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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. Previously, we reported Syn-F4, the first de novo
protein that meets both criteria. Syn-F4 hydrolyzed the siderophore ferric enterobactin,
and expression of Syn-F4 allowed an inviable strain of Escherichia coli (Afes) to grow in
iron-limited medium. Here, we describe the crystal structure of Syn-F4. Syn-F4 forms a
dimeric 4-helix bundle. Each monomer comprises two long a-helices, and the loops of
the Syn-F4 dimer are on the same end of the bundle (syz topology). Interestingly, there
is a penetrated hole in the central region of the Syn-F4 structure. Extensive mutagenesis
experiments in a previous study showed that five residues (Glu26, His74, Arg77, Lys78,
and Arg85) were essential for enzymatic activity in vivo. All these residues are located
around the hole in the central region of the Syn-F4 structure, suggesting a putative
active site with a catalytic dyad (Glu26-His74). The complete inactivity of purified
proteins with mutations at the five residues supports the putative active site and reaction
mechanism. Molecular dynamics and docking simulations of the ferric enterobactin
siderophore binding to the Syn-F4 structure demonstrate the dynamic property of the
putative active site. The structure and active site of Syn-F4 are completely different from
native enterobactin esterase enzymes, thereby demonstrating that proteins designed de
novo can provide life-sustaining catalytic activities using structures and mechanisms
dramatically different from those that arose in nature.

binary patterned library | de novo enzyme | de novo protein | dimeric 4-helix bundle |
ferric enterobactin esterase

Combinatorial libraries of de novo sequences can provide rich sources of diversity for the
discovery of new proteins with chemically and biologically important functions (1, 2).
Toward this goal, we have used binary patterning of polar and nonpolar amino acids to
produce libraries of sequences that fold into stable a-helical structures (3-5). To isolate
functional proteins from these libraries, collections of synthetic genes encoding the novel
sequences can be transformed into auxotrophic strains of Escherichia coli missing a con-
ditionally essential gene required for growth on minimal medium (6). The successful
rescue of several such deletion strains previously demonstrated that new proteins unrelated
to natural sequences can provide life-sustaining functions.

We previously reported that novel proteins isolated from a binary patterned library can
rescue four different auxotrophic strains of E. coli (6). For two of these deletions—phos-
phoserine phosphatase and citrate synthase (encoded by serB and gltA, respectively)—the
novel protein enables growth by altering gene regulation and/or metabolism in the mutant
strain (7, 8). In related studies, we isolated a de novo protein capable of rescuing the
deletion of threonine deaminase (Ai/vA). This novel protein was promiscuous, as it also
rescued Afes, which encodes ferric enterobactin (FeEnt) esterase. This bifunctional de
novo protein, called Syn-IF, was then subjected to random mutagenesis followed by selec-
tions for faster rescue of Afes cells in iron-limited minimal medium. This led to the isolation
of the evolved variant, Syn-F4 (Synthetic protein rescues Fes, 4th generation), which
showed significant growth on minimal medium in 18 h, much faster than Syn-IF (9).
Unlike its Syn-IF ancestor, Syn-F4 no longer rescues Ai/vA. Thus, the bifunctional Syn-IF
generalist had evolved into the more active Syn-F4 specialist (9).

The Syn-F4 protein hydrolyzes FeEnt, thereby enabling Afes cells to grow in minimal
medium (10). Thus, this entirely new sequence, which did not evolve in living systems,
provides a life-sustaining enzymatic function. Syn-F4 is the first example of an enantiose-
lective enzyme based on a nonnatural sequence that provides an essential biological activity
in vivo. Although the catalytic turnover (~0.6 per hour) of Syn-F4 (10) is ~1,000-fold slower
than that of a natural Fes enzyme (11), Afes cells do not require high levels of FeEnt esterase
activity. Comprehensive mutagenesis of Syn-F4 followed by high-throughput sequencing
revealed residues that must be conserved to maintain activity (10). There were 27 highly
conserved positions. Of these, 15 are glycine, alanine, or leucine, and the remaining 12 are
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Significance

Life on earth arose from common
ancestry. Living systems share
similar genes, proteins, and
biochemistries. Can life-sustaining
functions also be provided by
nonnatural proteins?
Combinatorial libraries of de novo
sequences present a rich source
for exploring such possibilities.
The de novo protein, Syn-F4, was
previously isolated from such a
library and catalyzed the
hydrolysis of iron-enterobactin, a
reaction essential for the survival
of Escherichia coli in iron-limited
environments. Here, we report
the 3-dimensional structure of
Syn-F4 and show that its structure
and biochemical mechanism
differ substantially from those of
natural enterobactin esterases,
thereby demonstrating that
proteins which did not arise in
living systems can perform
life-sustaining enzymatic
functions in ways dramatically
different from those that evolved
from common ancestry.
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polar or charged. Saturation mutagenesis of each of these 12 polar
or charged residues revealed 5 essential residues (Glu26, His74,
Arg77, Lys78, and Arg85) whose replacement by any other amino
acid impaired activity (10).

In this study, we report the crystal structure of this first life-sustaining
de novo enzyme. To correlate this structure with the observed enzy-
matic function, we mutated residues in the putative active site, purified
the altered proteins, and demonstrated that each of these mutations
destroyed enzyme activity.

Results

Crystallization of Syn-F4. We initially tried to crystalize the
de novo enterobactin esterase protein, Syn-F4, but obtained
only microcrystals with poor diffraction (SI Appendix, Fig. S1).
Therefore, we attempted to improve crystallization by the surface
entropy reduction (SER) strategy (12, 13). This strategy targets
surface residues with large flexible side chains, such as Lys and
Glu, and replaces them with smaller less flexible amino acids (Ala,
Ser, Thr, etc.) and has been shown to improve the preparation of
X-ray quality crystals. Four target residues (K4, E17, K42, and
K66) of Syn-F4 were selected for mutagenesis. These residues were
chosen because comprehensive mutagenesis in a previous study
showed they were not important for the enzymatic activity (10).
Several mutants to Ala or Thr were constructed and their protein
expression was tested (SI Appendix, Fig. S2). Some mutants,
especially K4T, improved both expression and solubility. In
addition, the K4T mutant of Syn-F4 sustained the growth of Afes
cells (S Appendix, Fig. S3), thereby demonstrating that it retained
the original Syn-F4 activity. The quality of the crystals and their
X-ray diffraction were improved significantly (SI Appendix,
Fig. S4), and diffraction data of Syn-F4 (K4T) were obtained at
2.2 A resolution (crystal 1).

X-ray Crystallographic Analysis of Syn-F4 (K4T). Wk initially tried
to solve the structure of Syn-F4 (K4T) by molecular replacement
using the crystal structure of the de novo protein WA20, which
was derived from the same binary patterned library (amino acid
identity 44%, similarity 95%; SI Appendix, Fig. S5) as a search
model (PDB ID: 3VJF) (14). However, this was not successful.

Also, the structure could not be solved by multiwavelength
anomalous dispersion (MAD) using a SeMet-substituted protein.
Finally, the structure was successfully solved by MAD using a
platinum-derivative crystal (PDB ID: 8H7C). The crystallographic
statistics are summarized in S/ Appendix, Table S1. Two molecules
of Syn-F4 (K4T) are located per asymmetric unit in the crystal. In
the case of the crystal 1, the refined model includes 189 amino acid
residues of two protein chains of Syn-F4 (K4T) in the asymmetric
unit (PDB ID: 8H7D). The N-terminal and C-terminal residues
and several loop residues (chain A, 1-2, 49-56, 101-102; chain
B, 1-2, 49-55) are invisible due to disorder.

Overall Structure of Syn-F4 (K4T). The crystal structure of Syn-F4
(K4T) revealed a dimeric 4-helix bundle (Fig. 14). Each monomer
comprises two long a-helices, which span residues 5-47 (al),
59-98 (a2) in chain A and residues 547 (al), 58-101 (a2)
in chain B. The loops of Syn-F4 (K4T) are on the same end
of the bundle (syz topology). This contrasts with the previously
solved cousins WA20 (PDB ID: 3V]JF) (14) and SUWA (PDB
ID: 6KOS) (15), which have bisecting U topology with loops at
opposite ends of the bundles (87 Appendix, Fig. S6). The overall
shape of Syn-F4 (K4T) is cylindrical with a length of ~8 nm and
a diameter of ~3 nm. Interestingly, there is a penetrated hole in
the central region of Syn-F4 structure, clearly seen in the surface
representation in Fig. 1B.

In addition, to analyze the overall structure in solution,
small-angle X-ray scattering (SAXS) analysis of Syn-F4 (K4T) was
performed (87 Appendix, Fig. S7 and Table S2). The SAXS results
indicate that Syn-F4 (K4T) in solution forms a dimer (S/ Appendix,
Table S2) and a cylindrical structure (87 Appendix, Fig. S7C) con-

sistent with the crystal structure.

Orientation and Dynamics of the a-helices and Loops. In
the crystal structure of Syn-F4 (K4T), the loop regions are
disordered. Therefore, it is difficult to determine the precise
connections between the four a-helices. To consider alternative
connections, we constructed two model structures with different
loop conformations, resulting in different connections between
the helices (Fig. 24). We named these “loopleft” and “loopright”
to indicate that after ending the first helix, the loop can either

Fig. 1. Overall structure of Syn-F4 (K4T). (A) Ribbon representation of the crystal structure of Syn-F4 (K4T) (crystal 1). A side view (Left) and an axial view (Right).
(B) Surface representation of the crystal structure of Syn-F4 (K4T) (crystal 1). Note the tunnel at the center of the structure. Chains A and B are shown in green

and cyan, respectively.
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Fig. 2. MD simulations of Syn-F4. (A) Two model structures of Syn-F4 (K4T) with different loop conformations, resulting in different connections between the
helices. These loopleft and loopright are indicated that after ending the first helix, the loop can either make a left turn or a right turn toward the second helix
(viewed from the outside). Chains A and B are shown in green and cyan, respectively. (B) RMSD of Syn-F4 (K4T) structures from an initial model in MD simulations.
(C) Probability of forming a-helical structure for each residue in Syn-F4 (K4T) dimer. Residue numbers 1-102 and 103-204 correspond to amino acid residues in
chains A and B, respectively. A probability of 1 indicates that the a-helical structure is preserved over the simulation.

make a left turn (viewed from the outside) or a right turn toward
the second helix. Both structures were subjected to molecular
dynamics (MD) simulations. These simulations revealed that
the structure with loopleft connections was more stable than
the structure with the loopright connections (Fig. 2 B and C).
These distinctions are nontrivial because, in addition to different
conformations in the loops themselves, the two structures
have slightly different packing interfaces between the helices.
In addition to these distinctions, the simulations also suggest
dynamic residues in the middle of the a-helices around residues
19-20 and 81-84.

Putative Active Site of Syn-F4. To find the active site of Syn-F4,

we attempted to solve the structure of a crystal with the addition
of the substrate, ferric enterobactin (FeEnt) after crystallization;
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however, electron density for FeEnt or products was not found
(SI Appendix, Fig. S8) at 2.0 A resolution (crystal 2) (PDB
ID: 8H7E). In a previous study (10), however, comprehensive
mutagenesis of Syn-F4 revealed 27 residues that must be
conserved to maintain activity. Of these, 12 residues (Y2, D18,
E26, H51, E54, Q63, D65, D70, H74, R77, K78, and R85)
are polar or charged. Saturation mutagenesis of each of these 12
positions revealed five residues (E26, H74, R77, K78, and R85)
whose replacement by any other amino acid abrogated function
(10). Fig. 3A shows that all five of these residues are located
around the hole in the central region of the Syn-F4 structure,
suggesting that the central hole is the active site. Notably, Glu26,
His74, Lys78, and some water molecules formed salt bridges
and hydrogen bonds, which may preorganize the structure of

this site (Fig. 3B).
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Fig. 3. Putative active site of Syn-F4. (A) Close-up view of the central region of Syn-F4 (K4T) (crystal 2). Five residues (Glu26, His74, Arg77, Lys78, and Arg85)
essential for activity are located around the central hole. (B) Close-up views of the essential residues in the putative active site (crystal 2). Glu26, His74, Lys78,
and several water molecules (red spheres) form a network of hydrogen bonds and salt bridges (dashed yellow lines).

Simulation of Substrate Docking. Since the crystal structure of
Syn-F4 complexed with FeEnt could not be obtained, we analyzed
binding by simulation. The docking simulation was performed
targeting the vicinity of the putative active site residues (Glu26,
His74, Arg77, Lys78, and Arg85). The simulation showed that
the ligand binding sites are mainly on the molecular surface and
cleft of the central hole (Fig. 44). In particular, Arg77 and Arg85
were observed at the binding site of FeEnt, suggesting that these
residues play important roles in substrate binding (Fig. 4B).
Interestingly, some FeEnt molecules were also seen inside the

central hole of Syn-F4 (Fig. 4C).

Asymmetric and Variable Local Structures in the Putative Active
Site. As noted above, we solved two crystal structures: the initial
crystal (crystal 1: PDB 8H7D) and the second crystal (crystal
2: PDB 8H7E), which had been exposed to FeEnt. Although
bound substrate was not observed, the availability of two crystal
structures provided additional insights into the putative active
site. While the overall structures of crystal 1 and crystal 2 are
nearly identical (RMSD: 0.52 A), there are distinct differences
in the putative active site (S Appendix, Fig. S9). In both crystals,
both Arg85 side chains in the dimer point toward the interior
of the 4-helix bundle, thereby leading to electrostatic repulsion.
This repulsion is relieved by the side chain of Arg85 from chain A

40f8 https://doi.org/10.1073/pnas.2218281120

bending upward in crystal 1 (S Appendix, Fig. S9B) and leftward
in crystal 2 (SI Appendix, Fig. S9C). The alternative locations
of this arginine cause Trp23 from chain A to occupy different
rotamers in crystal 1 versus crystal 2 (SI Appendix, Fig. S9D).
These subtle differences between the two crystals demonstrate
that the local structure in the putative active site is asymmetric,
variable, and dynamic. These observations are consistent with the
MD simulations, which suggest that repulsion between the two
Arg85 residues causes the putative active site to become dynamic
and flexible, thereby facilitating binding and entry of FeEnt into
the central hole of the 4-helix bundle dimer.

Mutating Residues in the Putative Active Site Destroys Enzymatic
Activity. As noted above, extensive mutagenesis experiments
described in a previous study (10) showed that Glu26, His74,
Arg77, Lys78, and Arg85 are essential for enterobactin esterase
activity in vivo. Thus, Afes cells expressing the original Syn-F4
sequence formed large white colonies, whereas cells expressing any
of these mutants formed tiny colonies (on rich medium), which
were red due to the buildup of uncleaved FeEnt. Those genetic
results, coupled with the current crystal structure, suggested that
the active site occurs in the cavity shown in Figs. 3 and 4. To
confirm the importance of these residues for activity, we mutated
each of them individually and measured the activities of the
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Fig. 4. Docking simulations of FeEnt to Syn-F4. (A) Bound positions of FeEnt on the Syn-F4 structure. Only iron atoms of FeEnt are shown. Five residues (Glu26,
His74, Arg77, Lys78, and Arg85) essential for activity are shown as stick models. (B) A docking pose of FeEnt (yellow stick) on the surface cleft in the central region
of Syn-F4. (C) A docking pose of FeEnt (yellow stick) inside the central hole in the 4-helix bundle of Syn-F4.

purified proteins. All five positions were mutated individually
to alanine. In addition, Glu26 was mutated to Asp, His74 to
Asn, and Lys78 to Tyr. The H74A protein was insoluble, and
surprisingly, the E26A sequence was cytotoxic. All the other
mutant proteins were purified and showed no detectable activity.
A Michaelis—-Menten plot showing the activity of the original
Syn-F4 protein is shown in 87 Alppendix, Fig. S10 and the £, and
K values of Syn-F4 are 0.60 h™" and 20 pM, which are ~900-fold
lower and ~200-fold higher than those of E. co/i Fes enzyme (11),
respectively (S Appendix, Table S3). The experimental results of
the mutant proteins are summarized in SI Appendix, Table S3.
The total lack of activity for all of these singly substituted proteins
highlights the crucial roles played by these residues in the active
site of Syn-F4.

Discussion

In this study, we revealed the crystal structure of the de novo ferric
enterobactin esterase Syn-F4. Syn-F4 forms a dimeric 4-helix
bundle with both interhelical turns on the same side end of the
structure (syn topology) (SI Appendix, Fig. S6C). The structure of
this de novo protein is completely different from the structures of
the naturally evolved Fes or a related enzyme IroE (SI Appendix,
Fig. S11). The structure of the native Fes from Shigella flexneri
(PDB ID: 3C87) has an o/p-hydrolase fold with an N-terminal

PNAS 2023 Vol.120 No.38 2218281120

lid domain (S Appendix, Fig. S114) and catalytic triad residues
(Ser281, His375, and Glu345) typical for serine hydrolases
(SI Appendix, Fig. S12A). The structure of the native enterobactin
hydrolase IroE from uropathogenic E. coli CFT073 (PDB ID:
2GZR) has only an o/f-hydrolase fold (S Appendix, Fig. S11B)
and catalytic dyad residues (Ser189 and His287) (S/ Appendix,
Fig. S12B) (16). However, Syn-F4 has no serine residues in the
entire sequence (SI Appendix, Fig. S5). Thus, Syn-F4 is not a serine
hydrolase. Hence, both its 3-dimensional structure and its enzy-
matic mechanism are entirely different from those of naturally
evolved enterobactin hydrolases.

The comprehensive mutagenesis experiments described in a
previous study (10) showed that five polar residues (Glu26, His74,
Arg77, Lys78, and Arg85) are essential for the enzymatic activity
of Syn-F4. All these residues are located around the penetrated
hole in the center of the Syn-F4 structure (Fig. 34), suggesting
that this central hole region is the active site. MD simulations
demonstrated flexibility of the local structure around this hole
(Fig. 3C). Docking simulation of FeEnt onto the Syn-F4 structure
suggests binding of FeEnt not only on the surface of Syn-F4 but
also inside the structure of the 4-helix bundle. These simulations
also support the putative active site in the central hole region.

As described in a previous study (9), the bifunctional Syn-IF
generalist was evolved into the more active Syn-F4 specialist with

seven mutations (S27R, N29T, E34A, F44V, K62N, L85R, and
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E94A). These mutations can be partly explained by the crystal
structure of Syn-F4 (81 Appendix, Fig. S13). L85R is one of the
essential residues for the activity of Syn-F4, and N29T is located
close to His74, another essential residue for activity. S27R forms
a salt bridge with D79. E34A and E94A eliminate electrostatic
repulsions to D72 and D97, respectively. These mutations con-
tribute to stabilizing the structure of Syn-F4. The effects of F44V
and K62N are unclear but may be helpful for tuning the structure
of Syn-F4. However, we do not fully understand how Syn-IF
rescues AilvA and why Syn-F4 does not. Syn-IF may rescue using
a non-catalytic mechanism, as was seen for SynSerB3 (7) and
SynGltA (8).

The crystal structure indicates that Glu26, His74, Lys78, and
several water molecules form electrostatic interactions and hydro-
gen bonds (Fig. 3 B and C). There are ordered water molecules
located in hydrogen bond distances from N& or Ne of His74 in
the crystal structure (crystal 2). MD simulations of Syn-F4 (K4T)
also support that there are significantly high densities of water
molecules in appropriate distances from N& or Ne of His74
(SI Appendix, Fig. S14). Notably, the structure of the hydrogen
bond network of Glu26-His74-water (Fig. 3B) suggests that
Glu26 and His74 can work as a potential catalytic dyad which
activates a water (Fig. 5), similar to the His—Asp catalytic dyads
seen in some natural hydrolases, such as ribonuclease A (17) and
N-acetylglucosaminidase (18). The complete inactivity of purified
proteins with mutations at Glu26, His74, Arg77, Lys78, or Arg85
supports this mechanism.

Moreover, in the simulation docking FeEnt to Syn-F4, the dis-
tance distribution of Fe atom or ester carbon atom of FeEnt from
His74 of Syn-F4 was analyzed (SI Appendix, Fig. S15). The dis-
tance distribution of ester carbon from His74 is slightly shorter
than that of Fe from His74, indicating that there are many docking
poses whose ester bond of FeEnt is oriented toward the catalytic
residues of Syn-F4. Several binding poses which have short dis-
tance (<6 A) from His74 and good binding scores were selected

B
FeEnt

ol oy 05 \H|s74 ijyfﬁ
HN 0 NH Water
o 2 o H Z N

\ ! -0
é( O--Dufets O\ H/F\N=/ 0

o 0

Fig. 5. Putative reaction mechanism of Syn-F4. (A) A binding pose of FeEnt
on the Syn-F4 (K4T) structure in a short distance from His74 by docking
simulation. A water molecule was added to explain a reaction mechanism.
(B) Putative reaction scheme of the de novo enzyme Syn-F4 with the catalytic
dyad residues (Glu26 and His74) and an activated water.
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(SI Appendix, Fig. S16). The selected poses showed the similar
binding mode where FeEnt is partly inserted to the cleft on the
molecular surface in the vicinity of the central hole (Fig. 4B and
SI Appendix, Fig. S16). The ester bond of FeEnt is reasonably ori-
ented to the catalytic dyad (Glu26-His74) (Fig. 5A4), suggesting
the putative mechanism of Syn-F4 for hydrolysis reaction of ester
bond by the catalytic dyad and an activated water (Fig. 5B).

Four-helix bundles are typical of simple and versatile scaffolds
in protein structures, and many natural and artificial 4-helix bun-
dle proteins have been reported (19-21). Dali server search (22)
revealed many structures partly similar to the backbone structure
of Syn-F4 in natural proteins. S/ Appendix, Fig. S17 shows the
superimposition of backbone structures of Syn-F4 and several
highly ranked proteins with structural similarity: tripartite cytol-
ytic toxins (PDB ID: 6T8D, 6GRK) (23, 24), peripherin-2
(PRPH2) (PDB ID: 7ZW1) (25), and Tweety homologs (TTYHs)
(PDB ID: 7P54) (26). The findings in this study would be helpful
for grafting or designing an active site on versatile scaffolds of
4-helix bundle proteins.

Taken together, the crystal structure of Syn-F4 revealed a struc-
ture dramatically different from native enterobactin esterases,
suggesting that de novo designed proteins can create a new lineage
of enzymes having structures and mechanisms different from
native enzymes. These results, taken together with previous work
on other binary patterned proteins demonstrate that the diversity
of functional proteins can be expanded well beyond the set of
proteins sampled by terrestrial evolution.

Materials and Methods

Protein Expression and Purification. The Syn-F4 gene was cloned in an
IPTG-inducible expression vector, pCA24N, with chloramphenicol resistance. The
Syn-F4 mutants were prepared by site-directed mutagenesis using the Transfer-
PCR method (27) with degenerate primers (S/ Appendix, Table S4). The Syn-F4
and Syn-F4 (KAT) proteins were expressed in E. coli BL21 Star (DE3) (Invitrogen,
Carlshad, CA) using 2 L of LB broth (Lennox) (Nacalai Tesque, Kyoto, Japan) with
34 pg/mL chloramphenicol at 30 °C. Expression was induced with 0.1 mM IPTG
(at OD4go = ~0.5), and cells were further cultured for 16 h at 30 °C. The protein
was extracted from harvested cells using the freeze-thaw method (28) in lysis
buffer (50 mM sodium phosphate (pH 7.0), 300 mM NaCl, 10% glycerol). The
protein was purified by immobilized metal ion affinity chromatography with
COSMOGEL His-Accept (Nacalai Tesque) [equilibration/wash buffer: 50 mM
sodium phosphate buffer (pH 8.0) containing 300 mM NaCl and 10% glycerol;
elution buffer: 50 mM sodium phosphate buffer (pH 8.0) containing 300 mM
NaCl, 10% glycerol and 250 mM imidazole]. Even without a His-tag, the Syn-F4
and Syn-F4 (K4T) proteins can bind to the nickel ion affinity resin, presumably
because of the relatively high percentage of His residues (13.7%: 14/102 resi-
dues) in their sequences (S/ Appendix, Fig. S5). The protein was further purified
by cation exchange chromatography (25 mM MES buffer (pH 6.5) containing 10%
glycerol with a linear gradient of NaCl from 0 to 1.5 M) with a RESOURCE S 6-mL
column (Cytiva, Little Chalfont, Buckinghamshire, UK) and size-exclusion chroma-
tography [25 mM MES buffer (pH 6.5) containing 100 mM NaCl, 10% glycerol,
and 200 mM Arg-HCl with a Superdex 75 Increase 10/300 GL column (Cytiva)].

Crystallization. Several crystals of the Syn-F4 (KA4T) protein were obtained in
a drop composed of 0.5 uL of the protein solution (~10 mg/mL) and 0.5 plL
of the reservoir solution at 20 °C by the sitting drop vapor diffusion method
against 50 pL of the reservoir solution in an Index crystallization screening kit
(Hampton Research, Aliso Viejo, CA) with a 96-well Violamo protein crystallization
plate VCP-1(AS ONE, Osaka, Japan). Optimized crystals were obtained in a drop
composed of 1 pL of the protein solution and 1 pL of the reservoir solution [100
mMTris (pH 8.5t0 8.9), 200 mM ammonium acetate, 8 to 20% w/v polyethylene
glycol 3,350] by the hanging drop vapor diffusion method against 500 pL of the
reservoir solution at 20 °C with a 24-well plate. Plate-like crystals were obtained
in a few weeks (S/Appendix, Fig. S4). Platinum-derivative crystals were prepared
by soaking crystals in the reservoir solution containing 10 mM K,PtCl, for 1 d.
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Data Collection, Structure Determination, and Refinement. X-ray dif-
fraction data were collected at the Photon Factory, BL-5Aand AR-NW12A (KEK,
Tsukuba, Japan).The data collection was carried out at 95 K with 30% glycerol as
a cryoprotectant. All diffraction data were processed with the program HKL2000
(29)(SI Appendix, Table S1).The program AutoSol in Phenix was used to locate
the heavy atom sites and to calculate the phases by the MAD method, and the
program was used for the density modification and partial model building
(30, 31). The model was built and corrected with the program COOT (32) and
was refined with the program REFMAC5 (33, 34) in the CCP4 suite (35). All
refinement statistics are presented in S/ Appendix, Table S1. The quality of the
model was inspected by the programs PROCHECK (36) and MolProbity (37-39).
The atomic coordinates and the structure factors have been deposited in the
Protein Data Bank with the accession codes 8H7C, 8H7D, and 8H7E. The graphic
figures were created using the programs PyMOL (Schrédinger, New York, NY)
and UCSF Chimera (40).

SAXS. SAXS measurements were performed for samples (~5 mg/mL) of Syn-F4
(K4T)and hen egg lysozyme dissolved in 25 mM MES buffer (pH 6.5) containing
100 mM NaCl, 10% glycerol, and 200 mM Arg-HCl at 20 °C using synchrotron
radiation (A = 1.2 A) at the Photon Factory BL-10C beamline (41) (KEK, Tsukuba,
Japan) with a PILATUS3 2M detector (Dectris, Baden, Switzerland) at a sample-
detector distance of 1 m.The two-dimensional scattering images were integrated
into one-dimensional scattering intensities /(g) as a function of the magnitude of
the scattering vector g = (4x/A)sin(6/2) using SAngler (42), where @ is the total
scattering angle. The forward scattering intensity, (q—0), and radius of gyra-
tion, Ry, were estimated by Guinier approximation (43) using AUTORG in ATSAS
(44) with SAngler (42). Forward scattering intensity normalized by the protein
concentration (mg/mL), (g—0)/c, is proportional to weight average molecular
mass (M,). Lysozyme (M,, = 14.3 kDa) was used as a reference standard of the
molecular mass. A low-resolution dummy atom model was constructed from
the SAXS data using ab initio shape modeling programs in the ATSAS program
suite (44). Calculations of rapid ab initio shape determination were performed
ten times by DAMMIF (45) without a symmetry constraint, and the generated
models were aligned and averaged by DAMAVER (46). The averaged model was
modified with the fixed core by DAMSTART, and further refinement of the model
was performed by DAMMIN (47). Superimposing the dummy atom model and
crystal structures was performed by SUPCOMB (48). The SAXS data and dummy-
atom model of Syn-F4 have been deposited in Small-Angle Scattering Biological
Data Bank (49) (SASBDB accession code: SASDRJ8).

MD Simulation and Docking Simulation. MD simulations for the two types of
loop connections (loopleftand loopright) of Syn-F4 were performed under explicit
solvent condition with periodic boundary of rectangular box system. The initial con-
formations were built by MODELLAR (50). Amber ff14SB force field (51) was used
for protein. TIP3P model (52) was used for water molecules. The potassium and
chloride ions were added to the system for neutralizing the total charge and setting
adequate salt concentration of 100 mM. After energy minimization, the simulation
system was heated from 1K to 310 K. The initial velocities of atoms were randomly
assigned according to the maxwell-boltzmann distribution. After equilibration for
10 nsunder 1 barat 310 K, production run was conducted for 500 ns. During the
production run, the snapshots were saved every 100 ps.Then, 5,000 snapshots were
sampled. The MD simulation was repeated five times with different initial veloci-
ties to produce five trajectories. Finally, 25,000 snapshots were saved for analysis
of secondary structure and rmsd against the initial structure. The 250 snapshots,
which were saved every 10 ns, were used for the following docking simulation.
MD simulation and analysis were done by using Amber18 and AmberTools18 (53).
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Docking simulation of FeEnt was conducted onto the Syn-F4 conformations
(255 snapshots) sampled by the MD simulation. The molecular model of FeEnt
was prepared by conformational optimization with the quantum mechanics
simulation of B3LYP/6-311++G, which was calculated by Gaussian09 (54).
The partial atomic charges of FeEnt were fitted by the RESP method by ante-
chamber of AmberTools18.The FeEnt model was docked onto a targeted site of
the Syn-F4 by the docking software package, Sievgene (55). The targeted site
was located around the atom coordinates of residues essential for enzymatic
activity. The top-ranking score and its docking pose were saved for each of the
Syn-F4 conformations.

Mutagenesis, Protein Purification, and Enzymatic Activity. Mutations of
the putative active site residues (E26, H74, R77, K78, and R85) were generated
by site-directed mutagenesis using PCR. The PCR products were treated with a
kinase-ligase-Dpnl (KLD) mix (New England BioLabs.) The products were cloned
into DH5a cells and plated on LB agar containing 30 pg/mL chloramphenicol.
Single colonies were picked and sequence-validated. Validated sequences were
transformed into BL21 cells for protein expression. Expression was induced with
100 uM IPTG and cultures were grown at 18 °Cfor 18 h. Cells were harvested and
lysed by freeze-thaw and sonication. Soluble material was loaded on a Ni-NTA
column, and eluted fractions were run on a size-exclusion column using an AKTA
Pure system. Fractions containing protein with the correct molecular weight were
collected and stored at —80 °C for future assays.

The substrate, ferric enterobactin, was prepared as described In Donnelly etal.
(10). To assay Syn-F4 and mutants, 25 uM purified protein was incubated with
0,10, 20, 40, 80, 120, and 200 uM substrate in 75 mM HEPES, 1 M NaCl, pH
8.0 at 37 °C. Aliquots of reactions were quenched with 2.5 M HCl in methanol
at time points 0, 10, and 30 min, followed by extraction with ethyl acetate. The
organic layer was analyzed by reverse-phase HPLC monitored at 316 nm. The
final concentrations of reactant and products were calculated from areas under
peaks in the chromatogram. Michaelis-Menten kinetics were determined by
nonlinear regression.

Data, Materials, and Software Availability. Atomic coordinates and the struc-
ture factors data have been deposited in Protein Data Bank (8H7C, 8H7D, and
8H7E) (56-58). SAXS data and dummy-atom model have been deposited in
Small-Angle Scattering Biological Data Bank (SASDRJ8) (59).
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