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ABSTRACT. Nonribosomal peptide synthetases (NRPSs) make many natural products of clinical importance,
but a deeper understanding of the protein domains that compose NRPS assembly lines is required before
these megasynthetases can be effectively engineered to produce novel drugs. The N-terminal amide bond-
forming condensation (C) domain of the enterobactin NRPS EntF was excised from the multidomain
synthetase using endpoints determined from sequence alignments and secondary structure predictions.
The isolated domain was well-folded when compared by circular dichroism to the vibriobactin NRPS
VibH, a naturally free-standing C domain. The EntF domain was also fully functional in an assay based
on a synthetic small-molecule substrate, séyhcetylcysteamine. Active site mutants of the EntF C
domain were surprisingly inactive in vitro as compared to their VibH counterparts, yet maintained the
overall domain structure. An in vivo assay was developed in the context of the full-length EntF protein

to more sensitively probe the activity level of the C domain mutants, and this supported strong effects for
the active site mutations. The crucial role of histidine-138 was confirmed by assay of the full-length
protein in vitro. These results suggest a strong resemblance of catalysis by the EntF C domain to
chloramphenicol acetyltransferase, including an active site organized by an argispeatate salt bridge,

a key histidine acting as a general base, and an asparagine instead of a serine stabilizing the proposed
tetrahedral intermediate by hydrogen bonding. The precise definition of a functional C domain excised
from a NRPS should aid efforts at swapping NRPS domains between assembly lines.

Nonribosomal peptide synthetases (NRP@s} as enzy- While there is great interest in reconstituting the multi-
matic assembly lines to produce many peptide antibiotics modular NRPSs to generate new antibiotics, to date the only
and peptide-based iron chelatots-6). A central feature of ~ NRPS systems that have been fully reconstituted make
these assembly lines is their modular organization with one siderophores12—16). These small molecules are secreted
protein module per amino acid selected, activated, andby bacteria and then transported back into the cell after
incorporated. Each module has a core set of catalytic domainschelating iron. This iron acquisition strategy is essential for
and one peptidyl carrier protein (PCP) domain that is post- bacterial pathogenesis, as bacteria unable to produce sid-
translationally modified by addition of a phosphopantetheine erophores fail to survive in hosts and under other conditions
cofactor. The terminal thiol of this cofactor arm is the site Of iron scarcity (). The inability of mutanEscherichia coli
of covalent attachment for the growing peptide chain in each 0 grow on iron-poor media was used to identify the genes
module. The iterative organization of NRPSs has enabled féquired for synthesis of the siderophore enterobadti (
limited swapping of NRPS modules and domains to produce 18). The corresponding protein gssembly line, enterobactin
new synthetases and producés-(L1), but more extensive synthetase, has_ been reconstituted at rates 6260
engineering for combinatorial biosynthesis requires a greatertumovers per minute fror_n pure EntE, EntB, and EntF,
knowledge of domain boundaries, activities, and compat- prpperly phosphopantetheinylated on the two PCP domains
ibility. (Figure 1A) (4).

The enterobactin synthetase has been a fruitful system for
exploration of NRPS function, enabling some dissection of
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domain in every NRPS module that carries out a chain

SH elongation step, the C domains are the fundamental iterative
catalysts for peptidyE-enzyme chain growth. Because C
domains are typically embedded in multidomain protein
€)) serine\ modules in high molecular weight protein subunits, they have

ATP been difficult to characterize structurally and functionally.
The presence of a highly conserved HHxxxDG motif
suggested a similarity between NRPS condensation domains
and a superfamily of acyl transferases, including the well-
characterized chloramphenicol acetyltransferase (C23) (
24). The second histidine is a key catalytic base for CAT
function £5). Although mutagenesis of this histidine elimi-
nates activity for one NRPS module involved in synthesis
of the antibiotic tyrocidine, mixed results have been obtained
from similar mutations in other synthetas@6{29). Thus,
the degree of mechanistic similarity between NRPS C
domains and CAT-like acyl transferases remains unclear.

As a step to evaluate C domain action in NRPS assembly
lines, we developed an assay that turned the EntF C domain
from a stoichiometric self-acylation catalyst (making DHB-
SerSEntF) into a multiple-turnover system providing in-
creased sensitivity for product detecti@®d). The embedded
10 kDa Hs-pantetheinyl-PCP domain was replaced by the
small molecule I5-N-acetylcysteamine (HSNAC). Specifi-
cally, L-seryl-SNAC served as a surrogate acceptor substrate
for EntF in the presence of DHB-ENtB as a donor to yield
DHB-Ser-SNAC, a product not covalently linked to the
enzyme and therefore readily detected and quantified by
HPLC (Figure 1C) 80). With this assay in hand, we have
turned to expression and characterization of the predicted
50 kDa N-terminal C domain from the 140 kDa full-length
EntF. During the course of this work, the structure of the
vibriobactin synthetase subunit VibH, an unusual naturally
free-standing C domain, was solve29). On the basis of
the structures of VibH and CAT3(), we have made mutants
to evaluate the role of EntF C domain residues in amide bond
formation and assayed them both in vitro and in vivo. The
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results suggest catalysis by the EntF C domain is mechanisti-
l cally similar to CAT and provide groundwork for future
oH o domain-swapping and genetic manipulation.
- IN
Hm\”ﬁ EXPERIMENTAL PROCEDURES

DHB-Ser-SNAC Plasmid ConstructionOligonucleotides used to create

FiURe 1. Catalytic steps on the assembly line formed by the two- strains and plasmids are listed in Table 1. The correct
?n%d‘éﬁtg‘tseé%btaef(tt"} osryggzgitgse composed of proteins EntE, ENtB.q i, ctyre of plasmids was confirmed by DNA sequencing
(Dana-Farber/Harvard Cancer Center High-Throughput DNA
Sequencing Facility) and restriction enzyme digests. The
EntF constructs generated by these studies have expression
under T7 promoter control, include a kanamycin resistance
gene, and produce EntF proteins bearing C-terming|teigs.
A C-terminal tag was chosen to protect the EntF truncations

is thought to catalyze amide bond formation between DHB
activated on EntB and ser@g-EntF leading to a DHB-seryl-
SEntF acyl enzyme intermediate (Figure 1A-34). The
activity of the thioesterase domain has been probed by

mlljtag.eness of the putative ;er+rhasﬂ¢ne—aspartate cata- from degradation by proteases that recognize hydrophobic
lytic triad, and the resultant intermediates provided support C-termini @2). Plasmids pER301 and pER302 for expression
for the model shown in Figure 1B®). Under this proposal, of EntE C(1—.435) and C(1-425) domains were generated
the TE domain in the course of cyclotrimerization must store by PCR amplification of pMS222(1) using primer EDR1.1
successively DHB-Ser, (DHB-Serand uncyclized (DHB- i, either EDR1.2 or EDR1.3, followed by ligation of the
Ser) acyl moieties, covalently bound on the TE domain ,n00hriately digested products between the Ndel and the
(Figure 1B-4-6), prior to cyclization to produce the tri-  xpq) restriction sites of pET29. pER301 was digested with
catecholic siderophore (Figure 1B-7). restriction enzymes BamHI and Xhol and ligated to annealed
The C domain is imputed in this and other NRPS assembly oligos EDR15.1 and EDR15.2 to yield plasmid pER315
lines to be the peptide bond-forming catalyst. With one C expressing EntF C(1432). The full-length EntF construct,
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Table 1: Primers Used to Make Plasmids and Strain ER1200A

primer construct sequence
EDR1.1 C(+435), pER301 5gtccacgagcatatgagccagcatttacctttggt-3
EDR1.2 C(1-435), pER301 5ccaaggctcgagcataatatcgacatcgccg-3
EDR1.3 C(1-425), pER302 5gccttgctcgagcgecggatccgeggegadct-3
EDR15.1 C(+432), pER315 5gatccggcgcetgttgtgcggegatgtcgate-3
EDR15.2 C(+432), pER315 5tcgagatcgacatcgccgcacaacagegecg-3
EDR5.5 EntF, pER311 'Eccttgctcgagacggtttagegttgcgegaatdat-3
EDR19.1 H138F,L,MV 5gtactggtatcagcgttatcacDTKttgctggte-3
EDR19.2 H138S,P,T,A 'EgtactggtatcagcgttatcacNCAttgctggtc-3
EDR19.3 H138Y,Q,N,K,D,E 'sgtactggtatcagcgttatcacNaKttgctggtc-3
EDR19.4 H138C,R,G 'EgtactggtatcagcgttatcacBGtttgctggtc-3
EDR19.5 H138X 5gtgataacgctgataccagtacca-3
EDR22.1 EntF, ER1100A  5-ccgacgaattttacccagtigcaggaggcacaatga
gccagcatttacctgtgtaggctggagcetgette-3
EDR22.2 EntF, ER1100A  5tctgtaattatgggtttataaataatattaatttacctgttt
agcgttgccatatgaatatcctccttag-3
EDR25.1 D142A 5tttgctggtcgCtggctttagt:3
EDR25.3 D142N 5tttgctggtcAaTggctttagt-3
EDR26.1 G143L 5tgctggtcgatCTctttagtttct3
EDR27.1 [114A 5-cacagcccggeGCctggatggcada-3
EDR28.I N350A,D 5tccggtactcGHtatcaaggtatt-3
EDR29.1 R278K,M 5tctttatgcgtAWGctgggetcgge-3

aUpper-case bases indicate alterations from the wild-type EntF
sequence. B=a, g, ort; K=gort;N=a,c,g,ort;B=c,g,ort;
H=a,c,ort;and W=aort.
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and the protein was eluted in a linear NaCl gradient around
220 mM salt. In addition, the yield and purity of the G(1
432) D142A mutant were so poor that this protein was
similarly purified to homogeneity using a Mono Q anion-
exchange column (Pharmacia). The isolated C domains were
dialyzed against 25 mM Tris, 10 mM Mg&£I12 mM DTT,
and 10% glycerol (pH 8), flash frozen, and stored-&0
°C.

The expression and purification of untagged full-length
EntF (14), the H1271A mutant32), EntD (33), EntE (@9,
20), and the EntB aryl carrier protein (EntB-ArCR20j have
been described previously. Cultures for expression of the
EntF-His protein and its H138A variant were grown at 30
°C to improve solubility. These two full-length EntF proteins
were purified using Ni*-NTA chromatography in a fashion
similar to the isolated C domains. However, lysis buffer was
composed of 100 mM Tris (pH 8), 300 mM NaCl, 10 mM
MgCl,, and no imidazole; lysis was performed with a French
press; the wash buffer contained only 2 mM imidazole; the
elution buffer contained only 100 mM NaCl; and the dialysis
buffer had 5 mM DTT.

Ser-SNAC Assays of EntF Proteir®ynthesis of_.-Ser-
SNAC was as describe8(), and use of this reagent to assay

pER311, has a pET28/29-based backbone with N- and DHB-Ser-SNAC formation by EntF variants was similar to

C-termini produced using primers EDR1.1 and EDR5.5.

prior work (30). Prior to dilution into Ser-SNAC assays,-50

Previously described thioesterase mutants S1138C, D1165A100uM EntB-ArCP was phosphopantetheinylated by incu-

D1165S, and H1271A were subcloned into pER322).(
Condensation mutants in the isolated €4B2) domain were

bation for 45 min at 37C in Ent buffer (75 mM Tris, 10
mM MgCl,, 2 mM tris-2-carboxyethylphosphine, pH 7.5)

generated by sequential PCR using the sense oligonucleotideontaining 1 mM Coenzyme A and 2:3.3 uM EntD. A

indicated in Table 1 with its antisense complement and

condensation reaction mix lacking the Ser-SNAC and EntF

appropriate outside primers and were later subcloned from protein was preincubated for 5 min at 32 to enable loading

PER315 into the full-length EntF construct pER311. The

exceptions to this procedure were the 18 variants of His-138,

which were made first in pER311 in four groups by

of DHB onto EntB, then the C domain variant was added
and condensation was initiated by addition of Ser-SNAC.
Final Ser-SNAC reaction mixtures (%) contained Ent

sequential PCR using EDR19.5 and the sense oligonucle-buffer, 8 mM ATP, 2.5 mM DHB, 510 uM EntB-ArCP,

otides indicated in Table 1. For mutants created with

930 nM EntE, 2 mM.-Ser-SNAC, and 0.52.5uM EntF C

degenerate oligonucleotides, multiple colonies were chosendomain variant. Reactions were quenched at appropriate
and isolated plasmids were sequenced to obtain the desiredimes by addition of 5Q:L of 0.1 M KOH, the thioester

mutants.

Protein Expression and PurificatiorlUnless otherwise
indicated, agar plates and liquid cultures for cloning and
protein expression consisted of LutiBertani (LB) media
containing 24-50 ug/mL kanamycin. For expression of the
C(1—-435), C(+-432), and C(+425) wild-type domains and
the C(1-432) mutants, shaker flask cultures of strain BL21-
(DE3) (Novagen) transformed with the appropriate plasmid
were grown at 37C to an ORQg of roughly 0.6, induced
with 240 ug/mL isopropylf-p-thiogalactopyranoside, and
incubated an additional-45 h prior to centrifugation of the
cells and storage at80 °C. During a typical purification,
thawed pellets were resuspended in 12 mL of lysis buffer
(50 mM Tris, 2-5 mM imidazole, 300 mM NaCl, pH 8)
per liter of culture. After lysis by sonication and removal of
cell debris, the C domain was purified by 2HNTA
chromatography (Qiagen) using batch binding to—L&
mL of resin slurry per 10 mL of lysate, washing with lysis
buffer containing 510 mM imidazole, and eluting with 300
mM imidazole in lysis buffer. Although the eluted wild-type
C(1—432) and C(1435) domains were>95% pure, for
crystallographic purity the C(1435) protein was loaded onto

a Source 15Q anion-exchange column (Pharmacia) in 30 mM

Tris, 1 mM dithiothreitol (DTT), and 50 mM NaCl (pH 8),

linkage of the DHB-Ser-SNAC product was hydrolyzed by
incubation at 60C for 4 min, and the reaction was cooled
and neutralized with 150L of 27 mM formic acid. Proteins
were removed by filtration through Ultrafree 5000 NMWL
centrifugal filters (Millipore), and the DHB-Ser product was
qguantitated by HPLC in reference to a standard as previously
described 0).

In Vitro Assay for Enterobactin FormatioAn established
ethyl acetate extraction radioassay was used to quantify
enterobactin formation in vitro by EntF mutants4( 22).
EntB and EntF were phosphopantetheinylated essentially as
described above. Reactions (bD) contained Ent buffer, 1
mM [3H]L-serine (46 Ci/mol; Dupont NEN), 1 mM DHB,

10 mM ATP, 10uM EntB, 0.5-1.0 uM EntE, and 16-
3000 nM of EntF variants. Preincubation was performed at
37°C for 5 min in the absence of EntF, and the EntF protein
was added to initiate enterobactin formation. After incubation
at 37°C for appropriate times, the reaction was quenched
by addition of 75¢L of 1 N HCI, extracted with 0.4 mL of
ethyl acetate, and 0.25 mL of extract was removed and
quantified by liquid scintillation counting with 3.5 mL of
scintillation fluid.

In Vivo Assay for Enterobactin FormatiorThe EntF
deletion strain ER1100A was generated according to the
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SrfAC aeesrEwwsyHHITLDGWCFGIVUQDLFEVYNALRE - - - -OKPY SLEFVEFYKDY IFWLEKQDRQASLRYWREY LEGFEGQTTFAEQRKKKDGY EPKELLF SLSEAETKAFTELAK SOHTTLSTALQAVWSY
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EntF -DLSIEILANKQRYDEPTLIOHAERLKNL IAQFARDPALLCGDVDIMLPG-EYAQLAQLNATQVEI PETTLSALVAEQRAKTP
DhbF SGLRIDVDANPEVYSESDIKLHOORILOLLOTASRGEDMLIGQMELLLPEEKEKV I SKWNETAKSEKLVSLODMFEKQAVLTP
TycB EELAFRFDYNAALFDEQVVOKLAGHLOOIADCVANNSGVELCQI PLLTEAETSQLLAKRTETAADY PARTMHELFSRQAEKTP
SrfAC DEMLIKLAYNENVFDEAFILRLKSQLLTAIQQLIONPDQPVSTINLVDDREREFLLIGLNPPAQAHETK LT YWFKEA P
VibH HELCLDITADLASYPOSHWQSHCERFPRFFEQLLARFOOVEQIVARLLAHPAALAATTSTRAIAS
Grsh MLNSSKSILIHAQNKNGTHEEEQYLFAVNNTKAEY PROKTLTHOLFEEQVSHRP
C domain —>----Boundary------ — A domain —>

Ficure 2: Alignment of C domains and-€A boundaries of NRPSs that was used to define the C-terminal boundary of the EntF condensation
domain and important active site residues for this activity. The alignment was performed using Clugtgl witlf gap opening and

extending penalties of 10 and 2 and included the N-termiraRGragments of EntF, the bacillibactin synthetase DhbF, the tyrocidine
synthetase TycB, and the surfactin synthetase SrfAC; the naturally free-standing condensation protein VibH; and the A domain of the
gramicidin synthetase GrsA that was aligned in a separate step. Secondary structures are indicated-fArliban@ary region by an

unfilled arrow for the underline@-sheet elements and by helices for the boaeklical elements and are based on the known VibH and

GrsA structures or on predictions by the Jpred serd€) for the CG-A fragments. Numbers indicate residues of EntF, and bold amino

acids correspond to active site mutants made in the EntF C domain. The inserted gel demonstrates that EntF proteins truncated at positions
432 and 435 were purified to homogeneity (final two lanes), while a truncation at position 425 showed expression in a whole-cell lysate
(first lane) but yielded no soluble protein. Lane M contained protein markers with molecular weights of 113, 92, 52, and 35 kDa.

protocol of Datsenko and Wanner by amplification of the drying, the plates were sealed and incubated at@7or
CAT-containing cassette of pKD3 with primers EDR22.1 days or weeks until appropriate colony growth was obtained.
and EDR22.2, followed by transformation into strain If the colony size of a condensation mutant was between
BW25113/pKD46 and selection for chloramphenicol resis- that of two thioesterase mutants of known activity on the
tance with loss of ampicillin resistancg4). Chrome azurol same plate, average colony diameter was determined using
S (CAS)-containing plates were made as previously describeda digital photograph (Alphalmager 2200 System, Alpha
(35). Low iron plates were made with M9 minimal media Innotech) by measuring the five largest, well-isolated colo-
containing 100uM 2,2'-dipyridyl (Sigma) @8). For com- nies for each mutant. A linear logarithmic approximation,
parative growth of EntF mutants on low iron plates, liquid diameter= m, + my-log(activity), was used to estimate the
cultures of strain ER1100A transformed with appropriate activity of the condensation mutant based on its bracketing
plasmids were grown to saturation in M9 minimal media TE standards.

containing 50ug/mL kanamycin. The least active EntF CD SpectraThe CD spectra of the C{432) domain,
mutants grew so poorly in minimal media that they were jts mutant variants, and the VibH protein were recorded at
grown to saturation in LB with 5@ig/mL kanamycin, the g protein concentration of 600 nM in 20 mM Tris (pH 8) at
cells were pelleted, the LB media were remOVed, and the 25 and 37°C using an AVIV model 60DS Spectropo'arim_
pellet was resuspended in minimal media. The resultant gter.

saturated minimal media cultures were diluted-fiddd with

minimal media, and 4@L of the final dilution was spotted RESULTS
onto low iron plates, leaving ample space between samples Excision and Characterization of the EntF C Domaliime

to minimize cross-feeding (Figure 6C,D). After brief air- downstream boundaries of C domains and the upstream
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Ficure 3: Amide bond formation is catalyzed by excised EntF C avelength (nm)

domains. DHBS-EntB and Ser-SNAC substrates were used to assay

0.5uM EntF, C(1-432), or C(1-435), and the DHB-Ser product

was quantitated by HPLC. Representative data and fits are shown 0
for one set of parallel reactions.

boundaries of A domains in NRPS modules are not exactly
known. The predicted domain order of EntF-&—PCP- -0
TE, places the amide bond-forming C domain at the R
N-terminus of the protein, allowing constructs that express
just the C domain to be made with one cut at predicted®C
junction sequences. Secondary structure prediction was
performed for several €A domain regions from the
N-terminus of large NRPSs. The alignment of these se-
quences together with the structurally defined adenylation 4 I14A v
domain of the GrsA protein3g) was used to select three -30 —v"vwvvvv" oy
sites for expression of N-terminal EntF fragments, at residues [peesmsat®el WT, HI38A, G143L, N350A,
425, 432, and 435 (Figure 2). Constructs that contained a 35§ - N350D, R278M, & R278K
C-terminal Hig tag were designed for all three cut points

and were found to express C domain fragments of appropriate -40
length. However, while the CA435) and C(+432) do- 210 220 2% 240 2% 260
mains could be purified to homogeneity by?Niaffinity Wavelength (nm)

Chromamgrath’ C&42..5) yielded no p_roteln, presumably Ficure 4: CD spectra for (A) VibH and the EntF C{#32) domain
because of the insolubility of the protein fragment (see gel 4t 25°C and (B) C(+432) and its indicated mutant variants at 37
in Figure 2). °C.

The purified C(+432) and C(+435) proteins were
assayed for amide bond-forming Capacity us'ln.gery|_ studies 29) ThUS, we have SUCC€SSfU"y isolated a well-
SNAC in the presence of phosphopantetheinylated EntB thatfolded, fully active, and precisely defined C domain from
was loaded with DHB by preincubation with EntE and ATP. Within a larger nonribosomal peptide synthetase.

Both of the excised C domains formed the DHB-Ser linkage  DHB-Ser-SNAC Formation and Structural Effects of
as efficiently as the full-length EntF protein, as shown for Active Site MutationsThe isolation of the EntF C domain
one set of parallel incubations in Figure 3. Because the and the availability of a multiple-turnover assay for its
isolated C domains were equivalent in activity, the smaller function provided us an excellent framework to probe C
C(1—-432) protein was selected for further characterization. domain catalysis in light of the newly solved structure of
We used CD to directly examine the structure of €4B2) the VibH protein (Figure 5A)Z9). The structure of VibH

in comparison to the naturally free-standing C domain VibH does resemble that of chloramphenicol acetyltransfeBi3e (
(Figure 4A). The CD spectra for the two proteins were nearly though with a different oligomeric organization (Figure
identical, suggesting the C domain from within a NRPS 5A,B). Modeling of a CAT structure containing substrates
module and the naturally isolated C domain have similar over the substrate-free VibH structure suggested residues in
overall structures. The extent of ellipticity and lack of sharp the active site that should be important for catalysis if VibH,
minima also indicated well-folded domains with a mix of and by implication EntF C(£432) and other C domains,
o-helical ands-sheet secondary structure, in agreement with function mechanistically like CAT24) (T. A. and A. E.
the crystal structure for VibH that was solved during these Keating, personal communicationP9). Four of these

Ellipticity (m°)
8
1
o
=
[\S]
>

| 1 1 1 1
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carbonyl (Figure 5C)45). The oxyanion of the resulting
tetrahedral intermediate would be stabilized by hydrogen
bonding to asparagine 350, although the corresponding
residue in CATs is a serine (Figure 5@)7J. Aspartate 142
of the core motif was not thought to directly participate in
catalysis but rather the salt bridge it forms with arginine 278
should be key to the local structure of the active sié, (
38). Although residue 143 appears to have a standard
conformation, this motif glycine was mutated to leucine in
the belief that the larger side chain would block the active
site channel and prevent substrate access (T. A. and A. E.
Keating, personal communication). Finally, isoleucine 14 was
mutated to alanine despite its lack of strict conservation
between C domains because the corresponding conserved
tyrosine of CATs packs against and may help to orient the
catalytic histidine 89). Ultimately, nine mutations were
generated among two residues expected to be directly
involved in catalysis (His-138 and Asn-350) and four
residues believed to have important roles in the local
architecture of the active site (Asp-142, Arg-278, Gly-143,
and lle-14).

The nine mutant C(3432) domains were expressed and
purified by NP*-NTA chromatography. All yielded protein
of sufficient purity for further characterization except for
D142A, which gave the lowest yield and required a second
round of purification by anion-exchange chromatography.
The mutant proteins were assayed for formation of DHB-
Ser amide bonds using the Ser-SNAC assay, and averaging
of the rates determined from multiple experiments yielded
the results shown in Table 2. Only two of the mutant C
domains had observable rates of DHB-Ser formation. A
conservative mutation of the salt-bridge Arg-278 to Lys had
almost no effect on activity, and changing the His-supporting
lle-14 to Ala resulted in & 50-fold decrease in catalysis.
All other mutants were inactive to the limit of detection of
Hiles'—z?NH the Ser-SNAC assay, indicating>a200-fold reduction in

[ 3

C His13
NH .
0 E‘rzrn‘3 0 o Strong effects of the majoriy of the mutant d
N e strong effects of the majority of the mutants agree
As“-”@)‘“”z Sh OH Asn3so by H _OH with their proposed roles in active site catalysis and local
CO?/‘N&IS%_. H.g . structure, but substantial loss of activity could also be caused
Qg H2 0| NH, [ | by mutants that affect the global fold and stability of the
”:R i § C(1-432) domain. To explore this possibility, we examined
H H H H "»,\ mutant proteins by CD at the assay temperature of@7
Ficure5: Roles in catalysis or active site architecture are proposed All the mutants tested had similar spectra to the wild-type
for residues of EntF based on the crystal structures of VibH and protein except for 114A, which was marginally reduced in
EQ,T'-E,A) z;l—tg(:n gnésrfgl l:?grl:g;u'rr? gra\éi(b?c)?gnrg;?t( r(ieb?tg fr%fsmd o intensity, and D142A, which was substantially reduced in
WI I u IV I 1au i i H H
(clockW?se from the lower left): Asn-335, Arg-263, Asp-130, and |r_1tenS|ty (Figure 4B). The poor expre§5|pn and We"?‘k cD
His-126. (B) Gray ribbon diagram showing two of three subunits S|gn'al ob'serve'd fpr the D142A domain indicate that.thls core
of trimeric CAT (31) constituting one active site interface with ~motif residue is important for the global fold, not just the
corresponding active site residues in black (clockwise from the local fold, of the EntF C domain. However, the majority of

lower left): Ser-148, Asp-199, Arg-18, and His-195. (C) EntF His-  the altered residues, including the putative catalytic mutants,

138 is proposed to function as a general base during amide bond N nifi
formation between DHB and serine. This reaction produces a do not appear to significantly affect the overall fold of the

putative tetrahedral intermediate whose oxyanion may be stabilized C(1~432) domain. The combined results from SNAC assays
by hydrogen bonding with Asn-350. and CD data are consistent with the proposed roles of side

chains in catalysis and structure. Unfortunately, the best assay

residues in VibH and their CAT counterparts are shown in available to look directly at EntF C domain function (the
Figure 5A,B. Ser-SNAC assay) has limited sensitivity, and so to further

On the basis of this analysis, six residues were selectedstudy these important residues we developed and applied an
for mutagenesis in EntF C{432) (Figure 2). Histidine 138, indirect in vivo assay.
the second His of the HHxxxDG motif, was expected to serve  Development of an In Vo Assay for EntF Function.
as an essential catalytic base to deprotonate the serine amin&/hether the condensation reaction is a limiting step for the
for attack of this group on the DHB-EntB thioester overall synthesis of enterobactin by wild-type EntF is
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FIGURE 6: In vivo activity measured for mutant variants of EntF. The new Ergtffain ER1100A was unable to produce enterobactin, as
demonstrated by (A) the absence of an iron-depleted halo around ER1100A colonies on a CASbpkatd (B) the inability of isolated

colonies to grow on low iron plated ). (C) Strain ER1100A transformed with the indicated EntF thioesterase mutants exhibited relative
growth on low iron plates that correlated with the known in vitro rates of enterobactin synthesis for the TE nR22ant®)(EntF TE

mutants of known in vitro activity were used as growth standards to calibrate the growth and therefore activity of EntF condensation
mutants. The low iron plate shown placed the colony size of ER1100A transformed with the N350D condensation mutant between that of
strains containing wild-type EntF and the D1165A thioesterase mutant. (E) Close-ups of colonies from low iron plate experiments are
shown for C mutants whose growth could be bracketed between two TE mutants on the same plate. Each row represents a plate, the first
two columns the indicated TE standards, and the third column the condensation mutant named to the right with its activity estimated based
on its relative average colony diameter (inset numbers in arbitrary length units). (F) Growth of C mutants with at least a 1000-fold decrease
in enterobactin production was measured relative to individual TE standards. These C mutants (middle two columns) with activities below
the S1138C TE mutant (first column, 0.09 mirin vitro) could not be bracketed on the same plate because the H1271A TE mutant (last
column, 0.01 mint in vitro) grew so slowly in comparison to S1138C.

unknown, but this reaction is likely to become limiting in  for every mutant. The original EntF-defective isolate was
the context of C domain mutants based on their strong defectsundefined in nature and exhibited poor growth even in the
in amide bond formation observed by SNAC assay. The presence of iron (unpublished observatiori§)(so to assay
formation of enterobactin could then be used as an indirect EntF in vivo we first generated a well-defined, robust EntF
measure of condensation domain function. An in vivo assay deletion strain.

for enterobactin production would be particularly appealing, The strain ER1100A was made using the technique of
eliminating the need for protein expression and purification Datsenko and Wanner and removes all but the six N-terminal
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Table 2: DHB-Ser Amide Bond Formation by Isolated EntF C similar level of activity. For example, the N350D condensa-
Domains and Mutants tion domain mutant was compared to wild-type EntF and
the most active thioesterase mutant, D1165A, because its

E;::Fpmtem k0b5(2|31|184ser/m|n) rate of growth clearly falls between the two (Figure 6D).
C(1-435) o718 This bracketing strategy was foIIO\_Ngd f_or the four C domain
C(1-432) 24+ 6 mutants that had the highest activity in vivo. The average
R278K 15+ 1 colony diameter was determined for each C domain mutant
II\}?SAOD g—g“li 0.04 along with the corresponding TE standards and used to
R278M <01 roughly estimate the activity of the condensation mutant. The
N350A <0.1 results are shown in Figure 6E, with close-ups of the spotted
D142A <0.1 TE standards in the first two columns, the C domain mutant
H138A <01 in the third column, and each row of close-ups coming from
gﬁgf ig:i the same low iron plate. A conservative mutation of the salt

bridge Arg-278 to Lys had no effect on activity, but changing
3—6 independent experiments. The mutants were assayed ag 841 the residue to Met reduced ?nterObaCt.in formation by roughly
domain fragments. Ser-SNAC assays were performed atd.5or 2_00'f0|d' Mutation of _the Hls-sup_poryng ”e'l_4 to Ala_ha_d
EntF, C(1:-435), C(1-432), and R278K; and at 2/8M for the other little effect, and changing the putative intermediate-stabilizing
mutants. Asn-350 to Asp caused about a 10-fold decrease in entero-
bactin synthesis. The modest reduction in enterobactin
and six C-terminal codons of EntF, replacing the intervening production observed in vivo for the 114A and N350D mutants
sequence with a cassette containing a CAT g&dg The (Figure 6E) contrasts with their loss of condensation activity
inability of this strain to produce enterobactin was confirmed measured in vitro through formation of DHB-Ser-SNAC
by two plate assays. Special minimal media plates containing (Table 2).
a complex of the dye chrome azurol S (CAS) with iron(lll)  The remaining C domain mutants could not be bracketed
are an opaque blue, but bacterial colonies that secretepecause of the disparate growth rates of the corresponding
siderophores will take up the iron from the complex, leading TE standards. However, comparison to single TE standards
to clear yellow halos around the siderophore-producing indicated that the N350A, G143L, and D142A mutations all
colonies 85). Figure 6A shows that while the wild-type reduced enterobactin synthesis by between 3 and 4 orders
parent strain produced a halo on a CAS plate, colonies of of magnitude (Figure 6F). The H138A mutation of the
the EntF deletion strain had no halo because of their failure putative catalytic base was the only construct that caused a
to produce enterobactin. Likewise, when the wild-type and more than 10 000-fold decrease in activity (Figure 6F). The
EntF-defective strains were streaked on minimal media platesimportance of residue 138 was further probed by the
that contained the iron chelator 2@pyridyl (18), isolated  construction of a library at this position encoding all of the
colonies were present for the parent strain but failed to grow natural amino acids except for tryptophan. When the H138
for the enterobactin nonproducer ER1100A under the iron- mutants were streaked on low iron plates, only the H138K
poor conditions (Figure 6B). mutant showed significant growth of isolated colonies,
The differential growth of EntF-defective cells on dipyridyl  similar to the roughly 1000-fold defective TE standard
low iron plates provided an assay for rough quantitative S1138C (data not shown).

measurement of activity for various EntF mutants. Previ- Activity and Complementation of H138A EntF In Vitro.
ously, rates of enterobactin formation in vitro were measured The H138A full-length EntF protein was expressed, purified
for full-length EntF proteins with mutations in the Sédis— and assayed for enterobactin formation in vitro in comparison

Asp catalytic triad of the thioesterase (TE) domain, the final  the H1271A thioesterase mutant (Figure 7). The averaged
domain of EntF (Figure 1A)22). Appropriate dilutions of y,nover rates were roughly 0.01 mirfor both H138A and
strain ER1100A transformed with the various TE mutants |11271A but the C domain mutant was consistently just

of EntF were spotted on low iron plates and incubated at 37 pajow the TE mutant in every individual comparison, in

°C. The relative growth of the different TE-mutant strains 54 eement with the in vivo results. We then asked whether
correlated exactly with their known in vitro rates for .o 11138A EntF protein could be complemented in trans

enterobactin formation (Figure 6C). Thi§ suggested that the gjiner by the isolated C(1432) domain or by H1271A EntF.
TE-mutant strains could be used as calibration standards tOa qdition of C(1-432) raised the rate to 0.07 mi and the

estimate the activity of strains containing C domain mutants vt re of H138A and H1271A gave a rate of 0.13 min

in the complete EntF protein. In addition, while growth of  tpege glight enhancements may indicate some weak in trans
the H1271A mutant could not be detected within the same ¢4 sis or intermediate transfer but are stil2orders of

time frame as the other thioesterase mutants (Figure 6C),maqnitude below WT activity, here observed at the low end

H1271A cells grew faster than cells entirely lacking EntF ¢ iro range (66-200 mirrY).

(data not shown). This result makes the in vivo assay highly

sensitive, as H1271A forms enterobactin in vitro at a rate pjscysSsION

approximately 10 000-fold below WT (roughly 0.01 and 100

min~1, respectively) 22). We have tested the importance of several active site side
In Vivo Assay of Condensation MutanisntF-defective chains for catalysis by the EntF condensation domain and

cells transformed with full-length EntF constructs containing have observed strong effects for several mutations with

C domain mutants were spotted individually on low iron assays in vitro and in vivo. At first glance, some of the results

plates in comparison to the TE-mutant strains with the most for the in vitro production of DHB-Ser-SNAC by C{1432)

a Average values givert standard deviation were determined using
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40 - conserved among NRPS C domains. Indeed, cognate histi-
wWT g dine mutations in the first C domain of tyrocidine synthetase
35 |- » B (TycB) cause at leasa 2 orders of magnitude drop in
581 min / activity (27, 28). Thus, the EntF C domain and most likely
% 30 - / the majority of NRPS condensation domains depend on this
= S/ HI38A + HI271A catalytic residue in the same manner as chloramphenicol
T ®r 0.1320.02 mir & acetyl transferase (Figure 5G4).
E ol / e The importance of His-138 to.I.EntF C domain catglysis is
5 / o e C(1-432) + HI38A also c_iemonstrated _by the |nab|l|ty of ;8 o.ther residues to
_§ oL - P . effectively replace it according to tht_a in vivo assay (data
e P 0.070.01 min not shown). Only H138K showed a significant retention of
5 ol / .//’ /_,,/-—'/ activit_y, _roughly an order of magnitude_ up from the Ala
/S T HTIA substitution but still 3-4 orders of magnitude below wild -
st/ T 0.011£0.003 miri: . type. Presumably, some level .of deprotonated lysine is
(o A 0040.004 i present and able to serve, albeit poorly', as a general pase
o=, nqbEntF_, I for the EntF C domain. For CAT, a mutation of the catalytic
0 20 40 60 80 100 120 140 His to Glu produced an elevate&pfor Glu, and the mutant
Time (min) retained a 10-fold greater activity than other His substitutions

FiIGURE 7: Enterobactin production in vitro by wild type (10 nM,  (25). Glutamate had no such effect in vitro or in vivo for
(3 S open circled) C(LA2) 1 HIZBA (L5uM eath, open 11

uM, : DU , ' '
diamonds), H127H H138A (1.5uM each, filled circles), or no b eTgi?e\(/;l[FyHir?\t/?lsteudr ﬁnSlé:g%eosr:gijntr::a;[t;ySs?gogg ;essg(;l::gmzy
EntF (open triangles). The assay was based on ethyl acetate™~ . ' G2
extraction of radiolabeled sering?). positioned to serve as a hydrogen bond donor for stabilization

of the tetrahedral intermediate generated during amide bond

mutants seem to contrast with in vivo production of complete synthesis (Figure 5A,C). An AspLeu mutation in VibH
enterobactin by full-length EntF mutants. The 114A folding had only slight effects okcarandKy, values 29). For EntF,
mutant was more than 50-fold defective by SNAC assay but change of Asn-350 to Asp and to Ala reduced product
barely affected in vivo production of enterobactin, and the formation greater than 200 (SNAC assay) and 1000-fold (in
N350D mutant produced less than 1/200 as much DHB-Ser-vivo), respectively, without affecting the overall structure.
SNAC as wild type but made only 10-fold less enterobactin. Stabilization of the tetrahedral intermediate in CAT is
These results could be explained if amide bond formation attributed to a serine residue for which a change to alanine
by the EntF C domain is not normally a limiting step in the reducesk.: 53-fold without affectingKn, values 87). This
overall production of enterobactin. Only when condensation CAT Ser cannot be changed to Asn without even greater
activity is reduced more than 50-fold might it begin to have reduction in activity, but for the serine protease subtilisin
an affect on the overall rate of enterobactin production by the related oxyanion intermediate is stabilized by hydrogen
EntF. If this conclusion is true, the in vivo assay most likely bonding to an asparagin87, 40). Our results provide the
underestimates the effect of mutations on condensationfirst kinetic evidence in support of a similar catalytic role
activity by an order of magnitude, even after accounting for for an asparagine in C domain function.
three condensation events for each enterobactin molecule The importance of an AspArg salt bridge to the C
formed (Figure 1). domain active site structure is further supported by our data.

Assuming this shortfall, elimination of the side chain of A conservative R278K mutation did not significantly affect
His-138 reduced EntF C domain activity by about 5 orders EntF activity, while a R278M change caused at least a 200-
of magnitude without affecting the global fold, similar to fold defect without substantially disrupting the global
the change ik for chloramphenicol acetyl transferase structure. The D142A mutation not only greatly reduced
caused by mutagenesis of its catalytic histidip®)( This is amide bond formation but disrupted the overall fold of the
the strongest effect reported for histidine mutation of a C protein. These results are in reasonable agreement with data
domain and agrees well with the homologous active site for CAT, where Arg—Val and Asp—~Ala mutations each
structures observed for the VibH condensation domain andreducek.,:an order of magnitude, and the Asgla mutant
the type Il CAT (Figure 5A,B). However, mutation of the is thermolabile 88). A CAT Asp—Asn mutant is thermo-
corresponding histidine in VibH itself had essentially no stable but is thought to alter the active site architecture,
affect on activity 29). This surprising result indicates that leading to a 1500-fold reducdd,; (38). Mutations in other
despite the similar positioning and orientation of the residue, C domains also support the importance of the motif aspartate.
VibH does not require the general base that is essential forFor VibH, a 300-fold decrease ik.y resulted from an
CAT activity (25). Mixed results have also been obtained Asp—Ala mutation that did not appear to affect the overall
for the vibriobactin synthetase VibF that performs two structure according to C20). A TycB Asp—Asn mutation
condensation steps, one of which is 1000-fold affected but eliminated condensation, although the salt-bridgeAfda
the other only 9-fold altered by absence of the corresponding mutation did not affect activityA7). In vivo, a chromosomal
histidine £6). The lack of His dependence seen for the point mutation changing AspAla in the SrfA-B synthetase
vibriobactin synthetases seems likely to represent only aabolished production of the antibiotic surfacté#i). Despite
small subset of NRPS condensation domains (perhaps thosell the data indicating the importance of the motif aspartate
that use free amines rather than amino&RCP intermedi-  for catalysis, the VibH and CAT structures clearly indicate
ates as acceptor substrates) because this residue is highlthat the role is indirect and involves no contact to the catalytic
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His side chain, ruling out catalytic diad models where Asp may also be important for orienting the two domains (Figure
directly alters the His I§, (24, 29). 2, unpublished results). Condensation domains are typically
Mutation of the motif Gly-143>Leu reduced activity of  followed by adenylation domains within megasynthetases,
the EntF C domain in vivo by at least 3 orders of magnitude, and the knowledge gained here should facilitate efforts to
placing it in a similar class with the catalytic residues His- generate new products by swapping domains or modules
138 and Asn-350. The weak synthesis of enterobactin by between NRPSs using linkages formed atACboundaries.
G143L is presumed to result from poor substrate access to The reagents and assays we have developed should also
a blocked active site channel, and this mutant could be usefulprove fruitful for future studies of specificity and interdomain
for studies of substrate interaction with the EntF condensationinteractions in NRPSs. The EntF C domain has been
domain. Intriguingly, like the catalytic His and Asn mutants, demonstrated to have specificity for serine as the downstream
a corresponding GhyLeu mutation in VibH has essentially  substrate 30). The isolated C(3432) domain offers an
no effect on condensation29. Thus, three active site  excellent candidate for structural studies in the presence of
residues that appear to be central and essential to EntFsmall-molecule and PCP-tethered substrates to examine acyl
activity are dispensable for VibH. These results point to the intermediate-C domain contacts and protetprotein inter-
danger of assuming, in the absence of kinetic data, thatactions. The in vivo system used here for assay of EntF will
proteins of similar structure make similar use of active site empower selection of mutant and domain-swapped EntF
side chains for catalysis. proteins, allowing discovery of residues that contribute to
The poor complementation of H138A EntF in trans by substrate specificity and interdomain recognition for all four
either the isolated EntF C{1432) domain or the full-length  of the core NRPS domains included in the EntF protein. The
H1271A EntF supports a monomeric functional state for EntF first effective genetic system for study of NRPSs should
and most other NRPS systems (Figure 7). The organization-advance our capacity to design NRPS assembly lines to

ally similar polyketide synthases are dimeric, and the mixing produce new compounds with therapeutic value.

of two variants of the same synthetase with mutations in

different functional domains allows reconstitution of near ACKNOWLEDGMENT

wild-type activity for these systemd?, 43). The inability

of EntF mutants H138A and H1271A to effectively combine c
suggests that neither the C nor the TE domain of EntF is __
able to efficiently use the PCP from a different subunit.

Attempts to isolate EntF fragments lacking the C domain
and so encoding just APCP-TE produced proteins with
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assistance in preparing this manuscript, and David Ehmann
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