
Structural and dynamical rationale for fatty acid
unsaturation in Escherichia coli
Greg J. Dodgea,b,1,2, Ashay Patelc,1, Kara L. Jaremkoc,1,3, J. Andrew McCammonc,d,4, Janet L. Smitha,b,4,
and Michael D. Burkartc,4

aDepartment of Biological Chemistry, University of Michigan, Ann Arbor, MI 48109-2216; bLife Sciences Institute, University of Michigan, Ann Arbor, MI
48109-2216; cDepartment of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093-0340; and dDepartment of Pharmacology,
University of California, San Diego, La Jolla, CA 92093-0340

Contributed by J. Andrew McCammon, January 29, 2019 (sent for review November 5, 2018; reviewed by James Briggs and Dominic J. Campopiano)

Fatty acid biosynthesis in α- and γ-proteobacteria requires two
functionally distinct dehydratases, FabA and FabZ. Here, mecha-
nistic cross-linking facilitates the structural characterization of a
stable hexameric complex of six Escherichia coli FabZ dehydratase
subunits with six AcpP acyl carrier proteins. The crystal structure
sheds light on the divergent substrate selectivity of FabA and FabZ
by revealing distinct architectures of the binding pocket. Molecu-
lar dynamics simulations demonstrate differential biasing of sub-
strate orientations and conformationswithin the active sites of FabA
and FabZ such that FabZ is preorganized to catalyze only dehydra-
tion, while FabA is primed for both dehydration and isomerization.
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To maintain membrane phospholipid homeostasis and modu-
late membrane fluidity, all organisms must synthesize un-

saturated fatty acids (UFAs) (1, 2). α- and γ-proteobacteria,
including Escherichia coli, Yersinia pestis, and Pseudomonas
aeruginosa produce UFAs during de novo fatty acid biosynthesis,
requiring the coordinated action of two dehydratases (DHs),
FabA and FabZ (3, 4). This system of UFA biosynthesis is
unique to bacteria and is of interest as an antibiotic target. FabA
and FabZ are part of the type II fatty acid synthase (FAS), in
which discrete enzymes synthesize fatty acids in a stepwise, it-
erative manner. Throughout this process the growing fatty acid
remains tethered to an acyl carrier protein (ACP), AcpP, for
solubility and transport (Fig. 1A), and it has been demonstrated
that protein-protein interactions between AcpP and partner
enzymes are essential to fatty acid synthesis (5–9). Both FabZ
and FabA catalyze the dehydration of β-hydroxyacyl-AcpP, but
they have varying substrate selectivity, with C8–C12 substrates
favored by FabA and a C6 substrate favored by FabZ (Fig. 1D)
(4). FabA can also perform an additional allylic rearrangement
that converts trans-dec-2-enoyl-AcpP, the immediate product of
dehydration, into cis-dec-3-enoyl-AcpP, the precursor to E. coli
UFAs. FabZ is incapable of this isomerization. While the role of
FabA in production of unsaturated fatty acids has been the
subject of intense mechanistic study for decades (10), differences
to the more recently discovered FabZ (11) and the structure–
function relationships of the two enzymes have not been estab-
lished definitively. E. coli FabA and FabZ share 23% amino acid
identity (41% similarity), but a crystal structure is available for
only FabA (12). Crystal structures have been reported for both
apo-FabA and apo-FabZ from P. aeruginosa (13, 14), but the
similar active site pockets do not reveal the molecular basis for
the FabA exclusive activity as an isomerase. Further, while the
dehydration mechanism (Fig. 1B) of FabA is known (15–18),
the mechanism of isomerization (Fig. 1C), the second step in the
transformation, remains speculative (12, 17, 19). Recently, the
crystal structure of a complex of phosphopantetheinylated AcpP
(holo-AcpP) and FabZ from Helicobacter pylori was described
(20), but the ACP lacked an acyl group, limiting conclusions

regarding the distinct activities and substrate preferences of FabA
and FabZ.
Visualizing complexes of acyl-AcpP with its enzymatic partners

has posed a challenge because such complexes are short-lived.
We previously overcame this problem by employing mechanism-
based cross-linking probes to covalently trap FabA in functional
association with acyl-AcpP to solve the crystal structure of the
complex (AcpP=FabA) (21). Here, we applied a similar cross-
linking strategy in combination with fusion-protein methods to
trap E. coli FabZ with acyl-AcpP and report the crystal struc-
ture of the resulting complex (AcpP=FabZ). Having both
AcpP=FabA and AcpP=FabZ structures in hand enabled us
to perform molecular dynamics (MD) simulations of the acyl-
AcpP•FabA and acyl-AcpP•FabZ complexes to evaluate the
mechanisms of dehydration catalyzed by FabA and FabZ. The
simulation results recapitulated the established substrate
preferences of FabA and FabZ and additionally provided a
complete structural rationale for the unique isomerase activity
of FabA. Together these findings reveal the molecular basis for
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the differential activity of FabA and FabZ, accounting for the
de novo synthesis of UFAs, a critical component of phos-
pholipid metabolism in E. coli and other bacteria.

Results
Characterization of FabZ Interaction with AcpP. To compare cata-
lytic selectivities and probe the structural basis of catalysis by natural
FabA and FabZ partners, we sought to examine the E. coli FabZ in
complex with AcpP. However, when highly purified for structure
analysis, recombinant FabZ was not stable or monodisperse (SI
Appendix, Table S1). Thus, we prepared FabZ with the Mocr pro-
tein fused to the N terminus (Fig. 2 and SI Appendix, Fig. S1) (22).
The Mocr-FabZ fusion protein was purified to homogeneity in a
stable and soluble form, and the Mocr fusion did not interfere with
the expected hexameric association of FabZ (Fig. 2). After pro-
teolytic cleavage of the Mocr fusion partner, FabZ remained soluble
(as assessed by turbidity) only when the cleavage reaction included

equimolar or greater concentrations of AcpP, implying that, like
theH. pylori FabZ, the E. coli FabZ demonstrates inherent affinity
for its carrier protein (SI Appendix, Table S1) (23). We then used
size exclusion chromatography (SEC) with multiangle light
scattering (MALS) to characterize the stoichiometry of complexes of
Mocr-FabZ and holo-AcpP (with the phosphopantetheine cofactor
linked at Ser36) or apo-AcpP (lacking phosphopantetheine). All
combinations of FabZ and AcpP resulted in complex formation
with oligomeric states ranging from (AcpP1-FabZ6) to (AcpP6-
FabZ6) (Fig. 2). The oligomer state was dependent on AcpP
concentration, with a 20-fold molar excess of either apo- or holo-
AcpP fully saturating Mocr-FabZ. The complexes had similar elution
volumes to Mocr-FabZ in absence of AcpP, indicating a dynamic
mixture of transient oligomer states. This observation is consis-
tent with a type II FAS system in which the AcpP must find and
interact with each enzyme; should a tight, long-lasting complex form
with any one enzyme, FAS throughput would drop significantly.
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Fig. 1. Fatty acid biosynthesis in E. coli. (A) Elongation phase of de novo fatty acid production in E. coli. Note that AT in this diagram refers to PlsB and PlsC,
glycerol-3-phosphate acyl transferases responsible for offload fatty acids from AcpP. (B) Mechanisms for the dehydration of β-hydroxydecanoyl-AcpP. Evi-
dence suggests that an E1cb (not E2) mechanism is operative. Although the reaction pathways for β-hydroxydecanoyl-AcpP are shown, these mechanisms are
plausible for any β-hydroxyacyl-AcpP substrate. Note the hydrogen colored red is the pro-R hydrogen abstracted by FabA (4). (C) Proposed mechanism for the
FabA-catalyzed isomerization of trans-2-decenoyl-AcpP to cis-3-decenoyl-AcpP. The R group represents the omitted portion of the acyl-AcpP thioester. (D)
Substrates and probes used to characterized AcpP-DH interactions. (E) The experimentally determined substrate preferences of FabA and FabZ. The number
shown above the arrow is the ratio of the specific activities of FabA and those of FabZ. Blue and orange colors indicate a substrate’s preference for FabA and
FabZ, respectively. Note that the rate at which FabA processes β-hydroxydecanoyl-AcpP includes both rate of the formation of the dehydration and isom-
erization products. The nomenclature used in E is defined in SI Appendix, Fig. S7.
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FabZ-AcpP Cross-Linking. We then sought to generate a soluble
AcpP=FabZ complex suitable for crystallography by cross-linking
AcpP before proteolytic cleavage of the Mocr fusion partner.
As previously reported, 3-alkynyl-sulfone-pantetheinamide probes
can link AcpP and DHs (21, 24). Here, we chose a 6-carbon
probe (DH6) to mimic the optimal FabZ substrate and appended
it to AcpP (crypto-DH6-AcpP, SI Appendix, Fig. S2B) (4). Cross-
linking trials with Mocr-FabZ and crypto-DH6-AcpP proceeded
nearly to completion (Fig. 2D). In agreement with the previously
reported substrate preference of FabZ (4), less than 10% cross-
linked complex formed with a probe mimicking the least-favored
substrate, crypto-DH10-AcpP (AcpP loaded with a 10-carbon
probe, Fig. 2D and SI Appendix, Fig. S2A). SEC-MALS analysis
of DH6-AcpP=Mocr-FabZ indicated a stable complex with
shorter retention time than the noncovalent complexes with apo-
AcpP or holo-AcpP and a molecular weight corresponding to
(AcpP6=Mocr-FabZ6) (Fig. 2 B and C). AcpP=FabZ was stable
upon proteolytic cleavage of the Mocr fusion partner and had
an apparent molecular weight of 160 kDa by SEC (SI Appendix,
Fig. S3), again corresponding to an AcpP6=FabZ6 complex.

Crystal Structure of AcpP6=FabZ6. We obtained a 2.5-Å crystal
structure of the AcpP6=FabZ6 complex (Fig. 3 and SI Appendix,
Table S2). The FabZ hexamer is a trimer of FabA-like dimers,

consistent with structures of other bacterial FabZ enzymes (13,
20, 25–27). In the hexamer, an AcpP is cross-linked to the cat-
alytic His54 of each FabZ monomer and contacts both subunits
of the FabZ dimer but makes no contacts with the other two
“dimers” or with any other AcpP (Figs. 3 and 4). Continuous
electron density is observed for the cross-linker and the catalytic
His54 of FabZ (SI Appendix, Fig. S4).
The surface of AcpP helix α2 contacts the surface of the FabZ

β-sheet via an interface comprised of several hydrophobic con-
tacts surrounded by ionic interactions (Fig. 4 and SI Appendix,
Table S3). As with FabA, acidic residues on AcpP contact basic
residues on FabZ surrounding the active site entrance. The
majority of protein-protein contacts occur between AcpP and
the subunit of the FabZ dimer to which it is not cross-linked
(AcpP subunit A to FabZ subunit B, and AcpP subunit B to
FabZ subunit A). The cross-linked subunit also contributes to
the interface, which buries 16% (745 Å2) of the AcpP surface.
The interface is significantly larger than the AcpP=FabA interface
(∼530 Å2) (21, 28), in which AcpP has no contacts with the
FabA monomer to which it is cross-linked (SI Appendix, Table S3).
The six AcpP-FabZ interfaces are nearly identical, although
two of the six AcpPs are shifted slightly due to crystal contacts (SI
Appendix, Fig. S5).

Fig. 2. FabZ and AcpP cross-linking and biophysical analysis. (A) Schematic of FabZ and crypto-AcpP cross-linking reaction. FabZ was insoluble when released
from the Mocr fusion partner, but solubility was retained by cross-linking to acidic AcpP before cleavage of the fusion partner. (B) Analysis of Mocr-FabZ and
AcpP complexes by MALS coupled with SEC. SEC elution profiles (differential refractive index) are shown in solid lines and MALS average molecular weight
plots as dotted lines. Calculated molecular weights are Mocr-FabZ, 201 kDa; apo-AcpP, 11 kDa; and Mocr-FabZ:(AcpP)6, 266 kDa. In both panels, standards of
Mocr-FabZ (purple) and AcpP=Mocr-FabZ (black) are shown for comparison. Mocr-FabZ with apo-AcpP: 1:5 Mocr-FabZ:apo-AcpP (gold), 1:10 (red), 1:20
(orange). (C) Mocr-FabZ with holo-AcpP. 1:5 Mocr-FabZ:holo-AcpP (cyan), 1:10 (teal), 1:20 (dark green). For both apo- and holo-AcpP, a concentration-
dependent increase in average MW is observed, with full saturation at a 20-fold excess of AcpP. (D) Analysis of cross-linking reactions of AcpP and Mocr-
FabZ by denaturing polyacrylamide gel electrophoresis (12% SDS). Lane 1, MW standards; lane 2, apo-AcpP; lane 3, Mocr-FabZ; lane 4, apo-AcpP and Mocr-
FabZ in cross-linking buffer; lane 5, apo-AcpP and Mocr-FabZ in cross-linking buffer with TEV protease; lane 6, crypto-DH6-AcpP and Mocr-FabZ cross-linking
reaction; lane 7, crypto-DH6-AcpP and Mocr-FabZ cross-linking reaction with TEV protease; lane 8, crypto-DH10-AcpP and Mocr-FabZ cross-linking reaction;
lane 9, crypto-DH10-AcpP and 20 Mocr-FabZ cross-linking reaction with TEV protease.
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The AcpP-interacting surface of E. coli FabZ is strictly
analogous to the AcpP-interacting surface of H. pylori FabZ
(20). However, in contrast to our finding that the E. coli FabZ
hexamer can interact productively with six AcpPs, a see-saw
mechanism was proposed for the H. pylori FabZ in which
only three AcpPs simultaneously engage the hexamer. This
proposal was based on the crystal structure (FabZ6-AcpP3)
where only one AcpP bound per dimer in the FabZ hexamer,
together with analysis by SEC-MALS, small-angle X-ray scat-
tering (SAXS), and microscale thermophoresis (MST) (23).
However, the H. pylori FabZ6-AcpP3 stoichiometry in the
crystal structure is more simply explained by crystal lattice
contacts that block the three unoccupied AcpP sites. Previous
surface plasmon resonance (SPR) characterization of the H.
pylori FabZ-AcpP interaction indicated a single Kd of 120 nM
(23), in contrast to the three weaker binding events deduced
from MST data (20). In our SEC-MALS analysis of the E. coli
FabZ-AcpP interaction, higher-order complexes existed with an
excess of either apo- or holo-AcpP, and a 20-fold excess AcpP
fully saturated the Mocr-FabZ hexamer (Fig. 2 B and C). The
crystal lattice of the H. pylori AcpP3-FabZ6 is incompatible with
an equimolar complex, so a higher-order complex may have
been missed in the study. Alternatively, the different oligomer
states observed for the E. coli AcpP6-FabZ6 complex (this
work) and the H. pylori ACP3-FabZ6 complex (20) may reflect a
real difference in the two FabZ proteins, perhaps arising from
distinct strategies for dehydration of β-hydroxyacyl-AcpPs
during fatty acid biosynthesis. Indeed, the dual FabA-FabZ

DH system does not exist in e-proteobacteria such as H. pylori,
which possess only FabZ and use a desaturase to synthesize un-
saturated fatty acids (29, 30).
DHs possess a hydrophobic binding pocket that shields the

fatty acyl substrate from solvent. In E. coli FabZ, the binding
pocket touches the central “hotdog” helix (α3) and is bounded by
amino acids in the α3-β3 loop (residues 85–90) and the α1-
β1 loop. Phe79 in the hotdog helix (α3), Leu85 in the α3-
β3 loop, and Leu17 on helix α1 form a hydrophobic surface at the
innermost end of the pocket, where 12-carbon or longer sub-
strates can bind (Fig. 5A). The binding pocket kinks at the
C6 position and extends to a length which could easily accom-
modate longer substrates with a cis double bond installed by
FabA. In contrast, the FabA substrate-binding pocket is straight
and shorter, ideal to accommodate 10-carbon or shorter sub-
strates (Fig. 5B). These differences in pocket length and shape
between FabA and FabZ are due to the structures and lengths of
their α1-β1 loop (longer in FabA) and α3-β3 loop (longer in
FabZ) (Fig. 5 and SI Appendix, Fig. S6). The α1-β1 loop plays a
much larger role in the substrate pocket of FabA, whereas the
α3-β3 loop figures prominently in the FabZ pocket.
The α3-β3 loop of FabZ connects the distal end of the pocket

(Fig. 5A) and conserved Tyr92 at the substrate entrance.
Tyr92 was proposed as a FabZ “gating residue” based on the
reduced dehydration activity of an Ala substitution (26) and the
“open” and “closed” conformations of the side chain in FabZ
crystal structures (13, 20, 25, 27, 31). In the closed conformation,
Tyr92 blocks the entrance of the substrate binding pocket (13,
25, 27, 31). In the AcpP=FabZ complex, the Tyr92 gate is open
in all six FabZ monomers, and the acylated phosphopantetheine
extends into the pocket. Interestingly, the α3-β3 loop is the least
conserved region of FabZ and varies in length (7–10 amino acids,
SI Appendix, Fig. S6). In FabZ structures with shorter α3-
β3 loops, the loop is often poorly ordered or disordered. How-
ever, the shorter α3-β3 loop in the E. coli FabZ is well ordered
with identical conformations in all six subunits, suggesting that
FabZ interactions with AcpP or the acyl group facilitate loop
ordering and formation of the substrate pocket. How this may
occur is not apparent from the structure.

Comparative Simulations of FabZ and FabA Substrate Complexes.
We next used MD simulations to evaluate the mechanistic dif-
ferences and substrate selectivities of the two enzymes. As
AcpP=FabA and AcpP=FabZ represent the most accurate ap-
proximations of natural binding events at the moment of catal-
ysis, these structures are ideally suited for MD simulations with
modeled alternative substrates. Gaussian accelerated molecular
dynamics (GaMD) (32–36) simulations of six acyl-AcpP2•FabA2
and acyl-AcpP2•FabZ2 were performed (SI Appendix, Fig. S7).
The rmsds of the DH subunits and AcpPs indicate that AcpP
motion accounts for most of the fluctuations of the acyl-
AcpP•FabA complexes, whereas the DH subunits and AcpPs of
acyl-AcpP•FabZ dimers have similar rmsds. AcpP undergoes not
only internal motion but also translational and rotational motion
with respect to the DH subunits, in agreement with the confor-
mational flexibility observed in the AcpP=FabZ crystal structure
(SI Appendix, Figs. S4 and S8–S13). However, subtle differences
of FabA and FabZ subunits are evident from the root mean
square fluctuations (rmsfs) sampled over the course these sim-
ulations. In all cases, the rmsfs of the residues of FabA are lower
than those of FabZ (SI Appendix, Figs. S14 and S15). Further
analysis more closely examined the two catalytic steps: β-hydroxy
dehydration, as naturally catalyzed by both enzymes, and allylic
rearrangement, as naturally catalyzed only by FabA. The de-
hydration of β-hydroxydecanoyl-AcpP to trans-2-decenoyl-AcpP
can occur via two different mechanisms; a two-step E1cb mecha-
nism or a one-step E2 concerted mechanism (Fig. 1B). The
first step of the E1cb mechanism, deprotonation of the substrate

Fig. 3. Structure of AcpP=FabZ. (A) E. coli FabZ hexamer with six AcpPs. The
FabZ hexamer is composed of three dimers (cyan and green, yellow and
orange, purple and blue). (Left) The six AcpPs are at the periphery (dark and
light gray), each cross-linked to a FabZ subunit. (Right) A “top-down” view
of the cyan/green AcpP=FabZ dimer shows that the two bound AcpPs do not
contact one another. The DH6 cross-linkers are rendered as sticks in atomic
coloring (blue N, red O, yellow S, and dark or light gray C according to the
tethered ACP). (B) Comparison of a FabZ dimer from the hexamer in A
(Left) and E. coli FabA (Right), which is a dimer. FabZ and FabA have
identical folds and dimer interfaces; FabZ is a trimer of FabA-like dimers,
whereas FabA is a dimer. The FabZ cyan/green dimer in B is rotated 90°
from the right view in A.
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Cα, occurs stereoselectively (15) and produces a resonance-stabilized
enolate intermediate. This step is followed by β-elimination, in
which the enolate intermediate collapses to the trans-2-decenoyl-
AcpP product with elimination of the β-hydroxy group. In con-
trast, E2 dehydrations feature simultaneous α-deprotonation and
β-elimination events. Additionally, E2 dehydrations require that the
two groups being eliminated, here the Cα hydrogen and β-hydroxy
group, must be antiperiplanar to each other, characterized by
a C(O)-Cα-Cβ-Cγ dihedral angle of 180°. Previous mechanistic
studies of FabA and the crystal structure of P. aeruginosa
FabA in complex with a substrate mimic support the E1cb-like
mechanism (14–18). Recent mechanistic studies of a FabA

homolog in a type I polyketide synthase was interpreted in
terms of a “single-base” mechanism, in which the active His
abstracts a proton from the substrate Cα and also protonates
the β-hydroxy leaving group. Nonetheless, the catalytic Asp/
Glu plays an essential catalytic role, as it preorganizes the 3R-
hydroxyacyl substrate for stereospecific dehydration via a hydrogen-
bonding interaction and is essential for dehydration and isom-
erization activity (37).
GaMD simulations of both β-hydroxydecanoyl-AcpP2•FabA2

and β-hydroxydecanoyl-AcpP2•FabZ2 support the proposed E1cb
dehydration as well. Both simulations indicated a clear bias for
a +60 °C(O)-Cα-Cβ-Cy dihedral angle, which positions the substrate

Fig. 5. Comparison of E. coli FabZ and FabA substrate binding pockets. (A) FabZ (cyan and green) and AcpP (gray) with an ordered α3-β3 loop (red). The
binding pocket (orange surface) is wide at the top with a narrow terminus and is long enough to accommodate C14 substrates. Key amino acids and the
DH6 cross-linker are shown as sticks. (B) FabA (cyan and green) and AcpP (gray). The α1-β2 loop (red) defines the end of the binding pocket (gray surface),
which is optimal for C10 substrates. Key amino acids and the DH10 cross-linker are shown as sticks.

Fig. 4. Interfacial contacts between AcpP and FabZ. The AcpP (gray) is cross-linked to the cyan FabZ subunit, but the protein-protein contacts with this
subunit are limited to FabZ Arg100 and Lys102 (cyan sticks) and AcpP Asp35, Asp38, and Glu41 (gray sticks). AcpP has far more contacts with the partner
subunit (green) of the FabZ dimer, where FabZ Lys119, Arg121, Arg122, Arg126, Leu124, Asp97, and Met144 (green sticks) contact AcpP Leu37, Val40, Glu41,
Val43, Met44, Glu47, Glu48, Asp56, Ala59, and Glu60. The reciprocal situation pertains to the AcpP cross-linked to the green FabZ subunit.
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proR Hα and β-hydroxy group ideally for E1cb elimination (SI
Appendix, Fig. S16).
The second mechanistic capability of FabA to isomerize trans-

2-decenoyl-AcpP to cis-3-decenoyl-AcpP is poorly characterized
compared with dehydration. Analysis of FabA and FabZ crystal

structures have provided no clear rationale for the isomerization
(in)ability of each enzyme. Mechanistic studies of the production
of cis-3-decenoyl-AcpP via allylic rearrangement by E. coli FabA
have unequivocally demonstrated the intermediacy of trans-2-
decenoyl-AcpP (10, 16, 17). NMR isotope studies further showed

Fig. 6. Analysis of MD simulations of trans–2-decenoyl-AcpP•DH complexes. (A) Distribution of dihedral angles for the Cɑ–Cβ–Cγ–Cδ torsion of the trans-2-
decenoyl substrate sampled throughout the course of GaMD simulations of trans-2-decenoyl-AcpP•FabA (Left, in orange) and trans-dec-2-enoyl-AcpP•FabZ
(Right, in blue). Simulation data written every 0.5 ps were binned to prepare histograms using a bin width of 5°. (B) Representative structures of the four Cβ–Cγ

rotamers sampled computationally. These structures were identified from the larger simulated ensemble of the trans-2-decenoyl-AcpP•FabA complex as
described in SI Appendix. Structures are oriented as Newman projections along the Cγ–Cβ bond of the trans-2-decenoyl substrate (shown in stick represen-
tation with carbon, oxygen, and nitrogen atoms in violet, red, and blue, respectively) within the active site of FabA. Catalytic histidine and aspartate are also
shown in stick form with white carbon, red oxygen, and blue nitrogen. Large spheres indicate the portions of the substrate and catalytic residues omitted in
the 3D images. The smaller spheres found at Cγ show the proR (red) and proS (white) γ-hydrogens; the proR Hγ is abstracted in the isomerization reaction. A
2D representation of each structure is shown on the Left of each panel.
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that FabA abstracts the proR Hγ of trans-2-decenoyl-AcpP to pro-
duce cis-3-decenoyl-AcpP (19). Beyond these well-established
findings, few mechanistic details are known. The most plausible
isomerization mechanism would occur in a two-step fashion,
wherein deprotonation at Cγ precedes (re)protonation at Cα.
Such a mechanism would involve intermediacy of a relatively stable
dienolate anion (Fig. 1C). Consequently, we performed GaMD
simulations of trans-2-decenoyl-AcpP2•FabA2 and trans-2-decenoyl-
AcpP2•FabZ2 to understand how the product of dehydration is
accommodated in each active site. Given that the proR Hγ is
stereoselectively abstracted by FabA, analysis of the rotameric
preferences about the substrate Cβ–Cγ bond within the active
sites of the two dehydratases was expected to provide insights into
the mechanism of action of FabA as an isomerase. In the simu-
lations, the substrate predominantly assumed one of four possible
Cβ–Cγ rotameric states (Fig. 6), the (−) gauche (−60°) conforma-
tion. Remarkably, of the rotameric states computationally sampled,
only in the (−) gauche conformer is the proRHγ suitably positioned
within the active site to be abstracted by the catalytic His70 to
initiate the allylic rearrangement. While both FabA and FabZ
sampled the same four conformers, only FabA showed a distinct
preference for the (−) gauche conformer compared with FabZ
(Fig. 6A). Thus, FabA isomerization may be a consequence of pre-
organizing the allylic substrate for proR Hγ abstraction after dehy-
dration. These findings are qualitatively consistent with a hypothesis
of Naismith and coworkers that the active site is shaped to sterically
occlude alternative conformations, preventing their formation (14)
However, the protein is inherently dynamic so that nonproductive
conformations are not entirely excluded. The simulations reveal a
20-fold preference for the productive conformation in FabA.
To evaluate the origins of substrate chain length preference, we

performed simulations of β-hydroxyhexanoyl-AcpP2•FabA2/Z2 and
β-hydroxydecanoyl-AcpP2•FabA2/Z2, the preferred substrates of
FabZ (C6) and FabA (C10), respectively. Analysis of the simula-
tion data demonstrates active site preorganization, as visualized by
the distances between the catalytic His and substrate α-carbon as
well as the distance between the catalytic Asp/Glu and the sub-
strate β-hydroxy (Fig. 7). Throughout the simulation, FabZ main-
tained a hydrogen bond (d < 3.0 Å) between the carboxylate of
Glu68 and the β-hydroxy substituent of β-hydroxyhexanoyl-AcpP,
in agreement with the proposed Glu68 function as a general acid.
In constrast, the FabA catalytic Asp84 formed a longer hydrogen
bond (3.0 Å < d < 3.5 Å) with the β-hydroxy substituent in the
simulations of β-hydroxyhexanoyl-AcpP2•FabA2. While the Asp/
Glu of FabA and FabZ could form a hydrogen bond with the
β-hydroxydecanoyl-AcpP, the C10-preferred FabA substrate, the
FabA catalytic His70 maintained contact with the substrate α-carbon
throughout the simulation, whereas the FabZ His54 often dis-
engaged (d > 6.0 Å) the substrate (Fig. 7).
We further analyzed the shapes of the substrate binding

pockets, as sampled during MD simulations (Fig. 8). All of the
C10 substrates, decanoyl-AcpP, trans-2-decenoyl-AcpP, and cis-
3-decenoyl-AcpP, were accommodated within the FabA binding
pocket with minimal reorganization of the pocket and were of
ideal length to occupy its entirety. When hexanoyl-AcpP was
bound, the pocket was similar in size and shape to that sampled
during simulations of the decanoyl-AcpP•FabA complexes; but
the shorter 6-carbon alkyl chain left a void in the binding cavity
that may be responsible for its lower activity with FabA (Fig. 8
and SI Appendix, Figs. S20, S21, and S24). In contrast, the 14-
carbon substrates tetradecanoyl-AcpP and cis-7-tetradecenoyl-
AcpP were too large for the FabA active site. These substrates
not only forced the cavity to expand, but also increased the space
between AcpP and FabA (Fig. 8B and SI Appendix, Figs. S20 and
S21; large upper isosurfaces of tetradecanoyl-AcpP•FabA and
cis-7-tetradecenoyl-AcpP•FabA), presumably reducing their af-
finity. Analysis of simulation data for acyl-AcpP•FabZ complexes
demonstrated that the substrate binding pocket of FabZ was

generally larger in volume and more dynamic than the FabA pocket
(Fig. 8 C and D). The relationship between simulated pocket vol-
umes and substrate specificities is less obvious for FabZ than for
FabA, as the preferred C6 substrate and intermediate C10 substrate
(Fig. 8) occupied similar pockets during simulations. In general, the
pockets of FabZ sampled through MD simulations are larger (SI
Appendix, Fig. S24), easily accommodating shorter chain substrates.
Interestingly, the simulations recapitulated the proposed FabZ re-
organization of the substrate pocket (i.e., the α3-β3 loop) when
bound to C14 substrates (Fig. 8D and SI Appendix, Figs. S22–S24).
This reorganization results in a longer, narrower U-shaped cavity
volume compared with the larger globular cavities observed in sim-
ulations of β-hydroxyhexanoyl-AcpP•FabA and β-hydroxydecanoyl-
AcpP•FabA (SI Appendix, Figs. S22 and S23). The simulations
also illustrated a better fit of the C14 substrates with FabZ, as the
upper isosurfaces were smaller than those observed for FabA and
the C14 substrate penetrated into the depths of the FabZ pocket
(Fig. 8D and SI Appendix, Figs. S22 and S23).

Conclusions
In this study, we present a 2.5-Å crystal structure of the E. coli
AcpP=FabZ complex, the structure of the E. coli FabZ, with six

Fig. 7. Distances between catalytic residues and key substrate atoms in MD
simulations of 6:0-AcpP•DH and 10:0-AcpP•DH complexes. (A) Illustrations of
distances analyzed. A 2D histogram of simulation data of the complexes
of (B) β-hydroxyhexanoyl-AcpP•DHs (preferred FabZ substrate) and (C)
β-hydroxydecanoyl-AcpP•DHs (preferred FabA substrate). Simulations with
FabA are on the Left and with FabZ on the Right. Simulation data are binned
along two coordinates (dimensions): the distance between the substrate
β-hydroxy oxygen and the side chain carboxylate of Asp84 (FabA) or Glu68

(FabZ), and the distance between the imidazole of catalytic His70 (FabA) or
His54 (FabZ) and the substrate α-carbon. Data were sorted into 0.05 Å × 0.05
Å bins. Color bars indicate the population of each bin as a percentage of the
total simulation data collected.
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AcpPs in functional association with the FabZ hexamer. The E.
coli AcpP=FabZ crystal structure used the power of covalent
inhibitor-based mechanistic cross-linking probes to trap the na-
tive protein-protein interaction, clearly demonstrating that all six
FabZ monomers can functionally and simultaneously interact
with AcpP. The structure reveals a broad FabZ substrate-binding
pocket that contrasts the narrow and straight binding cavity of
FabA. The α3-β3 loop of FabZ that lines the distal end of the
substrate pocket is well ordered, forming a hydrophobic cleft that
may allow the dehydration of long-chain acyl substrates, espe-
cially those with cis-unsaturation. Analysis of molecular dynam-
ics simulations supports these qualitative characterizations of the
FabA and FabZ substrate binding pockets and provides a com-
plimentary time-resolved understanding of the binding pocket as
it responds to the internal motion of bound substrates. GaMD
further revealed how both enzyme pockets stabilize substrate
rotamers to allow dehydration via an E1cb mechanism, demon-
strating a possible mode by which these dehydratases function.
Simulations additionally showed that FabA, but not FabZ, se-
lectively sampled the (−) gauche conformer of trans-2-decenoyl-
AcpP for allylic rearrangement, in which the proR γ-hydrogen is

suitably positioned for abstraction to form cis-3-decenoyl-AcpP.
This illustrates the unique role of substrate preorganization in
FabA catalysis to preferentially stabilize the only conformer that
allows allylic rearrangement and ultimately the formation of
UFAs. These structural and computational findings shed light on
the divergent substrate preferences of E. coli FabA and FabZ,
provide clarity for how the structure of each enzyme dictates
mechanistic specificity, and illustrate the immense utility of the
synthesis of chemical, structural, and computational biology in
resolving the mechanisms by which biomolecules function.
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