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Producing novel enzymes that are catalytically active in vitro 
and biologically functional in vivo is a key goal of synthetic 
biology. Here we describe Syn-F4, the first de novo protein 
that meets both criteria. Purified Syn-F4 hydrolyzes the 
siderophore ferric enterobactin, and expression of Syn-F4 
allows an inviable strain of Escherichia coli to grow in iron-
limited medium. These findings demonstrate that entirely new 
sequences can provide life-sustaining enzymatic functions in 
living organisms.

Combinatorial libraries of de novo sequences can provide rich 
sources of diversity for the discovery of new proteins with chemically 
and biologically important functions1,2. Toward this goal, we have 
used binary patterning of polar and nonpolar amino acids to produce 
libraries of sequences that fold into stable α-helical structures3,4. To 
isolate functional proteins from these libraries, collections of syn-
thetic genes encoding the novel sequences were transformed into 
auxotrophic strains of E. coli missing a conditionally essential gene 
required for growth on minimal medium5. The successful rescue of 
several such gene deletions demonstrated that new proteins unrelated 
to natural sequences can provide life-sustaining functions. Previously, 
we reported that two of these novel proteins rescued deletions of 
phosphoserine phosphatase and citrate synthase (encoded by serB 
and gltA, respectively), not by catalyzing the deleted function but 
rather by altering gene regulation and/or metabolism in the mutant 
strains6,7.

Use of de novo proteins to rewire gene expression represents a 
substantial advance in synthetic biology; however, the discovery 
of a novel protein that sustains cell growth by acting as a bona fide 
enzyme has proven more challenging8. To meet this challenge, we 
focused on binary patterned proteins that rescue the deletion of 
fes, which encodes the enzyme ferric enterobactin (FeEnt) esterase. 
Δfes strains cannot grow in iron-limited environments because iron 
is sequestered by binding tightly to the enterobactin (Ent) sidero-
phore. In wild-type strains, the Fes protein hydrolyzes FeEnt, 
thereby releasing iron for use by the cell (Fig. 1a). In earlier work, 
we described several de novo proteins that rescue Δfes5. However, 
Δfes cells expressing those de novo proteins were phenotypically 
red in iron-rich medium, indicating that the de novo proteins were 
not able to hydrolyze the red FeEnt siderophore (λmax = 495 nm) 
to any measurable extent. Furthermore, we were not able to detect 
hydrolytic activity in vitro. Therefore, those proteins did not appear 
to possess appreciable enzymatic activity, either in vivo or in vitro.

We previously described a protein called Syn-IF that rescued 
both Δfes and ΔilvA (deleted for threonine deaminase) strains9. 
When we subjected the bifunctional Syn-IF protein to random 
mutagenesis followed by selections for faster rescue of Δfes cells in 
iron-limited minimal medium, we observed that Δfes cells express-
ing the evolved variant Syn-F4 (Synthetic protein rescues Fes, 4th  

generation) grew faster on minimal medium plates. These cells also 
showed substantial improvement when assayed by growth curves 
in liquid minimal medium9. Moreover, on rich medium, Syn-F4 
endowed Δfes cells with a new phenotype: instead of forming small 
red colonies, which indicate slow growth and a buildup of FeEnt, 
cells expressing Syn-F4 formed large white colonies, similar to cells 
expressing the wild-type E. coli Fes enzyme (Fig. 1b). Notably, the 
phenotypic change from red to white suggested that Syn-F4 cata-
lyzes the enzymatic hydrolysis of FeEnt in vivo.

To determine whether the purified Syn-F4 protein is capable of 
enzymatic hydrolysis, we expressed the de novo protein (in Δfes cells 
to prevent contamination by native Fes), and purified it using ion 
exchange and gel filtration chromatography. We then used LC–MS 
to monitor the ability of Syn-F4 to degrade FeEnt. As shown in 
Figure 1c, purified Syn-F4 hydrolyzed FeEnt to produce trimer, 
dimer, and monomer breakdown products. The molecular masses 
of the degradation products indicate that hydrolysis of FeEnt by 
Syn-F4 produces the same products as the native E. coli enzyme, 
Fes. Moreover, the time course observed by LC–MS correlated with 
the visual loss of red color associated with the degradation of FeEnt. 
By contrast, Syn-IF, the unevolved ancestor of Syn-F4, showed no 
detectable activity over 48 h. By monitoring the disappearance 
of FeEnt at a series of enzyme and substrate concentrations, we 
observed a decline in reaction rate as the enzyme concentration 
was decreased, and calculated the catalytic turnover to be ~0.6 per 
hour. Though this rate is much slower than those of most natural 
enzymes, cells do not require high levels of FeEnt esterase activity, 
and the natural Fes enzyme is only 1,000-fold faster10.

One of the hallmarks of natural enzymes is their enantioselec-
tivity. To determine whether the de novo–designed enzyme is also 
enantioselective, we tested the ability of Syn-F4 to hydrolyze ferric 
D-enterobactin, the synthetic enantiomer of the naturally occurring 
siderophore. As shown in Figure 1d, Syn-F4 did not degrade fer-
ric D-enterobactin. Thus, the de novo–designed enzyme resembles 
natural enzymes in its specificity for the naturally occurring chiral 
substrate.

In the experiments described above, Syn-F4 sustained the 
growth of Δfes cells under conditions wherein the de novo protein 
was overexpressed from a strong promoter on a high-copy plasmid. 
Next, we asked whether the novel enzyme, with its extremely low 
turnover rate, would suffice to sustain growth when expressed from 
the native iron-regulated fes promoter on the E. coli chromosome. 
To address this question, we replaced the natural fes sequence in its 
native regulon with a synthetic gene encoding Syn-F4 and assayed 
growth on minimal medium. These Δfes::Syn-F4 cells formed colo-
nies in 5 d, which, not surprisingly, is slower than the 2 d required 
for Syn-F4 overexpressed from a plasmid. Although cells relying on 
chromosomally expressed Syn-F4 grew more slowly than the same 
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cells relying on native Fes, these results demonstrate that chromo-
somal incorporation of a gene encoding a novel enzyme can yield 
a semi-artificial genome capable of sustaining viability.

Syn-F4 is the first example of an enantioselective enzyme based 
on a non-natural sequence that provides an essential biological activ-
ity in vivo. However, the sequence of Syn-F4 (see Supplementary 
Note 2) has no similarity to the enzyme it replaces, and thus its 
active site was not readily apparent. For natural enzymes, standard 
approaches to probing active sites typically rely on (i) bioinfor-
matic comparisons of homologous sequences from other organisms 
and (ii) structure determination. For Syn-F4, however, neither of 
these standard approaches was suitable. First, de novo proteins, by 
definition, are not related to sequences from natural organisms, 
and second, previous work had demonstrated that Syn-F4, along 
with other proteins from the same de novo–designed library, forms 
a dynamic structure that equilibrates between monomeric and 
dimeric α-helical structures (Supplementary Fig. 2)11. Therefore, 
despite extensive attempts using both crystallography and NMR, we 
were unsuccessful in determining a structure. Fortunately, however, 
recent advances in mutagenesis, high-throughput sequencing, and 
computational modeling provide an alternative way to assess which 
residues are important for activity12–14.

In lieu of comparing homologous natural sequences, we used 
error-prone PCR to create a large collection of novel sequences 
that differ from Syn-F4 by an average of 1–3 residues per sequence. 
These sequences were probed for catalytic activity in vivo by expres-
sion in Δfes cells, plating on iron-rich media, and assessing the 

colony phenotype (Supplementary Fig. 1a). As noted above, the 
color of a colony correlates with enzymatic activity in vivo: Colonies 
are red when uncleaved FeEnt accumulates, whereas hydrolysis 
by a de novo–designed protein expressed in vivo produces white 
colonies. Therefore, sequences isolated from white colonies should 
show amino acid conservation at residues essential for enzymatic 
function. We picked 6,000 white colonies for high-throughput 
sequencing, and found that within the 102-residue protein only 
27 amino acids were highly conserved (Fig. 2). Of these, 15 are 
glycines, alanines, and leucines, which we presume to be important 
for structural, rather than enzymatic, roles. The other 12 conserved 
residues are polar or charged and are good candidates for catalytic 
sites. Next, we performed saturation mutagenesis on each of these 
12 polar or charged residues and selected both for rescue on mini-
mal medium and for the white phenotype (indicating enzymatic 
activity) on rich medium. These selection experiments revealed 
five residues—Glu26, His74, Arg77, Lys78, and Arg85—whose 
replacement by any other amino acid led to a functional defect 
(Supplementary Fig. 1b).

The results of these mutagenesis studies were then used to guide 
computational structure prediction. Because gel-filtration analysis 
showed that Syn-F4 formed a dimer at concentrations at which it is 
catalytically active (Supplementary Fig. 2), we used the Fold-and-
Dock protocol in Rosetta15 to predict the structure of the dimer. 
Initially, several low-energy dimer conformations were predicted. 
However, when the computation was constrained to place the five 
immutable residues in close proximity to one another, one struc-
ture was favored (Supplementary Fig. 3). Docking FeEnt into 
this structure indicated a pair of symmetrical, well-defined active 
sites including a nonpolar pocket surrounded by charged residues 
that could both anchor the substrate and catalyze the hydrolysis 
of FeEnt.

The predicted structure of Syn-F4 (Supplementary Fig. 3) 
is dramatically different from that of the enzyme it functionally 
replaces. E. coli Fes (43 kDa) exhibits an αβ-hydrolase fold and 
uses a Ser-His-Glu catalytic triad to hydrolyze FeEnt10. By contrast, 
Syn-F4 is a bundle of α-helices, and contains no serine residue that 
might serve as a catalytic nucleophile. Therefore, we considered 
alternative possibilities for catalysis. Experiments revealed that high 
concentrations of imidazole, a small molecule that resembles histi-
dine and is capable of hydrolyzing ester bonds16, can catalyze hydro-
lysis of FeEnt. This led us to propose a catalytic site comprising the 
conserved residues described above, wherein Glu26 interacts with 
the τ–NH of His74, thereby increasing the basicity of the π-N on 
the opposite side of the histidine ring, priming it for base-catalyzed 
hydrolysis of the ester carbonyl of FeEnt. Our predicted structure 
is supported by the finding that Syn-F4 is unable to catalyze the 
hydrolysis of ferric D-enterobactin. Although L and D versions of 
the substrate have the same chemical properties (shape, size, and 
reactivity), they would place the ester bond in different locations 
relative to the proposed active site.

In principle, it could be argued that Syn-F4 is an enantioselective 
FeEnt esterase in vitro, but rescues Δfes cells in vivo by some other 
(nonenzymatic) mechanism. Indeed, our previous results demon-
strating that other de novo proteins perform regulatory functions 
to rescue auxotrophs in amino acid biosynthesis pathways6,7 led us 
to consider the possibility that Syn-F4 might not be enzymatically 
active in vivo. Conveniently, however, the red color of the FeEnt 
substrate facilitates the direct observation of FeEnt esterase activity 
both in vitro and in vivo. In vitro, the LC–MS results demonstrating 
enzymatic activity (Fig. 1c) correlate with the loss of visible red 
color (Fig. 1b). Similarly, in vivo, the efficacy of rescue correlates 
with the loss of red color associated with intracellular degradation 
of the FeEnt substrate. As shown in Figure 2 and Supplementary 
Figure 1, we assayed the phenotypes for thousands of mutations in 
Syn-F4. Those that rescued Δfes on iron-limited minimal medium 
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Figure 1 | Syn-F4 catalyzes the hydrolysis of ferric enterobactin in vivo 
and in vitro. (a) Hydrolysis of ferric enterobactin (FeEnt) by native  
Fes forms three linear products (a trimer, a dimer, and a monomer).  
(b) Colony phenotypes of Δfes E. coli expressing the evolved de novo 
protein Syn-F4, the parental de novo protein Syn-IF, and native E. coli 
Fes protein. Small red colonies indicate slow growth and buildup of 
FeEnt; large white colonies indicate robust growth and degradation of 
FeEnt. (c) Hydrolysis of FeEnt by Syn-F4, monitored by HPLC, shows the 
breakdown products from a. FeEnt denotes the natural L-enantiomer of 
the siderophore. Ent, enterobactin; T, trimer; D, dimer; M, monomer.  
The control shows that buffer in the absence of protein does not catalyze 
degradation of FeEnt. (d) Syn-F4 displays no activity toward the non-
natural D-enantiomer of FeEnt. A316, absorbance at 316 nm; t, time; mAU, 
milli-absorbance units.
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with the same efficacy as the natural Fes enzyme facilitated robust 
growth (large colonies) on rich medium. These colonies were also 
white, indicating hydrolysis of FeEnt. Conversely, variants that led 
to slower growth on minimal medium than the natural Fes enzyme 
produced small colonies on rich medium. These colonies were 
red, indicating a buildup of uncleaved FeEnt. Thus, whether the 
mutants were active or inactive, genetic rescue (observed as growth 
on minimal medium) correlated with enzymatic activity (observed 
as colony color) in vivo.

The results described herein demonstrate that a novel protein 
that has been neither designed by computer nor selected by bil-
lions of years of evolution can provide an enzymatic function that 
sustains cell growth. Furthermore, this protein solves a biochemi-
cal challenge using a sequence, structure, and mechanism that 
are dramatically different from those selected by nature. As the 
first example of a biologically active de novo enzyme, Syn-F4 joins 
three other binary patterned de novo proteins, which were shown 
previously to sustain cell growth by noncatalytic mechanisms6,7,17. 
Together, these four proteins show that biological challenges can be 
solved by molecules and mechanisms that differ substantially from 
those evolved by nature. Moreover, these sequences can be seen as 
an initial step toward artificial proteomes that provide functions 
necessary to sustain life.
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published online 15 January 2018

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available in the online 
version of the paper.
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Reagents. Rich (Luria Broth) and minimal (M9-glucose) media were supple-
mented with 30 μg/mL of each chloramphenicol (Cam) and kanamycin (Kan) 
for plasmid and strain maintenance, respectively. Enterobactin was isolated 
from ΔfesΔfur E. coli grown in minimal media with added iron(III) chloride 
(100 μM); isolation techniques are described elsewhere18. Ferric enterobactin 
was prepared by mixing apo enterobactin dissolved in DMSO with 1.1 equiva-
lents of FeCl3 in reaction buffer (75 mM HEPES with 100 mM NaCl, pH = 7.5) 
and incubating for 1–2 h at 4 °C.

Strains and plasmids. E. coli single-gene knockout strains (Δgene::kan), 
part of the Keio Collection, were obtained from the E. coli Genetic 
Stock Center (http://cgsc.biology.yale.edu). Double knockout strains 
(Δgene1Δgene2::kan) were constructed using standard P1 transduction 
methods19. Genes encoding de novo proteins or controls were in an IPTG-
inducible modified pCA24N vector (p3glar) containing a chloramphenicol 
resistance gene, as described previously5.

Growth and phenotype assays. Rescue and control plasmids were transformed 
into Δfes E. coli and plated on both rich (LB) and minimal (M9-glucose) plates 
with and without isopropyl β-D-1-thiogalactopyranoside (IPTG; 50 μM). 
These plates were grown at 33 °C and monitored daily for growth. On rich 
plates containing IPTG, colony color was evident within 24 h of incubation. 
These were incubated for an additional day to allow further color development. 
On minimal plates, Δfes cells transformed with Syn-F4, like those transformed 
with wild-type Fes, formed colonies in 2 d.

Protein expression and purification. A single colony was used to inoculate 
rich media and grown at 37 °C for 12 h. This was used to inoculate 1 L of rich 
media (1:100 dilution), which was grown at 37 °C until it reached an optical 
density at 600 nm of 0.5, at which time IPTG (final concentration = 100 μM) 
was added to induce protein expression. After 20 h of expression at 37 °C, 
cells were harvested via centrifugation and lysed (EmulsiFlex homogenizer) in  
30 mL lysis buffer (100 mM MgCl2). Clarified lysate was loaded onto a cation 
exchange column (GE HiTrap SPFF, 5 mL volume) and purified by NaCl gradi-
ent (100 mM MES at pH = 5.5, 100 mM – 1.5 M NaCl). This was followed by 
gel filtration (75 mM HEPES with 100 mM NaCl, pH = 7.5).

Hydrolysis assay and compound identification by LC–MS. All assays were 
carried out in 75 mM HEPES with 100 mM NaCl, pH = 7.5. Purified Syn-F4 (30 
μM final concentration) was mixed with isolated ferric enterobactin (70 μM  
final concentration) and incubated at 37 °C (total reaction volume = 50 μL). 
Samples were quenched with 20 μL 2.5 N HCl in methanol, and extracted 
with 100 μL ethyl acetate. The extracted reaction mixture was separated 
(Agela Technologies Venusil XBP C18, 4.6 × 100 mm, 5 μM particle size) and 
compounds identified via LC–MS using a water/acetonitrile gradient (0.1% 
formic acid). MS peaks: enterobactin ((669.14) 670.6 m/z M+1, 8.6 min); 
(DHBS)3 ((687.15) 688.7 m/z M+1, 7.1 min); (DHBS)2 ((464.11) 465.4 m/z 
M+1, 5.9 min); DHBS ((241.06)242.2 m/z M+1, 3.8 min). Assay using ferric-
D-enterobactin was carried out in the same manner.

Kinetic assays. Reactions were set up and monitored as described above, 
except using larger reaction volumes (250 μL), with substrate concentra-
tions ranging from 60–180 μM at two protein concentrations (17.5 and  
35 μM). Time points (0–24 h) were removed and quenched with 2.5 N HCl 
in methanol, frozen, and stored at −80 °C until the experiment was com-
plete. Thawed samples were extracted using ethyl acetate and analyzed via 
HPLC for hydrolysis products. Kinetic parameters were calculated based 
on the diminution of the Fe-Ent peak over time. Although the trimer is 
eventually broken down to dimer and monomer, only trimer is observed 
at early time points; therefore we treated this as a reaction from a substrate 
to a single product.

Replacing fes with syn-F4 on the E. coli chromosome. Plasmid pKD4 
(ref. 20) was used as a template to clone the FRT-flanked kanamycin 
resistance cassette into recipient vector p3Glar5 containing Syn-F4 or a 

control protein. These plasmids were then used as a template to amplify 
the Datsenko and Wanner linear PCR product for integration into the 
chromosome20. The sequences for the fes locus are identical to those 
used by Baba et al. to construct the Keio collection21.

The remainder of the procedure is exactly as described by Datsenko and 
Wanner20. BW25113 cells containing the Red helper plasmid pKD46 were 
made electrocompetent, and transformed with the linear DNA containing 
Syn-F4. Cells were plated on rich plates containing Kan to select cells with 
proper insertion of Syn-F4 into the fes locus; these cells were then checked for 
ampicillin sensitivity to test for loss of helper plasmid. Transformants that grew 
on Kan were restreaked, and single colonies were tested for correct insertion 
using fes-locus specific primers for colony PCR as well as the control colony 
PCR’s outlined in Dastenko and Wanner20.

Mutagenesis, selection, and sequencing. Standard QuikChange protocol 
was used to generate point mutants. For saturation mutagenesis, a degenerate 
codon (most often NNK) was used in place of a specific codon using the same 
QuikChange protocol22.

Random mutations were introduced into the sequence of Syn-F4 using 
error-prone PCR (EPCR). Reactions (100 μL total volume) contained the fol-
lowing: original plasmid DNA (10 μL at 0.2 ng/μL), unbalanced dNTPs (4 μL 
each: 25 mM dCTP, 25 mM dTTP, 5 mM dATP, 5 mM dGTP), MnCl2 (2 μL at 
25 mM), KCl (2.5 μL at 2 M), MgCl2 (3.5 μL at 200 mM), forward and reverse 
primers (2 μL each at 100 μM), Tris buffer (pH = 8.3, 10 μL at 100 mM),  
51 μL water, and 2 aliquots of Taq polymerase (1 μL each at 5 U/μL, second aliq-
uot added after 15 cycles). The reaction mixture was amplified for 30 rounds  
(1 min at 94 °C, 1 min at 60 °C, and 1 min at 72 °C), followed by separation 
and purification via agarose gel electrophoresis. DNA was isolated from the 
amplified band (Zymo DNA Gel Clean-up kit). Amplified DNA was digested 
using BlpI/NdeI, re-ligated into a fresh vector (T4 ligase, 5:1 insert:vector 
ratio), and purified (Zymo DNA Clean/Concentrator).

Colony color was used as a proxy to select for functional mutants. Fresh 
transformations of mutant collections into Δfes cells were plated on rich media 
plates and incubated for 24 h at 33 °C, at which point colony color was evi-
dent. These plates were incubated an additional day to allow for differences 
in color to develop further. For functional variants, 6,000 white colonies 
were chosen and plasmid DNA was isolated for high-throughput sequencing 
(Sequencing Core Facility, Lewis-Sigler Institute for Integrative Genomics, 
Princeton University). Briefly, a barcode primer was used to amplify each 
DNA sequence from both termini to ensure coverage of the whole sequence 
(paired-end sequencing) due to limited read-length of the sequencing reac-
tion. After sequencing all of the fragments (Illumina HiSeq 2500, read length 
215 nt), data were de-multiplexed such that positional information could be 
resolved. Information for complete individual sequences is lost, because each 
sequence was not read from start to finish. On average, 20–30k reads per posi-
tion were recorded. This DNA-level data were translated to the protein level 
and analyzed for amino acid identity conservation at each position. Data for 
position L96 was omitted, because a high level of variability was recorded in 
the control sequence.

Computational structure prediction. Experimental data from size-exclusion 
chromatography and enzyme kinetic studies indicated that Syn-F4 is a dimer. 
The Rosetta Fold-and-Dock protocol was used to generate >100,000 dimer 
models of Syn-F4 (See Supplementary Note 1 for command line). These mod-
els were ranked based on their Rosetta energy; however, the lowest energy 
models formed several different homodimer structures of up–down helix bun-
dles. These lowest energy models were further evaluated based on a set of geo-
metric constraints that favored C-βatoms of residues E26, H74, K78, and R85 
being within 15 Å of each-other, which identified a single family of structurally 
similar models that form right-handed inverted homodimers. The Rosetta 
ligand docking protocol (See Supplementary Note 1 for command line) was 
used to dock FeEnt to chain A of low-energy structures from the above fam-
ily (other low energy structures were used as controls). To explore the lig-
and conformational space in an unbiased manner, FeEnt was placed at 20 Å  
intervals along the dimer’s long axis on both the interior and the exterior of 
the bundle. These models were ranked based on the Rosetta ligand interaction 
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Information. Additional data are available from the corresponding author 
upon reasonable request.

energy and on shape complementarity. The pocket composed of positions 26, 
74, 78, and 85 in the right handed inverted dimer models consistently had the 
most favorable Rosetta ligand interaction energy with FeEnt and the highest 
shape complementarity.

Life Sciences Reporting Summary. Further information on experimental 
design and reagents is available in the Life Sciences Reporting Summary.

Data availability. The authors declare that data supporting the find-
ings of this study are available within the article and its Supplementary 
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Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist. 

    Experimental design
1.   Sample size

Describe how sample size was determined. 6000 functional Syn-F4 mutants were chosen because, on average, this  
allows for each position to be mutated >100x in our 102-residue protein  
(average mutation rate is 1-3 residues per mutant)

2.   Data exclusions

Describe any data exclusions. Postion L96 was omitted from the next-gen sequencing data set due to  
high variability in sequencing of the control protein, this is stated in the  
methods.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

All growth phenotype experiments were replicated multiple t 
imes (>5) and  
reliably give the same results (colony phenotype).  
Hydrolysis of FeEnt was confirmed by LC/MS using multiple lots (>3) of  
Syn-F4 protein, each grown and purified independently

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

n/a

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

n/a

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Rosetta was used for protein folding simulation, details found in methods section 
and code found in the SI.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

L-Enterobactin was isolated in house but can be purchased from Sigma.  
D-Enterobactin was synthesized by the Nolan lab (MIT) and gifted to us.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

n/a

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. n/a

b.  Describe the method of cell line authentication used. n/a

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

n/a

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

n/a

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

n/a
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Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

n/a

Nature Chemical Biology: doi:10.1038/nchembio.2550


	A de novo enzyme catalyzes a life-sustaining reaction in Escherichia coli
	Methods
	ONLINE METHODS
	Reagents.
	Strains and plasmids.
	Growth and phenotype assays.
	Protein expression and purification.
	Hydrolysis assay and compound identification by LC–MS.
	Kinetic assays.
	Replacing fes with syn-F4 on the E. coli chromosome.
	Mutagenesis, selection, and sequencing.
	Computational structure prediction.
	Life Sciences Reporting Summary.
	Data availability.

	Acknowledgments
	Competing financial interests
	Figure 1 Syn-F4 catalyzes the hydrolysis of ferric enterobactin in vivo and in vitro.
	Figure 2 Mutagenesis of Syn-F4 reveals conserved residues.


	Button 2: 
	Page 1: Off



