced with 1 mM IPTG and grown at 20°C for
8 h. After lysing the cells using a French press, the EntF C-A-T protein
was purified by Ni?* affinity chromatography. The eluted protein was
dialyzed against 25 mM Tris—HCI (pH 8.0), 5 mM MgClz, 2 mM dithio-
threitol and 5% glycerol and stored at —80°C. Protein concentration was
determined by the Bradford dye assay and by using the calculated
extinction coefficient at 280 nm of 138180 M~' cm~" [25]. The overall
yield was 18 mg of purified protein per liter of medium. EntB was primed
with P-pant using the phosphopantetheinyl transferase EntD as de-
scribed previously [9].

Cloning of the peptide synthetase fragments grsA, proCAT and pro-
CAT(H147V) and purification of the expressed Hisg-tagged proteins
was carried out as described previously [11]. All proteins were purified
to apparent homogeneity as judged by SDS-PAGE using single-step
Ni2* affinity chromatography. Fractions containing the recombinant pro-
tein were pooled and dialyzed against assay buffer (20 mM MES, 100
mM NaCl, 10 mM MgCl, and 1 mM EDTA, pH 8.0) and stored at
—80°C. Protein concentrations were determined using the calculated
extinction coefficients at 280 nm: 138690 M~' cm~" for PheATE and
92230 M~' cm™" for ProCAT and ProCAT(H147V). Priming of the ex-
pressed proteins with P-pant was achieved using the phosphopante-
theinyl transferase Sfp as described previously [26].

HPLC assay for EntF condensation domain activity

Reactions (50 pl) contained 75 mM Tris—HCI (pH 7.5), 10 mM MgCl,,
1 mM tris-(2-carboxyethyl)phosphine, 500 uM coenzyme A, 550 nM
EntD, 1 uM EntB ArCP and were preincubated for 30 min at 37°C to
allow phosphopantetheinylation of EntB ArCP [23]. Then were added
650 nM EntE, 2 mM DHB, 5 mM ATP, EntF to the indicated concen-
tration, and 2 mM aminoacyl-SNAC. All aminoacyl-SNACs were initially
dissolved in dilute TFA, pH 3, and stored at —80°C to minimize hydro-
lysis. After incubation at 37°C, reactions were quenched with 50 ul 0.1 N
KOH, heated to 60°C for 4 min, cooled on ice and extracted with 0.5 ml
ethyl acetate. After removal of ethyl acetate by centrifugation under
reduced pressure, samples were dissolved in 200 ul 0.1% TFA/water,
filtered and analyzed by HPLC. Analytical HPLC was carried out on a
Beckman Gold Nouveau system with a Vydac protein and peptide C18
column using a gradient of 10-40% acetonitrile in 0.1% TFA/water over
22 min at a flow rate of 1 ml/min. Samples were monitored at 254 nm
and absorbance area correlated with a synthetic DHB-Ser standard [9].

Radioassay for ProCAT condensation domain activity

Reaction mixtures (400 pl) in assay buffer containing 2 mM ATP, 0.5 uM
holo-ProCAT and 1.3 uM L-[5-3H]Pro (30 mCi/mmol) were incubated at
37°C for 3 min. The condensation reaction was then initiated by adding
either p- or L-Phe-SNAC to a final concentration of 5 mM. At various
time points 50 ul samples were quenched by adding 0.5 ml 10% TCA
(w/v). The reaction mixtures were extracted with 0.5 ml 4:1 (v/v) butanol/
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chloroform, the organic layers washed once with 0.5 ml 0.1 M NaCl and
the amount of extractable label (DKP) quantified by liquid scintillation
counting. For determination of kinetic constants, the assay conditions
were the same except for the following minor modifications: the reaction
volume was 100 pl, the reaction time was 8 min and the concentration of
aminoacyl-SNAC was 0-20 mM. All reactions were performed in tripli-
cate.
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