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ABSTRACT: Capturing the acyl chain dependent conformation dynamics of acyl carrier protein (ACP) is critical for understanding
the molecular mechanism of acyl chain stabilization and elongation, providing structural insights for ACP evolution. Herein, we
utilize native mass spectrometry (nMS) and 193 nm ultraviolet photodissociation (UVPD) to systematically interrogate the
structural details in activation and interactions of ACP with C4—C18 acyl chains. The unstable acyl-ACP intermediates can be
isolated and subjected to high-sensitivity UVPD analysis individually without matrix interference. We find that the acyl chains mainly
insert into ACP subpocket I until the chain length surpasses the cavity’s maximum capacity by 10 carbons. Then, the hydrophobic
part of long acyl chains (>C10) bends into subpocket II. Notably, PheS0 and Ile62 play a critical role in regulating the size of the
hydrophobic pocket, while Loop I and Thr64-GIn66 are essential for stabilizing long-chain acyl-ACPs. Our findings pave the way for
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ACP rational evolution to promote the biosynthesis of target fatty acids.

As global energy demand continues to grow, sustainable
energy alternatives to fossil fuels have become urgent
needs. A promising strategy is the direct production of
oleochemicals by microbial synthesis. The industrial micro-
organism Escherichia coli (E. coli) is well-suited for this
purpose, as it can generate free fatty acids (FFAs) from
various carbon substrates.” Medium-chain fatty acids (MCFAs,
C8—C12) are promising precursors for gasoline and aviation
fuel due to their unique physicochemical properties.””
However, most microorganisms naturally produce FFAs
predominantly as long-chain fatty acids (LCFAs, Cl4—
C18)." To enhance MCFA production, engineered strains
are often supplemented with heterologous plant thioesterases
(TEs), which hydrolyze acyl intermediates to release MCFAs.
However, it is still challenging to efficiently modulate the
hydrolysis of fatty acyl intermediates to promote the MCFA
production.

Acyl carrier proteins (ACPs) are primary carriers of nascent
FA chains. Recent studies suggest that they are not only
transporters but also critical determinants of acyl chain length
in FA synthesis.” To perform their roles in FA synthesis, the
hydroxyl group on conserved residue Ser36 of inactive apo-
ACP is covalently modified with 4’-phosphopantetheine (4'-
PP) by ACP synthase, forms a phosphodiester bond, and
converts apo-ACP into its active holo-form.” The 4'-PP free
thiol group of holo-ACP then serves as the attachment point
for covalent binding to the acyl chains to form acyl-ACP
intermediates (Figure S1). The acyl chains are produced by an
iterative series of reactions, and the chain length is elongated
by two carbon atoms per cycle until hydrolysis by TEs to
generate FFAs (Figure 52).9 The functional structure,
especially the ACP hydrophobic pocket and the flexibility of
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the 4'-PP group are crucial to the acyl chain stabilization and
elongation.”” Although many efforts have been made to
improve the selectivity of TEs for MCFA production, how to
evolve the ACP conformations to promote MCFA generation
is still unknown due to the unclear acyl chain length-dependent
conformation dynamics of acyl-ACPs.

Recently, the crystal structures of butyryl (C4), hexanoyl
(C6), heptanoyl (C7), and decanoyl (C10)-ACPs have been
elucidated, suggesting the saturated acyl chains are sequestered
in the ACP hydrophobic cavity and interact with the side
chains of hydrophobic residues, thereby preventing the
thioester part from being hydrolyzed.'"'* Furthermore, ACPs
exhibit conformational adaptability to accommodate varying
acyl chain lengths, with the hydrophobic cavity optimally
fitting chains up to eight carbon atoms."” However, the acyl-
ACPs with longer chains (>C10) are unstable and hard to
crystallize for structure characterization. On the other hand,
Sztain et al. demonstrated the importance of ACP conforma-
tional changes in the high-specific recognition with partner
enzymes by nuclear magnetic resonance (NMR) and
molecular dynamics (MD) simulation.'* However, abundant
acyl attachment enzyme (AasS) and FFAs were added into the
acyl-ACP samples to prevent the inevitable hydrolysis of fragile
thioester during the long-time NMR data collection,
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introducing high matrix interference. Therefore, a highly
selective, sensitive, and rapid tool is needed to probe the
conformational differences of acyl-ACPs with different acyl
chain lengths.

Native mass spectrometry (nMS) introduces proteins or
protein complexes into the gas phase via nondenaturing
electrospray ionization (nESI), preserving their native-like
compact structures and interactions.''® nMS enables high-
throughput profiling of stoichiometry, assembly, and dissoci-
ation constants of protein—protein and protein—ligand
complexes.'”'® When coupled with 193 nm ultraviolet
photodissociation (UVPD) to generate rich types of
structure-informative fragments, the nMS-UVPD strategy can
effectively examine the subtle alterations in protein struc-
tures.'”*> Recent studies indicate the 193 nm photo-
dissociation is more efficient than conventional collision
induced dissociations (HCD/CID) in the fragmentation of
native-like protein ions.”> The dynamic structural insights into
protein conformation alterations and protein—ligand inter-
actions can be successfully probed by nMS coupled with 193
nm UVPD analysis.”**> Compared with previous bottom-up
structural MS strategies with chemical labeling that can only
provide the structural information on labeled residues, the
native top-down MS (nTDMS) analysis with 193 nm UVPD
can probe the local structural alterations of all types of
residues.”®

In this study, we utilized nMS and 193 nm UVPD to
interrogate the structural features of C4—C18 acyl-ACPs
individually. Our structural MS strategy can selectively isolate
the unstable acyl-ACPs for UVPD analysis to get structural
details, without the influences of extra AasS and FFAs (Figure

1).
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Figure 1. nMS and UVPD exploration of the conformation dynamics
of C4—C18 acyl-ACP intermediates with high selectivity and
sensitivity.

At first, apo (inactive form), holo (active form), and acyl
(acyl-substrate modified forms) ACPs were clearly detected in
the nMS spectra of different ACP samples (Figure 2a). Similar
narrow charge state distributions (CSDs) were observed for all
ACP species with the dominant charge state of 5+ (Figure 2a),
suggesting the compact structures of these ACP forms are
retained in “native-like” states.”” Due to their significant
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Figure 2. (a) Mass spectra of apo-, holo-, and C4—C18 acyl-ACP ions
in nMS analysis. (b) The post-translational manipulations and
modifications of ACPs.

molecular weight differences, ACP ions (9 kDa) can be
efficiently isolated from coexisting FFAs (<300 Da) and AasS
(60 kDa). Thus, unstable acyl-ACP intermediates can be
selectively trapped in the MS dissociation chamber for UVPD-
based structural analysis, minimizing the interference from
other species. For each of the ACP forms, the most abundant
charge state (5+) was subjected to 193 nm UVPD, generating
diverse structure-informative fragments. Notably, over 375
fragment ions could be confidently matched, achieving
sequence coverage exceeding 93% for all examined ACP
forms (Figures S3—S5).

The inactive apo-ACP requires modification with the 4'-PP
group at Ser36 to become active holo-ACP (Figure 2b). We
then applied 193 nm UVPD to explore the structural impact of
this modification based on the differences in residue fragment
yields (FYs) between apo- and holo-ACPs. Generally, residue
FYs are linked to local flexibility or rigidity, primarily resulting
from alterations of intra- or intermolecular interactions.
Residues with higher flexibility or fewer local interactions
typically exhibit higher FYs; conversely, FY decrease generally
occurs when local interactions and stability are enhanced.”**”
As reported in previous NMR studies, the structures of apo-
and holo-ACPs were basically similar and the chemical shifts
between them were not significantly different,””*" suggesting
that the modification of the 4'-PP group has little influence on
the ACP structure. However, our UVPD analysis results
indicated a conformational transition from a closed to a more
open structure following 4'-PP modification, as indicated by
the generally increased residue FYs of holo-ACP compared to
the apo form (Figure 3a). This can be attributed to the overall
expansion of ACP hydrophobic cavity, which is essential for
the acyl chain adaptation in stabilizing the acyl-ACP
intermediates.> Particularly, the substantial and collective
residue FY increase in Loop II and nearby regions is consistent
with the expansion of cleft within Helix II—III (Figure 3b),
resulting in Helix Il far away from Helix IL°* These
conformational changes provide additional space for acyl
chains to enter the ACP hydrophobic pocket.*”**

Notably, the residues in Loop II (Ile62-GIn66) show
significantly decreased FYs compared to the increased FYs near
the C-terminal region of Helix IV. This may arise from
hydrogen bonds formed between the polar groups of 4’-PP and
the hydroxyl side chains of Thr63 and Thr64,'” as the C-
terminal region of Helix IV is displaced away from Helix II,
thereby weakening its interactions with neighboring residues.
These conformational adjustments suggest a rotational move-
ment in Loop III (Figure 3b). This structural reorganization
not only strengthens hydrophobic interactions between the
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Figure 3. UVPD analysis of the impact of 4’-PP on ACP structure. (a)
The relative changes in residue FY between apo- and holo-ACPs. The
a-helical regions of ACP are marked in orange. (b) The locations of
residues and regions with significant FY changes in ACP crystal
structure, modified from PDB ID: 2FAD.

hydrophobic portions of the threonine side chains and
surrounding hydrophobic residues such as Ile62, Val65, and
Ile69 but also enlarges the capacity of the ACP hydrophobic
cavity. Similar conformational changes were also reported by
Arya et al.*

In the FFA biosynthesis process, holo-ACP transports FFAs
with varying chain lengths via its 4'-PP group through the
formation of fragile thioester bonds (Figure S1). Under-
standing the structural features of acyl-ACP intermediates in
relation to acyl chain length is crucial for comprehending how
holo-ACP stabilizes and regulates the acyl chain enlongation.

Therefore, holo- and acyl-ACPs with different acyl chain
lengths were characterized by 193 nm UVPD, and the residue
FYs were systematically compared across different forms.
Generally, we observed varying degrees of alterations in residue
FYs across different regions of acyl-ACPs (Figure S6),
suggesting that both unfolding and refolding occurred in this
process. These structural modulations enable ACPs to
dynamically accommodate the elongation of acyl chains
while effectively shielding the hydrophobic moieties from
solvent exposure, thereby facilitating their efficient transport to
enzymes of FFA synthesis.”**> These observations align with
the results of 500 ns MD simulation conducted by Sztain et
al."* The FYs of Phe50-Thr52 at the base of the hydrophobic
pocket exhibited a significant increase, indicating increased
conformational flexibility in this region (Figure 4a). This
structural loosening can be attributed to the expanded
hydrophobic core of acyl-ACPs compared to their holo-
forms, which creates steric accommodation for acyl chain
elongation.”™*” Interestingly, PheSO shows a consistent FY
increase across all acyl-ACPs. This observation agrees with
previous mechanistic studies of medium/short-chain acyl-
ACPs, which propose that Phe50 undergoes lateral displace-
ment to permit acyl chain ingress (Figure 4b).*® Our findings
extend the mechanistic framework to long-chain acyl-ACP
systems while providing direct experimental validation of
PheS0’s pivotal role as a conformational gatekeeper during acyl
chain accommodation.

The negatively charged residues on Helix II (known as
recognition Helix) play important roles in the interactions
between acyl-ACPs with partner enzymes.”” The three
consecutive Glu residues (Glu47—Glu49) at the C-terminus
of Helix II showed significant FY decreases in acyl-ACPs,
consistent with the fluctuations observed in MD simulations
(Figure 4b).*" This may be due to conformational changes
induced by the alterations of Phe50 position, which implies a
more compact local structure with higher negative charge
density. Meanwhile, differences in the physicochemical proper-
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Figure 4. (a) Heat map showing relative changes in residue FY between holo- and acyl-ACPs. (b) The regions with significant FY alterations in all
acyl-ACPs. (c) The hotspots in stabilizing long-chain (C12—C18) acyl-ACPs, with subpocket I labeled in yellow orange and subpocket II labeled in
violet. The residues with increased and decreased FYs are labeled as red and blue in the ACP structure (PDB ID: 2FAE), respectively.
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ties of this region among different chain lengths are reflected in
the strength of specific binding to different partner enzymes.
Conversely, Asp38 exhibited a notable FY increase across all
acyl-ACPs (Figure 4a). This is likely due to the acyl chain
enhancing the flexibility of the N-terminal region of Helix II,
facilitating more effective interactions with surrounding
hydrophobic residues (Figure 4b). The increased flexibility
enables greater exposure of Asp38 on the protein surface,
thereby facilitating recognition by S-ketoacyl ACP synthase I
(FabB), which is the partner enzyme involved in the initial step
of fatty acid chain elongation (Figure S2).*' These findings
strongly support the “Specificity Control” theory proposed by
Buyachuihan et al., which posits that acyl substrates regulate
the localization and function of ACPs through their
interactions with ACPs.*

The FYs of Lys61-Thr63 on Loop III displayed biphasic
modulation: a marked decrease in residue FYs following ACP
activation, followed by a significant increase upon acyl chain
loading (Figure 4a). This dynamic response correlates with the
structural role of Loop III in gating the hydrophobic pocket
entrance. Notably, Ile62 within this motif exhibits consistent
FY increase across all acyl-ACPs, supporting its function as a
structural rheostat that modulates entrance aperture dimen-
sions while stabilizing the accommodated acyl chain (Figure
4¢)."” These findings are corroborated by crystallographic
evidence demonstrating Ile62’s positional adaptability during
substrate binding, collectively validating its critical role in
maintaining the pocket’s structural plasticity.'" A previous MD
simulation study on ACP conformations suggested that the
ACP binding cavity can be divided into two distinct
subpockets sharing a common entrance including subpocket
I (Ser36-GIn76) and subpocket II (Ile3-Glu49, Gln66-
GIn76).* Thus, our findings demonstrate the acyl chain
binding predominantly occurs in subpocket I (Figure 4c),
consistent with the observations of crystal and NMR
structures.'"*

Through comparative analysis of acyl-ACPs with different
chain lengths, we identified a chain length-dependent inflection
point at C10: acyl-ACPs, exceeding this length, exhibited a
pronounced decrease of FYs in Loop I and Thr64-Gln66
regions (Figure 4a). This FY decrease pattern correlates with
the known maximal packing capacity (C10) of the ACP
hydrophobic pocket, indicating a chain length-dependent
conformational reorganization in long-chain acyl-ACP
(>C10)."> We propose that supernumerary carbons (>C10)
displace the thioester moiety beyond the pocket’s protective
boundary, thereby enhancing its solvent accessibility and
hydrolytic susceptibility (Figure 4c). This is evidenced by
decreased FYs at the Thr64-GIn66 region. To circumvent
steric constraints, the long acyl chains adopt bent or folded
conformations within the expanded cavity. Such structural
adaptations drive two synergistic effects: (i) widening the
entrance via Loop III remodeling and (ii) enhancing van der
Waals contacts between kinked acyl chains and hydrophobic
residues, collectively explaining the FY decreases at the Loop
I1I/Helix IV interface. Furthermore, the decreased FYs in Loop
I suggest that compensatory conformational shifts may
facilitate partial accommodation of overlong chains within
auxiliary subpocket II. These insights suggest that targeted
mutagenesis of dynamic residues at Loop I and C-terminal
region of Loop III could destabilize long-chain acyl-ACPs by
disrupting adaptive stabilization effects, which might promote
the biosynthesis of MCFAs.

16763

Overall, in this study, we utilized nMS to isolate the acyl-
ACP intermediates individually for subsequent 193 nm UVPD
structural analysis. By eliminating interference from coexisting
AasS and FFAs, we can observe subtle conformational changes
during ACP activation and its interactions with C4—C18 acyl
chains, which are difficult to capture by the existing tools. Our
findings highlight Ile62, located at the pocket entrance, and
PheS0, located at the bottom, as potential hotspots for
regulating the entry of acyl-ACP intermediates. Meanwhile,
Loop I and Thr64-GIn66 play critical roles in stabilizing long-
chain (C12—C18) acyl-ACPs. Our results not only demon-
strate the unique advantage of nMS and 193 nm UVPD in
interrogating conformation dynamics of unstable acyl-ACP
intermediates but also provide essential structural insights for
the rational evolution of ACPs to promote the biosynthesis of
target FFAs.
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