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ABSTRACT: Enoyl isomerases (EIs) and dehydratases (DHs) are critical for —~  f
diversifying polyketide natural products; however, the underlying mechanism His~\
remains controversial. Through a combination of 'H NMR, solvent isotope effect
(SIE) analyses, and mutagenesis applied to two bifunctional dehydratase/enoyl
isomerases (DH/EIs), a “His-solo” monofunctional EI, and an engineered “Asp-solo”
monofunctional EI, we uncovered a unified catalytic mechanism, highlighting the o~
pivotal role of Asp-H,O in tuning the ratio of DH and EI activities. This mechanism )J\Lf;)
not only deciphers the catalytic basis of these enzymes but also provides a Asp ©
comprehensive framework for understanding their evolutionary trajectory from DHs

to DH/EIs and ultimately to Els.
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B INTRODUCTION

Enzymes have evolved to catalyze diverse chemical reactions
essential for life. While understanding how they function offers
valuable mechanistic insights, it often fails to explain their
evolutionary constraints and thus guide rational engineering.
Dehydration (DH) and enoyl isomerization (EI) are critical
steps in fatty acid and polyketide biosynthesis, governing
product saturation patterns. FabA exemplifies a bifunctional
DH/EI enzyme, catalyzing the thermodynamically disfavored
and kinetically challenging a,f- to f,y-double bond isomer-
ization (Scheme 1a), critical in the membrane unsaturated fatty
acid biosynthesis."”” Its functional architecture also serves as a
prototype for understanding more complex type I polyketide
synthases (PKSs). For instance, the bacillaene PKS incorpo-
rates two putative DH/EI domains and one dedicated EI
domain to assemble its characteristic 3,y-triene system.s’4
The catalytic mechanisms of DH/EIs and related monofunc-
tional Els have been debated since the 1970s.” One prevailing
theory proposes a catalytic dyad consisting of histidine (His in
HXgP motif) and aspartic acid (Asp in DX;[QH] motif) which
act in concert for deprotonation/reprotonation during the
reversible double-bond migration reactions (Scheme 1b).57°
In contrast, an alternative hypothesis suggests that His alone
acts as the “one-base” involved in the intramolecular hydrogen
transfer between Car and Cy (Scheme 1c), particularly given
the natural occurrence of His-solo Els and the fact that Asp is
predominantly deprotonated at physiological pH (7—8),"
rendering it unlikely to function as an acid.”''~"°> However,
mechanistic studies consistently demonstrate that mutation of
Asp in DH/EIs abolished both DH and EI activities,*”'®"”
implicating undiscovered mechanisms. Intriguingly, an evolu-
tionary analysis suggests that Asp-to-Asn substitution repre-

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

sents a critical transition (Figure S1). The crystal structure of a
PKS_EI revealed that Asn mimics Asp by hydrogen-bonding
H,O via its amide carbonyl group,” implying that subtle
variation at this position drove the functional divergence from
monofunctional DHs to bifunctional DH/EIs, and ultimately
to monofunctional EIs (Scheme 1d).

To resolve this mechanistic controversy and derive
evolution-informed engineering principles, we investigated
two highly efficient DH/EIs (CoeA_DH and FabA), one
His-solo EI (PksEI14),> and one engineered Asp-solo EI
(CoeA DH H949F) through extensive kinetic and NMR
experiments combined with directed mutagenesis.

B RESULTS AND DISCUSSION

Catalytic Mechanism of CoeA_DH. PKS_DHs serve as a
reservoir of potential DH/EISs, but they often exhibit low in
vitro activity, severely limiting their functional character-
ization.>'>'*7%! In a genome mining effort targeting DH/
Els, we cloned and expressed multiple candidate DHs
predicted by antiSMASH.”* Using two chemically synthesized
substrate surrogates, 1 and 2 (Figures lab and S2—S9), we
identified CoeA DH (SC06827 PKS DH.1)**** whose EI
activity was significantly higher than that of previously reported
EIs*”"® while the DH activity was even 3 orders of magnitude
greater (Figure lc,d).
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Scheme 1. Enoyl Isomerase (EI) and Dehydratase (DH)-Catalyzed Reactions”

a. Dehydratase (DH) and enoyl isomerase (El) catalyzed reactions
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“Proposed catalytic mechanisms. (a) Reaction paths of a,f-dehydration by DHs and a,f- to f8,y-double bond migration by Els. (b,c) Previously
proposed EI mechanisms involving either a His-Asp dyad or His alone. (d) Unified mechanism from this study: Asp-H,O performs either a
nucleophilic attack of Cf for the hydration reaction (red arrow) or mediates Cy chemistry (abstracts Hy and initiates double-bond migration),
while His facilitates Ca proton transfer. The geometry of Asp-H,O tunes the DH/EI activity ratio.
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Figure 1. HPLC analysis of in vitro reactions. (Top) Structures of
synthesized substrates 1 and 2, with arrows indicating monitored
reaction directions (despite the known reversibility of 2<>1<SOH).
(Bottom) HPLC traces for various in vitro reactions. (a,b) Standards
1 and 2; (c,d) CoeA DH wild-type: at 10 nM with 1 reached
equilibrium, and at 10 yM showed near-complete consumption of 2;
(e,f) CoeA DH H949F mutant: inactive with 1 and reduced activity
with 2; (gh) CoeA DH H1122Q maintained wild-type reactivities
with 1 and 2; (i,j) repeated standards 1 and 2; (k—m) PksEI14 wild-
type and its mutants S183A and S183G at 200 #M with 2, showing
wild-type to reduced activities. The black triangle (V) indicates the
substrate used, and the asterisk (*) denotes an impurity.

EI reactions primarily involve proton transfer, and thus D,O-
buffered reactions were commonly conducted for isotope
exchange experiments."'~'* But this approach presents two
challenges: the background hydrogen/deuterium exchange
(HDX) and the solvent isotope effect (SIE), leading to
ambiguous results, particularly for EIs and DH/EIs with low
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activity.””'> The high activity of CoeA DH offered an
opportunity; by combining NMR spectroscopy (to capture
snapshots) with kinetic analysis (to monitor reaction
dynamics), we aimed to delineate the complete trajectory of
proton transfer.

We first confirmed negligible background HDX at Ca of 2
over a 4-h period (Figure S10), ensuring that all observed
HDX within this time frame was enzyme-catalyzed. Scaled-up
reactions terminated at 10 min and 2 h, respectively, followed
by NMR analysis, revealed rapid HDX at Ca of substrate 2
deuteration at Cy of product 1 (dd peaks at 6.20 and 6.85
ppm), demonstrating that Cy reprotonation is the rate-limiting
step. The observed large SIE (VO,HZO/ Vop,0 = 53 & 1.4, Table

la and Figure S11) further confirms that this step involves D—
O bond breaking, with D,0O serving as the exclusive deuterium
source. This contrasts with the intramolecular transfer model,
where His-D* would directly protonate Cy without solvent
participation (Figure 2a).

The course of the o, to B,y isomerization was studied by
Schwab et al. in the 1980s based on '"H NMR experiments of
FabA-catalyzed reactions, establishing the intramolecular
hydrogen transfer mechanism. Their work reported anomalous
deuterium enrichment at Ca of the f,y product, which was
initially ascribed to the chemical derivation artifacts.'”"?
Subsequent studies attributed HDX phenomena to nonenzyme
processes.”'> However, our experimental design excluded
these possibilities by using highly efficient DH/EI and direct
NMR analysis. The unequivocal detection of deuteration at Car
of product 2 (Figure 2b vi, dd peaks at 5.45 ppm), coupled
with the observed small SIE (VO,HZO/VO,DZO = 1.4 + 0.1, Table

1b), provides definite evidence that the HDX at Ca is enzyme-
catalyzed and extremely fast, rendering the Cy deprotonation
the rate-limiting step. Notably, the reaction direction from 1 to
2 may not be adequate to conclude whether the catalytic base
for Cy deprotonation is bound to the D,0, His, or His-D,0
relay, as any of their relative catalytic efficiencies for Cy
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Figure 2. Mechanistic investigation by NMR analysis. (a) Proposed reaction routes for HDX and isomerization, catalyzed by the wild type (left
box) and the CoeA DH H949F mutant (right box). Wave bonds for either variable configurations or substituents are explicitly presented in (b—d).
Brackets indicate the hypothesized transition states involving protonated H;O, which are absent in the mutant due to its rate-limiting
deprotonation step. (b) CoeA DH and its mutants: (i) standard 2; (ii,iii) wild-type with 2 after 10 min and 2-h incubations, respectively; (iv,v)
mutants D1118N and H949F with 2; (vi) wild-type with 1; and (vii) standard 1. (c) FabA: (i) standard 4; (ii—iv) wild-type with 3 for 1, 5, and 12
min, respectively; (v) standard 3. Vertical dashed lines in (iii,iv) in (c) show the emergence of a doublet, indicating a single proton (Hy) adjacent
to HB. Numbers below peaks represent peak integrals; during the reaction, Hf increases while Ha does not, indicating Ha on 4 is exchanged prior
to isomerization. (d) PksEI14: (i) standard 2; (ii,iii) wild-type from two batches with 2; and (iv) standard 1. The asterisk (*) in (iii) denotes the
transition from dt to dd peaks, indicating that Ha on 2 is undergoing exchange. Insets with double slashes (//) show zoomed-in regions. Peak labels
dd and dt indicate doublets of doublets and doublets of triplets, respectively.

Table 1. Measurements of the Solvent Isotope Effect (SIE)“

Replicates Average

Reactions (v,11,0/ ¥0,0,0) (¥o,11,0/V0,0,0)
a  CoeA DH, 2—1 5.01 411 683 $.32 £ 1.39
b  CoeA_DH, 1-2 1.32 1.47 1.28 1.37 £ 0.10
¢ CoeA_DH H949F, 1.30 1.23 1.17 124 + 0.07

2—1

d FabA, 4-3 5.48 S.12 6.02 5.54 + 045
e  PksEll4, 2—1 0.81 0.81 0.96 0.86 + 0.09
f  PksEll4, 2—1 0.64 0.64 0.64 0.64 + 0.002

“Time-course experiments were conducted in H,O or D,O buffer to
determine initial reaction velocities. All measurements were based on
substrate consumption, except for panels b and f, which were
quantified by product formation (Figure S11).

deprotonation may be substantially lower than that of the Ca-
activation system.

Targeted mutagenesis studies were applied to His949 and
Aspl118 in the active site. HPLC analysis demonstrated that
DI1118A and D1118N completely lost both DH and EI
activities (Figure S12). Unexpectedly, "H NMR analysis of the
D1118N mutant revealed no detectable HDX at the Ca of
substrate 2 despite retaining an intact His949 (Figure 2b iv, dt
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peaks at S5.45 ppm). Structural insights from molecular
modeling suggest a critical conformational rearrangement:
the Asn side chain flips, forming a hydrogen bond with
His1122 through its carbonyl group, while its amide NH,
coordinates the bound D,0 (Figure S13). This substitution
attenuates the electrostatic polarization and proton transfer
capacity of the bound water, diminishing both its Brensted
acidity and nucleophilicity as a catalyst.

Unexpectedly, the H949F mutant retained ~10% of the
wild-type EI activity but exhibited negligible DH activity
(Figures le,f and S12). The absence of a meaningful SIE (
VO,HZO/VO,DZO = 12 + 0.1, Table Ic) suggests that, in the
absence of His949, Ha dissociation occurs slowly through
keto—enol tautomerization or weak abstraction by Asp-D,O,
followed by rapid reprotonation at Cy. This kinetic bottleneck
prevents the formation of a protonated D,HO" intermediate,
thereby suppressing HDX at the Ca (Figure 2a). Together,
these findings reveal a shift in the rate-limiting step to Ca
deprotonation—a marked contrast to the wild type where Cy
reprotonation dominates kinetics. Remarkably, this Asp-solo
active site configuration represents the first instance of
functional isolation of EI activity from a native DH/EI and
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Figure 3. Angle distribution and mutational effects. (a,b) Histograms showing the angle distribution between the Asp carboxylate plane and His
imidazole ring in wild-type enzymes, with most values clustered between 85 and 110°. The x-axis shows the angle (°) and the y-axis indicates the
number of DH domains analyzed. (c,d) Scatter plots comparing angle changes in Gln—His mutants. Blue markers represent wild-type angles
(sorted ascendingly), while orange markers show angles after mutation, demonstrating an average ~10° shift upon residue substitution. The x-axis
denotes the number of DHs analyzed, and the y-axis shows the angle (°).

completes the missing link in the spectrum of catalytic
configurations.

Revisiting FabA and PksEl14 toward a Unified
Mechanism. Building on the mechanistic insights from
CoeA DH, we hypothesize that FabA, the prototype of DH/
Els, might employ a similar catalytic mechanism. To test this,
we conducted extensive NMR experiments based on a prior
time-course experiment (Figure 814) using synthesized
substrates 3 and 4 (Figures S6—59).” Surprisingly, we observed
instant completion of exchange at the first Ha, followed by
gradual exchange at the second Ha of 4 (Figure 2c,
progressively simplified peaks at 5.45 ppm and complicated
peaks at 6.85 ppm). Concomitantly, the product was
deuterated at Cy (Figure 2c ii—iv, dd peaks at 6.22 ppm and
dd complex peaks at 6.85 ppm). Kinetic validation through SIE
(Vo,11,0/Vo,p,0 = 55 + 0.5, Table 1d) confirmed FabA’s higher

activity than CoeA DH. Moreover, these results aligned
closely with observations from Bloch’s lab, where an
unexplained but cons1stent isotope loss slightly exceeding
one Ha was reported.’’ Our findings now clarified this
phenomenon as serial hydrogen exchange, revealing that FabA
can access and exchange both Ha (Figure S13). This
effectively demonstrates an epimerase-like activity, a remark-
able feature given its rarity in nonepimerase domains, although
it has occasionally been inferred from indirect observa-
tions.”>~*® It is worth noting that in computational
simulations, the catalytic His was assumed capable of reaching
Cy, whereas the cross-linking experiments only indicated
activities restricted to Car and C.”””° Perhaps, the disparity of
pK, values of Ha and Hy forces DH/EIs to use a H,O relay,
even though Cy is sterically accessible.

Finally, we revisited PksEI14, the only studied His-solo EI,’
for which the reaction condition was reported as an enzyme/
substrate ratio of 0.46 mM:1 mM with incubation for 36 h.
However, the 'H NMR result showed complete HDX at
substrate Ca but no deuterium incorporation into product Cy,
contradicting the intramolecular hydrogen transfer mechanism
and neither consistent with our proposed model. A plausible
explanation is that enzyme-bound H,O is more resistant to
exchange, serving as the sole proton source for Cy

15652

reprotonation in this nearly single-turnover reaction. The
crystal structure of PksEI14 (PDB entry 4U3V) revealed that,
despite the absence of Gln or His from the DX;[QH] motif,
Asn maintains an appropriate orientation via hydrogen
bonding to a mediator H,O (H,Omed), which is further
positioned by two hydrogen bonds from backbone carbonyls
and one from Ser-OH (Figure S13). This H,Omed-Asn-
H,Ocat network stabilizes bound H,Ocat, implying a
mechanism in PksEI14 similar to those in CoeA DH and
FabA.

Furthermore, the crystal structure of PksEIl4 reveals a
substrate-binding tunnel capable of accommodating approx-
imately a C10-length substrate, although longer substrates are
likely required §1ven its role at the late stage of a giant PKS
assembly line.”” We cloned and expressed wild-type PksEI14
along with its cognate ACP. Activity assays using chemically
synthesized dec-3-enoyl-ACP (Figures S15—S18) revealed
moderate catalytic efficiency (Figure S19). Subsequent testing
with analog 2 showed reduced activity but still markedly
improved over the previously used hex-3-enoyl-S-pantetheine.”
In an initial experiment, the D,O buffer-exchanged enzyme
showed no detectable deuterium incorporation into either
substrate 2 or product 1 after a 3-h incubation (Figure 2d i,
standard dt peaks at 5.45 ppm). But surprisingly, when buffer
exchange began at the Ni column purification step, significant
HDX was observed on substrate 2 (Figure 2d ii, dt peaks at
5.4S ppm transforming to dd peaks) with an efficiency between
that of the CoeA DH wild type and the H949F mutant. In
contrast, deuterium incorporation at Cy of product 1 was
barely detectable (Figure 2d ii, dt peaks at 6.22 and 6.85 ppm),
indicating a distinct condition for Cy reprotonation. The
bound H,0O may remain partially replaced by D,0, leading to a
preferential use of H,O for Cy reprotonation. Alternatively,
complete replacement by D,O could severely inhibit the
reprotonation reaction; in this case, HDX at Ca generates
HDO, which promotes Cy reprotonation. The latter
hypothesis aligns with the observed inverse SIE in PksEI14 (
Vo,11,0/Yo,p,0 = 0.86 £ 0.09 for substrate consumption and 0.64

+ 0.002 for product generation, Table le,f), suggesting that the
stabilized HD,O" may enhance the otherwise slow Cy
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are displayed.

reprotonation step.”’ To probe the role of H,Omed, S183-
[GAVIF] mutants were constructed, but only S183[ GA] were
solubly expressed and exhibited slightly reduced activities
(Figure 1lLm), highlighting the important role of H,Omed
hard-coded in Els.

Taken together, our results support a unified mechanism for
all three types of Els (Scheme 1d), where the Asp/Asn-H,O
plays a central role in Cy deprotonation/reprotonation, while
His facilitates those for Ca.

Implication of the Origin of the El Activity. Beyond
mechanistic insights, systematic molecular modeling shows
that the Asp-H,O plane adopts an 85—110° range relative to
the His imidazole ring, with the DX;[QH] motif's Gln/His
residue fine-tuning this angle by ~10° (Figure 3). Exper-
imental testing demonstrated that this geometric control can
potentially dictate catalytic outcomes: the CoeA DH H1122Q_
mutant increases the DH/EI ratio, while FabA Q88H reduces
it to become an apparently specialized EI (Figure 4). This
subtle (<10°) angular variation—controlled by the conserved
but chemically distinct Gln/His in the DX;[QH] motif—
translates to functional consequences that have long been
unexplained.

The spatial positioning of Asp-H,O acts as a tunable switch
that modulates the DH-to-EI activity ratio, enabling a
continuous evolutionary trajectory from dedicated DHs to
bifunctional DH/EIs and ultimately to specialized EIs. The
conservation of this mechanism across fatty acid and
polyketide biosynthesis suggests that it may represent a
fundamental design principle in nature’s toolkit for metabolic
innovation.

B CONCLUSION

This work establishes a unified mechanism for DH/EIs, His-
solo Els, and Asp-solo ElIs, in which Asp/Asn-H,0
orchestrates Cy chemistry, with His assisting in Car activation.
Small angular changes in the Asp-H,O geometry tuned by the
DX;[QH] motif shift the ratio of DH and EI activities,
outlining a continuous evolutionary path from DHs to DH/EIs
and Els. These findings resolve a decades-long mechanistic
debate and provide a structural basis for engineering double-
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bond-modifying enzymes across fatty acid and polyketide
pathways.

B MATERIALS AND METHODS

Bacterial Strains, Culture Conditions, and General
Remarks. All Escherichia coli strains were cultured in Luria—
Bertani broth (LB) at 37 °C, supplemented with SO ug/mL of
kanamycin when needed. E. coli DHSa was used for cloning
and BL21(DE3) for induced protein expression. DNA
polymerase was purchased from Vazyme, restriction enzymes
were purchased from New England Biolabs (NEB), and
competent cells were purchased from Tsingke. Chemicals were
ordered from Innochem, Mreda, Meryer, and Macklin.

Plasmid Construction and Protein Expression. All
expression plasmids for wild-type proteins were constructed
using Gibson Assembly, and the mutant plasmids were
constructed using KLD (a homemade mixture of kinase,
ligase, and Dpnl). DNA fragments were PCR-amplified using
2X Phanta Flash Master Mix and then assembled to a
predigested N-His tag backbone (pET28a/BamHI+HindIII)
and transformed into DHSa competent cells. Extracted
plasmids were analyzed by sequencing, with the correct
constructs transformed into BL21(DE3). Protein expression
was induced with 0.1 mM of isopropyl B-D-1-thiogalactopyr-
anoside (IPTG) at ODgy 0.6, 20 °C, 200 rpm, overnight.
Protein purification was carried out by using Ni-NTA His-tag
affinity chromatography.

Synthesis of Compounds 1—4. To 4 mL of H,O were
added D-pantethine syrup (1 mmol) and DTT (1 mmol),
heated to 50 °C, and stirred for 2 h. The mixture was
lyophilized and dissolved in 8 mL of DCM (dichloromethane),
yielding a solution of PANT (R-pantetheine) at 1 mmol/4 mL.
To S mL of DCM while stirring were added PANT (1 mmol),
carboxylic acid (1 mmol), and DMAP (4-dimethylaminopyr-
idine, 0.1 mmol), followed by EDC (3-(ethyliminomethyle-
neamino)-N,N-dimethylpropan-1-amine, 1.1 mmol). The
reaction mixture was stirred at room temperature for 30 min
and checked by TLC (thin-layer chromatography) or HPLC.
The reaction mixture was dried and then purified by silica gel
chromatography, and the product was eluted using a mixture of
petroleum ether/ethyl acetate/acetone. Fractions containing
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the target product, typically eluted with acetyl acetate:acetone
= 1:1 to 2:1, were pooled and dried under vacuum and
dissolved in DMSO.

HPLC and HRMS Analyses. HPLC analysis was
performed on a SHIMADZU Nexera XR equipped with a
diode-array detection (DAD) detector and an analytical
column ShimNex WP C18-S (4.6 X 100 mm, S ym) at a
flow rate of 1.0 mL/min. Wavelengths were set to 235 and 260
nm. Solvent A was water with 0.1% TFA (trifluoroacetic acid),
and Solvent B was acetonitrile with 0.1% TFA. Isocratic
programs were used: 44% B for 10 min or 55% B for S min.
For liquid chromatography—mass spectrometry (HRMS)
analysis, ESI positive ion mode Waters Xevo G2 XS QToF
(Manchester, UK) was used, equipped with an ACQUITY
UPLC BEH C18 column (130 A, 1.7 ym, 2.1 mm X 100 mm).

In Vitro Reactions-General Components. Tris-HCl, pH
7.0, 50 mM; NaCl, 10 mM (200 mM for PksEI14 and its
mutants); substrates dissolved in DMSO, 0.5—1.0 mM;
enzymes stored in Tris-HCI/NaCl buffer with 40% glycerol.
For reactions in D,0, Tris-HCl/NaCl solution was lyophilized
and redissolved in D,O and repeated three times. Enzymes
were concentrated and diluted serially in equal volumes of
buffer (80% glycerol and 20% D,O) to make enzyme stocks,
and substrates were directly diluted to DMSO-d6 as stocks.
Note that the second batch of PksEI14 was eluted from the Ni
column by D,O-dissolved elution buffer and subsequently
treated and stored as described above.

Time-Course Experiments. Total volume, 200 uL;
reactions incubated in vials at room temperature; autosampling
per 10 min; 10 uL per injection; total of 15 injections.
Reaction components: CoeA DH, 0.5 uM with By (2), 0.5
mM; FabA, 1 uM with 8,y (4), 1 mM. HPLC method, isocratic
44% for 10 min. Triplicates were conducted.

Reactions for Measuring Solvent Isotope Effects (SIE).
Reaction mixtures were similar to those used in the time-
course experiments described above. Changes were made as
follows: CoeA DH 1 uM, H949F 10 uM, FabA 0.5 uM,
PksEI14 200 uM for isomerization from 2 to 1 or 4 to 3; and
CoeA DH 2.5 uM for 1 to 2. HPLC methods, isocratic 44% B
for 10 min. Paired reactions in H,0O and D,0O were
autosampled into HPLC, alternatively, for 6 injections.
Triplicates were conducted.

Reactions for NMR Experiments. Negative control: 1.5
mL of By (2, 10 mM, ~6.5 mg, in d6-DMSO) was added to 15
mL of D,0 buffer, mixed, and incubated at 30 °C. An aliquot
of 5 mL was removed at 2, 3, and 4.5 h and mixed with 1 mL
of 02 N DCl (D,O-diluted HCI). The compound was
recovered and dissolved in d6-DMSO for '"H NMR analysis.
CoeA_DH (stock S mM, 40% glycerol, 10% D,0) 400 uL was
added to 17.6 mL of D,O buffer, equilibrated for 5 min, and
then mixed with 2 mL of (2 or 1, 10 mM, ~8.6 mg, in dé6-
DMSO). Two reactions were set up, incubated for 10 min and
2 h, respectively (incubated for 2 h only for reaction 1 to 2)
and then mixed with 3 mL of 0.2 N HCL The compounds were
recovered and dissolved in d6-DMSO for 'H, 3C NMR,
COSY, and HSQC analyses. FabA (stock 2.7 mM, 40%
glycerol, 10% D,0) 48 uL was added to 11.652 mL of D,0
buffer, equilibrated for S min, and then mixed with 1.3 mL of
By (4,25 mM, ~8.36 mg, in d6-DMSO). Three reactions were
set up, incubated for 1, 5, and 12 min, respectively, and then
mixed with 3 mL of 02 N DCl The compounds were
recovered and dissolved in d6-DMSO for 'H, 3C NMR,
COSY, and HSQC analyses. PksEI14 (stock 2 mM, 40%

glycerol, 10% D,0) 2 mL was added to 16 mL of D,0O buffer,
equilibrated for 5 min, mixed with 2 mL of (2, 10 mM, ~8.6
mg, in d6-DMSO) and then incubated at 30 °C for 3 h. The
compound was recovered and dissolved in d6-DMSO for 'H
NMR analysis. CoeA DH H949F and D1118N, 10 M final,
were subjected to "H NMR for analysis of HDX on 2 only.

Protein Modeling and Measurement. To ensure
reproducibility, all modeling followed standardized protocols
without artificial manipulation. Wild-type and mutant
sequences were submitted to either the AlphaFold3 online
server (https://alphafoldserver.com/), using the top-ranked
*model_0.cif output, or a locally installed ESMfold (https://
github.com/facebookresearch/ esm), which generates a single
structure. All predicted structures were used directly without
energy minimization or structural modifications. For the angle
calculations, a total of 21,757 bacterial NRPS/PKS DH
domains were extracted from the antiSMASH database, with
boundaries redefined to cover the full length of the double-
hotdog fold. Active DHs containing catalytic His and the
[DE]X;[QH] motif were selected and virtually mutated via
GIn/His substitution. All sequences were submitted to
ESMfold, and Perl scripts were used to measure both the
Asp-carboxylate/His-imidazole angles and distances between
the respective Cy atoms.
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