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Abstract: Cells achieve metabolic precision by assembling enzymes into dynamic 33 

complexes, but the regulatory mechanism of these metabolons is unclear. Here, we 34 

characterize the chalcone synthase (CHS)–chalcone isomerase-like protein (CHIL) 35 

complex, a key component of flavonoid metabolons. Whereas crystallography provides a 36 

static view, our analyses reveal that CHS undergoes rapid, reversible binding cycles with 37 

CHIL that regulate catalysis in real time. CHIL removes coenzyme A, an inhibitor of 38 

Claisen cyclization, transiently reshapes the CHS active site, and guides the tetraketide 39 

intermediate toward productive cyclization, thereby suppressing derailment byproducts. 40 

These findings demonstrate a previously unproven and generalizable regulatory effect in 41 

metabolons: guided active-site tuning via transient enzyme association. This concept 42 

enhances our understanding of metabolon function and opens new avenues for synthetic 43 

biology and metabolic engineering. 44 

 45 

(Introduction) 46 

Metabolons are transient and dynamic supramolecular complexes consisting of enzymes 47 

that mediate sequential reactions and related proteins in a metabolic pathway1,2. Metabolons 48 

were first identified in primary metabolism-related pathways in animals3 and have since 49 

been detected in connection with various metabolic processes in microorganisms, plants, 50 

and animals4-7. Metabolons offer several advantages in metabolism, including higher local 51 

concentrations of enzymes and their substrates8, metabolite channeling9,10, and greater 52 

enzyme specificity through protein–protein interactions11,12. However, because of the 53 

dynamic and transient nature of metabolons, it is difficult to elucidate how their enzymes 54 

and proteins assemble at the atomic level to confer these advantages2,13. 55 

The formation of metabolons is well exemplified by the flavonoid biosynthetic 56 

pathway in land plants. Flavonoids are a class of plant metabolites characterized by a 57 
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general C6–C3–C6 structure with extensive structural diversity14,15 and play crucial roles in 58 

plant survival and reproduction14,15, while also providing various health benefits to humans 59 

(Supplementary Fig. 1)16. Flavonoid biosynthesis is initiated by chalcone synthase (CHS), 60 

a plant-specific type III polyketide synthase17,18. CHS catalyzes the formation of 2′,4,4′,6′-61 

tetrahydroxychalcone (THC; Fig. 1A, compound 3) from p-coumaroyl-CoA 1 and three 62 

molecules of malonyl-CoA 2 (Scheme 1) via three consecutive intermolecular Claisen 63 

condensations (Fig. 1A, red arrows i–iii) followed by intramolecular Claisen cyclization 64 

(red arrow iv) of the tetraketide intermediate (T-i, 6): 65 

 66 

p-coumaroyl-CoA + 3 malonyl-CoA → THC + 4 CoA + 3 CO2       (Scheme 1). 67 

 68 

THC is a crucial precursor for flavonoid biosynthesis and is subsequently converted to 69 

(2S)-naringenin 8 by chalcone isomerase (CHI), leading to the production of various 70 

flavonoid classes in a lineage-specific manner (Fig. 1A). THC and (2S)-naringenin are 71 

structural isomers and are collectively referred to as chalconoids (CLC). CHS, CHI, and 72 

other downstream flavonoid-related enzymes form a flavonoid metabolon (Supplementary 73 

Fig. 2)19-21, which provides an ideal system to investigate metabolon function. 74 

The refinement of enzyme specificity through protein–protein interactions is one of 75 

the most significant aspects of metabolon formation in plant metabolism. Enzymes in 76 

specialized metabolic pathways in plants, including those in the flavonoid pathway, often 77 

exhibit “catalytic promiscuity,” resulting in the catalysis of reactions without known 78 

biological or physiological relevance12,22,23. This promiscuity is believed to serve as a 79 

foundation for the evolution of new enzyme functions and metabolic pathways22,23. 80 

However, if left uncorrected, it can reduce the metabolic efficiency of plants. CHS 81 

exemplifies this catalytic promiscuity, producing byproducts such as p-coumaroyltriacetic 82 

acid lactone (CTAL, 9), which can constitute 50%–90% of the products of CHS-catalyzed 83 

reactions in vitro (Fig. 1B; see also Fig. 1A, blue arrow v)11,12. CTAL formation is 84 

enhanced by coenzyme A (CoA), a reaction product, with the THC:CTAL ratio decreasing 85 

from 80:20 to 0:100 (mol%) as the CoA concentration increases24. Because CTAL is inert 86 
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as a flavonoid precursor, this intrinsic promiscuity of CHS may reduce the efficiency of 87 

flavonoid biosynthesis and compromise flavonoid-mediated responses in land plants if not 88 

rectified. 89 

The CHI-like protein (CHIL, a type IV member of the chalcone isomerase family), 90 

which shows structural similarity to CHI but lacks CHI enzyme activity25, is a component 91 

of flavonoid metabolons Supplementary Fig. 2)11. In flavonoid metabolons, CHIL binds to 92 

CHS, thereby enhancing THC production and restricting CTAL formation, which mitigates 93 

the promiscuous activity of CHS (Fig. 1AB). CHIL-encoding genes are ubiquitous in land 94 

plant genomes, indicating that this role of CHIL in flavonoid metabolons is highly 95 

conserved and that the optimization of the influx of substrates from the general 96 

phenylpropanoid pathway into the flavonoid pathway is critical (Fig. 1A)11. However, 97 

because of the fragile nature of protein complexes in metabolons, it is unclear how CHIL 98 

interacts with CHS to fulfill this important function. 99 

Here, we present the structural and dynamic basis for how the CHS–CHIL complex 100 

achieves metabolic precision. We demonstrate that transient, rapid protein-protein 101 

interactions mediate a previously unproven regulatory effect—Guided Active-site Tuning 102 

via Transient Enzyme Association (GATE)—a fundamental concept that advances our 103 

understanding of metabolon function and offers new avenues for metabolic engineering. 104 

 105 

Results 106 

Structure of the CHS–CHIL complex 107 

We aimed to isolate CHS–CHIL complexes from three plant species: Physcomitrella 108 

patens, Arabidopsis thaliana, and soybean (Glycine max). CHS and CHIL from P. patens 109 

(designated PpCHS and PpCHIL; Phytozome v12.1 loci Pp3c24_13120 and 110 

Pp3c426_4040, respectively)11,26,27 were expressed in Escherichia coli and purified to 111 

homogeneity. When an equimolar mixture (120 µM for each monomer) of PpCHS (a 112 

homodimer of a 45-kDa subunit) and PpCHIL (25 kDa) was subjected to size-exclusion 113 

chromatography (SEC) in the absence of NaCl, a prominent shoulder peak corresponding to 114 

a complex of approximately 230 kDa was observed, consistent with the formation of a 115 
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PpCHS–PpCHIL complex (Supplementary Fig. 3A). Under the same conditions, CHS and 116 

CHIL from A. thaliana formed a comparable amount of complex, whereas only a negligible 117 

amount was formed in the soybean-derived mixture (Supplementary Fig. 3BC), 118 

demonstrating interspecies variability in CHS–CHIL complex stability. However, in the 119 

presence of 0.2 M NaCl, complex formation was minimal for all three species 120 

(Supplementary Fig. 3CD), indicating the salt-sensitive nature of the interaction. 121 

The PpCHS–PpCHIL complex purified under low-salt conditions was subjected to 122 

structural analysis. Crystals of the complex were obtained, and its structure was determined 123 

at 1.9 Å resolution via molecular replacement (PDB:9KAH) (Supplementary Table 1). 124 

We also resolved the structures of PpCHIL alone (PDB:9KAI) and CoA-bound PpCHS 125 

(PpCHS–CoA; PDB:9KAJ) (Supplementary Table 1). The PpCHS–PpCHIL complex 126 

consisted of two identical PpCHS subunits (designated mol_A and mol_B, each with 397 127 

residues) and two PpCHIL monomers (212 residues each), forming a 2:2 heterotetramer 128 

(Fig. 2A). Each PpCHIL monomer interacted with both subunits of the PpCHS dimer (Fig. 129 

2A). 130 

A key feature of the interaction between two proteins was found to be the insertion of 131 

the β-hairpin (βHP) of PpCHIL (Thr34PpCHIL–Phe45PpCHIL) into the CoA-binding tunnel of 132 

PpCHS (Fig. 2B), suggesting competitive binding between CHIL and CoA (a reaction 133 

product; see Fig. 1A). This interaction was stabilized primarily by hydrophobic contacts 134 

(Supplementary Fig. 4A). Additionally, electrostatic complementarity contributed to the 135 

interaction: a lysine triad on the PpCHIL surface (Lys97PpCHIL, Lys100PpCHIL, and 136 

Lys144PpCHIL) faced a negatively charged patch on PpCHS (Supplementary Fig. 4B). 137 

Specifically, Lys97PpCHIL interacted with Asp213PpCHS_A and His272PpCHS_A; Lys100PpCHIL 138 

with Asp102PpCHS_B; and Lys144PpCHIL with Asn210PpCHS_A (superscripts PpCHS_A and PpCHS_B 139 

denote mol_A and mol_B of dimeric PpCHS, respectively) (Fig. 2C). Notably, 140 

Asp213PpCHS was located on a mobile α-helix (H9; see Supplementary Fig. 5 for the 141 

secondary structures of CHS), as previously described for soybean CHS (GmCHS1)24, and 142 

this interaction likely stabilizes that helix in PpCHS. Furthermore, α-helices H4 and H5 of 143 

PpCHIL contributed to the interface with mol_B of PpCHS (Fig. 2C) (see Supplementary 144 
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Fig. 6 for the secondary structures of CHIL). PpCHIL binding also induced the formation 145 

of an inter-subunit salt bridge between Asp257PpCHS_A and Lys152PpCHS_B (Supplementary 146 

Fig. 7), which may further stabilize the PpCHS dimer. 147 

Interactions between PpCHIL and PpCHS induced significant conformational 148 

changes in both proteins. In PpCHIL, the β-HP underwent substantial rearrangement (Fig. 149 

3A). For PpCHS, the backbone conformations of residues forming the active-site cavity 150 

(Fig. 3B) varied according to the ligand bound (PpCHIL versus CoA). This active-site 151 

cavity included the CoA-binding tunnel, the CLC-binding pocket, which accommodated the 152 

final product, THC, and a tunnel-like space18,24 (see Fig. 3B). This tunnel-like space is a 153 

recurring feature, also identified in the structures of CHSs from other plants such as 154 

soybean18. A comparison of the structures of PpCHS–PpCHIL and PpCHS–CoA revealed 155 

significant differences in the dihedral angles (ϕ and ψ) of the amino acids within the active-156 

site cavity (Supplementary Fig. 8). Notably, the PpCHS–CoA active-site cavity featured 157 

an expanded tunnel-like space near the CLC-binding pocket that showed no significant 158 

expansion in either PpCHS–PpCHIL or apo PpCHS (PpCHS without a ligand; PDB 159 

ID:6DX7)28 (Fig. 3B). Additionally, within the active-site cavity, certain residues 160 

comprised the K-loop (Leu273PpCHS–Asp276PpCHS). This flexible segment has been 161 

hypothesized to alternate between open and closed conformations during catalysis24 162 

(Supplementary Fig. 9), and its conformation was affected by both CHIL and CoA 163 

binding (Supplementary Fig. 9). In the PpCHS–PpCHIL complex, the K-loop adopted an 164 

open conformation, with the side chain of Lys275PpCHS pointing away from the CoA-165 

binding tunnel (Fig. 2B). In contrast, in the PpCHS–CoA structure, the K-loop had a closed 166 

conformation, and Lys275PpCHS directly interacted with the bound CoA (Fig. 2B; 167 

Supplementary Fig. 9). 168 

These structural observations imply that PpCHIL modulates the conformational 169 

dynamics of the PpCHS active-site cavity. Consistent with this, normalized B-factor (B′-170 

factor) analysis29 of the PpCHS–CoA structure showed a high level of mobility of both the 171 

K-loop and the active-site cavity. In contrast, these regions exhibited no such flexibility in 172 

the PpCHS–PpCHIL complex (Supplementary Fig. 10AB). Whereas the apo PpCHS also 173 
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showed moderately elevated B′-factor values in these regions, there were substantially 174 

lower than in the PpCHS–CoA structure (Supplementary Fig. 10B). These data suggest 175 

that the CHS active-site cavity alternates between a flexible (F) state and a more stable (S) 176 

state during the CHS catalytic cycle, with apo CHS existing in an intermediate, unliganded 177 

(U) state. CoA binding promotes the formation of the F state, whereas CHIL binding 178 

induces the S state. These conformational states likely influence the conformation of T-i 179 

(Fig. 1A, 6) that is formed during catalysis, which affects the product specificity of CHS. 180 

This is corroborated by the results of the computational studies described below. 181 

 182 

Structural conservation of CHS–CHIL and its dynamics in solution 183 

The conservation of the mode of CHS-CHIL complex formation across land plants was 184 

next evaluated by sequence comparison, computational structure prediction, and mutation 185 

studies. Sequence comparison revealed that Lys97PpCHIL and Lys100PpCHIL of PpCHIL and 186 

Asp213PpCHS, His272PpCHS, and Asp102PpCHS of PpCHS were highly conserved among plant 187 

species, whereas Lys144PpCHIL and Asn210PpCHS were less conserved (Supplementary Fig. 188 

5 and Supplementary Fig. 6). Additionally, the amino acid sequences of the βHPs of 189 

CHILs were not necessarily conserved (Supplementary Fig. 6). The structural 190 

conservation of the CHS-CHIL complexes in land plants was confirmed by predicting the 191 

CHS–CHIL complex structures of other land plants using AlphaFold2 (Supplementary 192 

Fig. 11). The functional importance of the two conserved lysine residues (Lys97PpCHIL and 193 

Lys100PpCHIL) and the amino acid residues within βHP (Thr34PpCHIL, Glu37PpCHIL, 194 

Ile38PpCHIL, Glu39PpCHIL, and Phe45PpCHIL) for the binding of CHIL to CHS was confirmed 195 

using yeast two-hybrid assays30-33 of the P. patens, G. max, and A. thaliana CHS–CHIL 196 

systems (Supplementary Fig. 12). We concluded that the following two primary 197 

interactions are involved in the CHS-CHIL complex formation, irrespective of plant origin: 198 

(1) polar interactions mediated by two highly conserved lysine residues in CHIL and (2) 199 

hydrophobic interactions between amino acid residues in the βHP domain of CHIL and 200 

residues located near the CoA-binding tunnel of CHS. The strength of the interaction 201 

between CHS and CHIL was influenced by the βHP domain amino acid sequence of CHIL 202 
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(Supplementary Fig. 12), at least in part explaining why CHS–CHIL complexes from 203 

different plants differ in their stability (see above). Moreover, the fact that only negligible 204 

amounts of CHS-CHIL complex were obtained during SEC in the presence of 0.2 M NaCl 205 

(see above, Supplementary Fig. 3CD) suggests that the CHS–CHIL complexes are formed 206 

mainly via electrostatic interactions. Considering the intracellular conditions of plant 207 

cells34, in which electrolyte concentrations are typically 100–200 mM K⁺ and 1–10 mM 208 

Na⁺, it is highly likely that the CHS-CHIL complex is unstable in vivo, as for other 209 

metabolons. Thus, the X-ray crystal structure likely represents a transient “snapshot” of the 210 

bound state, capturing a moment within the dynamic association–dissociation process of 211 

these two proteins. The dissociation constant (Kd) of PpCHS–PpCHIL was determined to 212 

be 31.8 ± 1.5 µM in 20 mM HEPES–NaOH (pH 7.0) containing 150 mM NaCl and 0.1% 213 

Tween 20 (Supplementary Table 2; see also Supplementary Fig. 13) using microscale 214 

thermophoresis (MST) analysis35,36. In 200 mM HEPES–KOH (pH 7.5) containing 0.1% 215 

bovine serum albumin, biolayer interferometry (BLI) analysis37 yielded a Kd value of 12.8 216 

± 0.7 µM (Supplementary Table 2; see also Supplementary Fig. 14) with association 217 

(kon) and dissociation (koff) constants of 1.68×105 s–1M–1 and 2.16 s–1, respectively 218 

(Supplementary Note 1; see also Supplementary Fig. 14). 219 

To gain deeper insight into the dynamic interaction between CHS and CHIL in 220 

solution, we performed nuclear magnetic resonance (NMR) analysis. We prepared 13C- and 221 

15N-labeled PpCHIL and conducted a series of triple resonance experiments to determine 222 

the backbone amide resonances of 200 of the 212 amino acid residues of PpCHIL 223 

(Supplementary Fig. 15A). Subsequently, the interaction between PpCHS and PpCHIL 224 

was monitored by NMR in the absence or presence of 50 mM NaCl. In the absence of 225 

NaCl, most of the ¹⁵N-PpCHIL resonances exhibited significant broadening upon the 226 

addition of 0.5 equivalents of PpCHS, with some nearly disappearing (Supplementary Fig. 227 

15B). This suggests that the tight binding between PpCHIL and PpCHS results in the 228 

formation of a relatively large, slowly tumbling complex, and is consistent with the SEC 229 

data and crystal structure. However, in the presence of 50 mM NaCl, only a few PpCHIL 230 

resonances—specifically those corresponding to amino acid residues within βHP and 231 
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adjacent to the conserved Lys97PpCHIL that interacts with PpCHS (e.g., Thr40PpCHIL and 232 

Ile96PpCHIL, respectively)—exhibited chemical shift changes and line broadening upon the 233 

addition of 0.5 equivalents of PpCHS (Fig. 3CD; Supplementary Fig. 15CD). Notably, 234 

Thr40PpCHIL and Ile96PpCHIL are located at the interface with PpCHS in the X-ray crystal 235 

structure of the complex (Fig. 3C). These results confirm that the CHS-CHIL interaction 236 

interfaces identified via X-ray crystallography are also relevant in solution, as demonstrated 237 

using NMR analysis. The observed line broadening and chemical shift changes of these 238 

residues likely reflect exchange broadening, which can be attributed to the association–239 

dissociation dynamics of the complex, highlighting the dynamic nature of the interaction 240 

between CHS and CHIL. 241 

 242 

Guided active-site tuning via a transient enzyme association (GATE), revealed by 243 

computational studies  244 

To determine how CHIL binding affects CHS catalysis, we performed computational 245 

simulations using AutoDock-GPU38. We docked a covalently bound T-i to Cys170 of 246 

PpCHS within the active-site cavity. We analyzed three distinct PpCHS structural states: 247 

the S state (PpCHS–PpCHIL), the F state (PpCHS–CoA), and the U state (apo PpCHS, 248 

without ligand) (see above). 249 

These covalent docking simulations revealed a marked difference in the T-i 250 

conformation of the PpCHS–PpCHIL and PpCHS–CoA complexes (Fig. 4AB). In the 251 

PpCHS–PpCHIL complex, T-i adopted a compact conformation within the CLC-binding 252 

pocket, with C6–C1 and C5–C1 distances of 4.1 Å and 4.3 Å, respectively (Fig. 4A). 253 

Conversely, in the PpCHS–CoA complex, T-i was located in the tunnel-like space near the 254 

CLC-binding pocket and had an elongated conformation, with C6–C1 and O5–C1 distances 255 

of 5.0 Å and 4.5 Å, respectively (Fig. 4B). The docking energy distribution for T-i in the 256 

PpCHS–PpCHIL complex was closely centered around −10 kcal/mol (Fig. 4A), indicating 257 

strong and consistent stabilization, consistent with the S state of the surrounding 258 

environment. In contrast, the energy distribution for T-i in PpCHS–CoA was broader and 259 

included higher values (> −1.0 kcal/mol) (Fig. 4B), suggestive of less stable conformations. 260 
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This instability was attributed to T-i occupying the expanded tunnel-like space in the 261 

active-site cavity, which was in the F state. Importantly, the presence of bound CoA 262 

appeared to inhibit the accommodation of T-i in PpCHS–CoA; steric hindrance from the 263 

CoA molecule’s thiol moiety limited the conformational change in T-i that is required for 264 

its entry to the CLC-binding pocket. The predicted T-i conformation and energy levels of 265 

apo PpCHS resembled those of the PpCHS–PpCHIL complex, although with a less sharply 266 

defined energy distribution (Supplementary Fig. 16A). These findings suggest that CHIL 267 

binding guides the conformation of the active-site cavity of CHS, orienting T-i for 268 

productive Claisen cyclization. 269 

To further investigate, we performed 1,000-ps molecular dynamics (MD) simulations 270 

of T-i bound to PpCHS structures using GROMACS39. In the PpCHS–PpCHIL simulation, 271 

T-i consistently remained in the CLC-binding pocket (Supplementary Fig. 16B). 272 

Moreover, the distance between C6 and C1 of T-i remained significantly shorter than the 273 

O5–C1 distance throughout the simulation (Fig. 4C), supporting a stabilized Claisen 274 

cyclization geometry. Analysis of the dihedral angles of the T-i carbon atoms showed that 275 

C6–C1 Claisen cyclization was most favorable in the CHS–CHIL simulation (Fig. 4D, 276 

Supplementary Fig. 16C). Conversely, in the PpCHS–CoA simulation, T-i moved outside 277 

the CLC-binding pocket, maintaining an elongated conformation throughout in the tunnel-278 

like space (Supplementary Fig. 16B). In this, the O5–C1 distance of T-i remained 279 

significantly shorter than the C6–C1 distance (Fig. 4C), suggesting a preference for 280 

lactonization over Claisen cyclization. Interestingly, in the apo PpCHS simulation, although 281 

T-i was located in the CLC-binding pocket and had a compact conformation 282 

(Supplementary Fig. 16B), its distance profiles resembled those for PpCHS–CoA 283 

(Supplementary Fig. 16D, see also Supplementary Fig. 16E for the results of the 284 

dihedral angle analysis of the T-i carbon atoms). Taken together, these findings strongly 285 

suggest that the conformation of T-i in the CHS–CHIL complex is stable and oriented 286 

favorably for C6–C1 Claisen cyclization (Fig. 1A, red arrow iv). In contrast, in the CHS–287 

CoA complex, the T-i conformation appears unstable, owing to the presence of CoA, 288 

rendering it more liable to O5–C1 lactonization (blue arrow v). 289 
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Thus, both covalent docking and MD simulations indicated that CHIL binding 290 

modulates the T-i conformation to promote productive Claisen cyclization. Specifically, 291 

CHIL binding reshapes and stabilizes the CHS active-site cavity, guiding the intermediate 292 

along a favorable reaction pathway (Fig. 5). This process, which is mediated by transient 293 

protein–protein interactions within metabolons, exemplifies a regulatory effect that have 294 

never been proven so far in metabolons: Guided Active-site Tuning via Transient Enzyme 295 

association (GATE). 296 

 297 

A kinetic gate: a rapid CHIL–CHS interaction regulates catalytic specificity 298 

In metabolons, direct protein–protein interactions near the active sites of enzymes are 299 

crucial for processes such as substrate channeling40, but they can also have inhibitory 300 

effects by physically obstructing the active site. To avoid this, metabolons are thought to 301 

rely on transient and weak interactions, but this has yet to be experimentally confirmed. 302 

However, the kinetic and thermodynamic data for the CHS-CHIL interaction and CHS 303 

catalysis presented below provide strong evidence for this model. 304 

During CHS-catalyzed THC biosynthesis, four sequential Claisen condensations 305 

occur, with a molecule of CoA being released during each step (Fig. 1A, red arrows i–iv). 306 

These CoA molecules must be rapidly displaced from the CoA-binding tunnel to prevent 307 

them from acting as inhibitors and promoting the formation of unwanted byproducts 24. 308 

Structural data have shown that when CoA is bound, the enzyme’s active-site cavity favors 309 

the F state, which leads to the production of undesirable byproducts through O5–C1 310 

lactonization of T-i. In contrast, CHIL binding induces the S state, which stabilizes a T-i 311 

conformation that is optimal for THC production. Therefore, efficient catalysis requires the 312 

active removal of CoA. The crystal structure of the PpCHS–PpCHIL complex revealed that 313 

the βHP region of CHIL occupies the CoA-binding tunnel (Fig. 2B), strongly suggesting 314 

that CHIL displaces the bound CoA during catalysis (Supplementary Note 2). However, 315 

this also means that CHIL competes with the CoA-ester substrates p-coumaroyl-CoA and 316 

malonyl-CoA for the CHS active site. This is why the weak binding between CHIL and 317 

CHS is critical to the regulatory role of CHIL; if the interaction were stronger, CHIL would 318 
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act as an inhibitor rather than a modulator. A critical aspect of CHIL function is that it must 319 

associate with and dissociate from CHS much more rapidly than the enzyme completes a 320 

catalytic cycle. To verify this, we performed kinetic analyses of PpCHS-catalyzed THC 321 

production both with and without PpCHIL (Supplementary Table 3), and found that the 322 

Kd for PpCHIL binding to PpCHS (32 µM via MST; 13 µM via BLI) were significantly 323 

higher than the Michaelis constants (Km) of PpCHS for its CoA-ester substrates p-324 

coumaroyl-CoA (3.8 µM) and malonyl-CoA (1.46 µM). Furthermore, the dissociation rate 325 

constant for the PpCHS–PpCHIL interaction (koff = 2.16 s−1, Supplementary Table S2) 326 

was two-to-three orders of magnitude higher than the enzyme’s turnover rate (kcat). 327 

Specifically, for p-coumaroyl-CoA, kcat = 2.63×10−2 s−1, and for malonyl-CoA, kcat = 328 

3.45×10−3 s−1 (Supplementary Table 3). These findings were consistent with the results of 329 

NMR analysis (see above) and confirm that CHIL binds to and dissociates from CHS far 330 

more frequently than CHS catalyzes a reaction. During these rapid binding and release 331 

events (Fig. 5), CHIL displaces CoA from the binding tunnel and reshapes the CHS active-332 

site cavity. This action stabilizes the productive T-i conformation, thereby guiding the 333 

specificity of the less frequent catalytic events. As a result, CHIL increases the Km values of 334 

CHS for its substrates while concurrently increasing its kcat values, ultimately enhancing the 335 

overall catalytic efficiency (kcat/Km) for THC biosynthesis (Supplementary Table 3). This 336 

establishes CHIL as a dynamic gatekeeper of CHS specificity. 337 

 338 

Conclusions 339 

Our research provides the first structural evidence for how CHIL regulates CHS specificity, 340 

revealing a previously unproven, generalizable regulatory effect on enzyme catalysis within 341 

metabolons. We've named this effect the Guided Active-site Tuning via Transient Enzyme 342 

Association (GATE), and it is driven by the rapid, weak protein-protein interactions that are 343 

a hallmark of metabolon dynamics. Our findings suggest that these dynamic and transient 344 

enzyme-enzyme interactions—whether they occur near the active sites or in a more remote 345 

region—represent a fundamental mechanism for GATE. This work highlights how flexible 346 

enzymes can leverage dynamic metabolon formation to achieve precise regulatory control. 347 
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Ultimately, this concept advances our understanding of metabolic regulation and offers new 348 

avenues for engineering enzyme function, especially within modular biosynthetic systems 349 

such as polyketide synthases. 350 

 351 

Materials and methods 352 

Materials 353 

The plasmid pColdI was obtained from Takara Bio (Otsu, Japan). Escherichia coli strains 354 

BL21 and BL21 (DE3) were obtained from Promega (Madison, WI, USA). THC was 355 

purchased from ChemFaces (Wuhan, China). Malonyl-CoA, CoA, trans-p-coumaric acid, 356 

imidazole, ATP, and isopropyl β-D-1-thiogalactopyranoside (IPTG) were purchased from 357 

Nacalai Tesque (Kyoto, Japan). High-performance liquid chromatography (HPLC)-grade 358 

acetonitrile and formic acid were obtained from Sigma-Aldrich Japan (Tokyo, Japan). 359 

Polyethylene glycols (PEG) 400, 3350, 6000, and 8000 were obtained from Hampton 360 

Research (Aliso Viejo, CA, USA). Recombinant AtCHS, AtCHIL, GmCHS1, and 361 

GmCHIL proteins were expressed in E. coli BL21 and purified as described previously11,18. 362 

p-Coumaroyl-CoA was synthesized from trans-p-coumaric acid, CoA, and ATP via a 4-363 

coumaric acid:CoA ligase (4CL)-catalyzed reaction, as follows. The reaction mixture (final 364 

volume, 100 mL) consisted of 1 mM trans-p-coumaric acid, 1 mM CoA, 10 mM ATP, and 365 

433 μg of recombinant 4CL from snapdragon (Antirrhinum majus genome ID 366 

Am04G23200.T01). The mixture was incubated overnight at 30 °C with shaking at 100 367 

rpm. The reaction was stopped by adding 300 mL of a methanol:chloroform mixture (2:1, 368 

v/v). Subsequently, 100 mL of distilled water and 100 mL of chloroform were added, and 369 

the mixture was thoroughly mixed. The sample was then centrifuged at 10,000 ×g for 20 370 

min at 4 °C, and the resulting supernatant was concentrated by freeze-drying. The p-371 

coumaroyl-CoA produced in the reaction mixture was purified by preparative reversed-372 

phase HPLC using a J’Sphere ODS M80 column (20 × 250 mm; YMC, Kyoto, Japan) at a 373 

flow rate of 5 mL/min. Solvent A was 0.1% (v/v) formic acid in H2O, and solvent B was 374 

acetonitrile. Following a 5 mL injection onto the column, which was equilibrated with 10% 375 

(v/v) B, the column was initially developed isocratically with 10%B for 10 min, followed 376 
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by a linear gradient from 10% to 30%B over 60 min. The column was then washed 377 

isocratically with 90% B for 10 min and re-equilibrated with 10%B for 30 min before the 378 

next injection. Other chemicals used were of analytical grade. 379 

 380 

Purification of PpCHS, PpCHIL, and PpCHS–PpCHIL and X-ray crystallography 381 

N-terminally His₆-tagged PpCHS (Phytozome v12.1 locus name, Pp3c24_13120)11 and 382 

PpCHIL (PpCHIL-B; Phytozome v12.1 locus name, Pp3c426_4040)11 were independently 383 

overexpressed in E. coli BL21 (DE3) cells and purified as follows. The full-length PCR 384 

products containing the ORFs of PpCHS and PpCHIL were gel-purified and introduced 385 

into NdeI/BamHI-digested pColdI, followed by verification of their nucleotide sequences. 386 

Resultant plasmids (termed PpCHS-pColdI and PpCHIL-pColdI) were introduced into E. 387 

coli BL21 (DE3) cells. The transformed cells were cultured in LB media supplemented 388 

with 100 μg/mL ampicillin (Nacalai Tesque, Kyoto, Japan) at 37 °C until their OD600 389 

reached 0.5. Then the both cultures were cooled to 15 °C and kept for 30 min, followed by 390 

the additions of IPTG (final concentration, 0.2 mM). The cultivation were continued at 18 391 

°C for 24 h, and the cultured cells were harvested by centrifugation. Harvested cells were 392 

disrupted and lysates were centrifuged (100,000 × g at 4 °C for 1 h). The supernatant was 393 

applied to a 10-mL column containing Ni-NTA agarose (FUJIFILM Wako Pure Chemical, 394 

Osaka, Japan) equilibrated with 50 mM Tris-HCl (pH 7.5) (Buffer A) containing 300 mM 395 

NaCl. The column was then washed with Buffer A containing 20 mM imidazole and 396 

proteins were eluted using Buffer A containing 200 mM imidazole. PpCHS was further 397 

purified using a HiTrap SP HP cation exchange column (5 mL; Cytiva, Marlborough, MA, 398 

USA), while PpCHIL was further purified using a HiTrap Q HP anion exchange column (5 399 

mL; Cytiva). The HiTrap SP HP column was equilibrated with 20 mM MES-Na (pH 6.5), 400 

whereas the HiTrap Q HP column was equilibrated with 20 mM Tris-HCl (pH 7.5). 401 

Proteins from both columns were eluted using a linear gradient of NaCl from 0 to 1 M. 402 

Finally, proteins were purified using a size-exclusion chromatography column (HiLoad 403 

Superdex 200 16/60 pg; Cytiva) equilibrated with Buffer A containing 150 mM NaCl. 404 
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PpCHIL crystals were grown at 20 °C using the sitting-drop vapor diffusion method; 405 

1 μL protein solution (15 mg/mL) was mixed with 1 μL well solution containing 100 mM 406 

Tris-HCl (pH 8.5), 100 mM MgCl2, and 16%–20% PEG6000 or PEG8000. Typical crystals 407 

formed rhombus-shaped structures with an average length of 0.2 mm within 2 weeks. To 408 

determine the PpCHS-CoA structure, PpCHS crystals were grown at 20 °C using the 409 

sitting-drop vapor diffusion method; 1 μL protein solution (15 mg/mL) was mixed with 1 410 

μL well solution containing 100 mM HEPES-Na (pH 7.5) and 16%–22% PEG3350. 411 

Typical crystals formed needle-like structures with an average length of 0.4 mm within 2 412 

weeks. PpCHS crystals were then incubated with mother liquor containing 2.0 mM CoA-413 

SH (Nacalai Tesque) and 37% PEG400 for 30 min at 20 °C before being flash-frozen in 414 

liquid nitrogen. 415 

To isolate the PpCHS-PpCHIL complex, purified PpCHS and PpCHIL were mixed in 416 

equimolar amounts (120 µM each) and dialyzed overnight against Buffer A. The mixture 417 

was applied to a size-exclusion chromatography column (Superdex 200 Increase 15/300; 418 

Cytiva) equilibrated with Buffer A. Co-eluted fractions were pooled and concentrated using 419 

an Amicon Ultra (50 kDa MWCO; Merck KGaA, Darmstadt, Germany). PpCHS-PpCHIL 420 

crystals were grown at 20 °C using a sitting-drop vapor diffusion method; 1 μL protein 421 

solution (OD280 = 1.7) was mixed with 1 μL well solution containing 15.5% PEG3350 and 422 

200 mM potassium citrate. Typical crystals formed needle-like structures with an average 423 

length of 0.5 mm within 1 week. X-ray diffraction data were collected at a wavelength of 424 

1.00000 Å using an EIGER 9M detector (DECTRIS Ltd., Baden-Daettwil, Switzerland) on 425 

the BL32XU beamline equipped with the ZOO system at SPring-8, Harima, Japan41. 426 

Complete reflection data were obtained using a helical data collection scheme and then 427 

indexed and integrated with the KAMO pipeline using DIALS42,43. Integration intensities 428 

and data were merged using XSCALE, with outliers rejected using KAMO44. Structures 429 

were solved according to a molecular replacement method using Phaser45, with an 430 

engineered chalcone isomerase (PDB: 5WKR) for PpCHIL and apo PpCHS (PDB: 6DX7) 431 

for PpCHS-CoA as search models. For the complex structure, we used a PpCHS-PpCHIL 432 

complex model determined by AlphaFold-Multimer v2.3.046,47. Manual model building and 433 
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structure refinement were performed using COOT, REFMAC, and Phenix48-50. 3D 434 

molecular images were created using the PyMOL program (Schrödinger, L. & DeLano, W., 435 

2020. PyMOL, Available at: http://www.pymol.org/pymol). Atomic coordinates and 436 

structural factors were deposited in the Protein Data Bank with PDB codes of 9KAH 437 

(PpCHS-PpCHIL), 9KAI (PpCHIL), and 9KAJ (PpCHS-CoA). 438 

 439 

Computational docking studies 440 

Docking simulations of CHS and CHIL from various plant species were performed using 441 

localcolabfold v1.5.5 from the AlphaFold2 program51. Essential flag options as well as 442 

three additional options were used: --amber, --use-gpu-relax, and --num-recycle 3. 443 

 444 

Yeast two-hybrid assays 445 

Yeast two-hybrid assays were completed using the Matchmaker Gold Yeast Two-Hybrid 446 

System (Clontech, Mountain View, CA, USA) as described previously30-33. Briefly, open 447 

reading frames encoding proteins to be tested were amplified by PCR to add SfiI restriction 448 

sites for the subsequent ligation to vectors pGBKT7 and pGADT7 (Clontech). Each 449 

amplified fragment was purified, digested with SfiI, and inserted into the SfiI site of 450 

pGBKT7 or pGADT7. Saccharomyces cerevisiae strain Y2H Gold (Clontech) cells were 451 

transformed with each plasmid pair according to the manufacturer’s guidelines. For each 5-452 

fold serially diluted cell suspension, 5 µL was placed on agar plates. Cells were grown at 453 

30 °C for 2–4 days. 454 

 455 

Site-directed mutagenesis 456 

Mutated PpCHIL (T34A, E37Q, I38A, E39Q, F45A, K97A, and K100A), GmCHIL (T31A, 457 

E34Q, I35A, H36E, F42A, K93A, and K96A), and AtCHIL (E34Q, H36E, H36A, F37A, 458 

K94A, and K97A) were prepared using an overlapping extension PCR strategy as described 459 

previously52 for yeast two-hybrid assays. The nucleotide sequences of the primers used for 460 

mutagenesis are presented in Supplementary Table 4. 461 

 462 
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MST analysis 463 

The MST analysis conducted to examine the interaction between PpCHS and PpCHIL was 464 

performed using Monolith NT.115 (NanoTemper Technologies GmbH, Munich, Germany) 465 

and standard assay protocols35,36. PpCHS was labeled using Monolith His-Tag Labeling Kit 466 

RED-tris-NTA 2nd Generation (NanoTemper Technologies GmbH) according to the 467 

manufacturer’s protocol. The labeled PpCHS and PpCHIL were dissolved in the MST 468 

analysis buffer containing 150 mM NaCl, 20 mM HEPES-NaOH (pH 7.0), and 0.1% 469 

Tween 20. PpCHS (70 nM) was used as a binding target for the MST analysis. As a ligand 470 

for the MST analysis, PpCHIL was titrated into the PpCHS solution in a 1:1 dilution series 471 

(0.53 mM to 0.016 µM). PpCHS and PpCHIL samples were mixed and loaded into a 472 

Monolith premium capillary (NanoTemper Technologies GmbH) and then MST 473 

fluorescence was measured at 25 °C using the MO.Control software bundled with Monolith 474 

NT.115. The excitation power was set at 78% and the MST power was set at medium. Data 475 

were analyzed using the MO.Affinity Analysis software (version 3.0.4; NanoTemper 476 

Technologies GmbH) under standard and default MST-on time conditions (4–5 s). Fnorm 477 

(‰) represents the thousandth fraction of the normalized value of MST fluorescence before 478 

thermophoresis as 1. Kd was estimated by fitting the data using the following equation in 479 

the software: 480 

 481 

𝑓(ܿ)  = unboundܨ  boundܨ) +  (unboundܨ −  ∙ ௖ + ௖target + ௄೏ − √(௖ − ௖target + ௄೏)2 − 4∙௖∙௖target2∙௖target    482 

 483 

where f(c) is the fraction bound at a given ligand concentration c, Funbound is the Fnorm signal 484 

of the target alone, Fbound is the Fnorm signal of the complex, and ctarget is the final 485 

concentration of the target in the assay. Kd values were log-transformed and subjected to a 486 

one-way ANOVA with a Tukey–Kramer test, statistically analyzed using Excel 487 

(Microsoft), and expressed as the mean ± SD of three independent determinations. 488 

 489 

Biolayer interferometry 490 
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Plasmids encoding the target proteins were constructed according to the manufacturer's 491 

instructions. The plasmid pColdI-Avi-PpCHS encodes a PpCHS fused at the N-terminus 492 

with a His6-Avi tag (His6-Avi-PpCHS), while pColdI-PpCHIL encodes a His6-tagged 493 

PpCHIL protein (His₆-PpCHIL). The Avi tag is a 15-amino-acid peptide with the sequence 494 

GLNDIFEAQKIEWHE, which serves as a substrate for biotin ligase (BirA)-mediated 495 

biotinylation. For expression of His6-Avi-PpCHS, E. coli strain AVB101 carrying pColdI-496 

Avi-PpCHS was cultured in TYH medium supplemented with 100 µg/mL ampicillin and 497 

0.5% glucose at 37 °C with shaking at 150 rpm. When the culture reached an OD600 of 0.3, 498 

biotin and IPTG were added to final concentrations of 50 µM and 1.5 mM, respectively, to 499 

induce biotinylation of His6-Avi-PpCHS. The culture was further incubated at 37°C with 500 

shaking until the OD600 reached 0.6. Cells were then chilled on ice for 30 minutes and 501 

subsequently cultured overnight at 15 °C with shaking. For expression of His6-PpCHIL, E. 502 

coli BL21 cells harboring pColdI-PpCHIL were grown in LB medium containing 100 503 

µg/mL ampicillin at 37 °C with shaking until the OD600 reached 0.6. After chilling the 504 

culture on ice for 30 minutes, IPTG was added to a final concentration of 0.1 mM. The 505 

culture was then incubated overnight at 15 °C with shaking. Cells expressing either protein 506 

were harvested by centrifugation and stored at –30 °C until use. For cell lysis, the frozen 507 

pellets were resuspended in xTractor buffer (Takara Bio, Shiga, Japan) containing 508 

recommended concentrations of protease inhibitors, lysozyme, and DNase I. The lysate was 509 

clarified by centrifugation and the supernatant was filtered through a 0.45 µm membrane 510 

(Sartorius, Göttingen, Germany). Proteins were purified using immobilized metal affinity 511 

chromatography with a HisTrap HP column (Cytiva, Marlborough, MA, USA). Following 512 

purification, proteins were concentrated by ultrafiltration using Amicon Ultra-15 devices 513 

(Merck, Darmstadt, Germany), with a molecular mass cutoff of 30 kDa for biotinylated 514 

His₆-Avi-PpCHS and 10 kDa for His6-PpCHIL. Buffer exchange was performed using 515 

ultrafiltration or gel filtration into 20 mM HEPES-KOH (pH 7.5) containing 50 mM NaCl. 516 

Glycerol was added to a final concentration of 20%, and the purified protein solutions were 517 

stored at –80 °C after flash-freezing in liquid nitrogen. 518 
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Protein–protein interaction measurements by biolayer interferometry37 were performed 519 

using the Octet R2 System (Sartorius, Göttingen, Germany). Streptavidin biosensors were 520 

pre-equilibrated in assay buffer (100 mM HEPES-KOH, pH 7.5, containing 0.1% BSA) for 521 

at least 1 hour before use. Each biolayer interferometry assay was conducted in the assay 522 

buffer and consisted of the following steps: step 1, baseline 1 (0–60 s); step 2, loading of 523 

biotinylated His₆-Avi-PpCHS onto the streptavidin sensor (60–180 s); step 3, baseline 2 524 

(180–240 s); step 4 (association phase), binding of His₆-PpCHIL to immobilized PpCHS 525 

(240–300 s); step 5 (dissociation phase), removal of His₆-PpCHIL from the biosensor (300–526 

360 s). To assess non-specific binding, control BLI assays were performed in the absence 527 

of biotinylated PpCHS-Avi, following the same procedure. Control signals (from sensors 528 

loaded with PpCHS-Avi only) were subtracted from experimental values prior to data 529 

processing. To calculate the equilibrium dissociation constant (Kd) and the association (kon) 530 

and dissociation (koff) rate constants, sonsorgrams were fit to a 1:1 binding model using 531 

Octet Analysis Studio (version 13.0.1.35). 532 

 533 

NMR spectroscopy 534 

For resonance assignments of PpCHIL, NMR spectra were recorded using a Bruker 535 

AVANCE NEO 800 MHz NMR spectrometer equipped with a cryogenic probe [CPTCI(F)] 536 

(Bruker AVANCE III HD 500 MHz equipped with BBO) (Bruker, Billerica, MA, USA). 537 

All NMR spectra were processed using the NMRPipe program53 and TopSpin, after which 538 

data were analyzed using SPARKY or POKY54. Standard spectral sets for 13C- and 15N-539 

labeled PpCHIL (0.3 mM) dissolved in a solution containing 25 mM potassium phosphate 540 

pH 7.0, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, and 10% 2H2O were used for 541 

backbone resonance assignment. The following spectral sets were used: [1H-15N] HSQC, 542 

HNCO, HN(CO)CA, HNCA, CBCA(CO)NH, HNCACB, HBHA(CO)NH, C(CO)NH, and 543 

N-NOESY (mixed for 150 ms). 544 

For titration experiments, 15N-labeled CHIL (0.2 mM) was dissolved in a solution 545 

containing 25 mM potassium phosphate pH 7.0, 0 or 50 mM NaCl, and 10% 2H2O. NMR 546 

spectra were obtained using a Bruker AVANCE 500 MHz equipped with a BBFO probe. 547 
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The sample temperature was set at 25 °C. The 15N-TROSY HSQC pulse sequence was used 548 

to obtain the backbone 1H-15N correlation spectrum. Non-labeled PpCHS (1 mM) was 549 

titrated into the 15N-labeled PpCHIL solution at molar ratios of 0.2, 0.5, and 1. Data were 550 

processed using NMRPipe53, whereas spectra were analyzed using POKY54. The chemical 551 

shift perturbation (CSP) of the backbone amide group was averaged using the following 552 

equation: 553 

 554 

CSP = Hߜ∆√ 
2 N5ߜ∆) +  )2 555 

 556 

where ∆ߜH and ∆ߜN represent the chemical shift changes of the proton and nitrogen, 557 

respectively. 558 

 559 

Simulation protocols 560 

Covalent docking simulation were performed for modeling of T-i covalently bound to 561 

Cys170PpCHS. The initial protein models were generated from crystal structures. The T-i 562 

ligand was drawn and structurally optimized using Chem3D with the MM2 force field. One 563 

hundred trial simulations were performed independently, and the structure with the lowest 564 

binding energy was used for the following MD simulations. Covalent docking of T-i to 565 

CHS was performed using AutoDock-GPU and MGLTools, treating T-i as the only flexible 566 

molecule. 567 

Quantum chemical calculations were performed to determine the force field 568 

parameters of T-i used in the following MD simulations. After geometry optimization of T-569 

i, ESP charges were calculated using the Hartree-Fock method with 6-31G(d) basis set by 570 

Gaussian 16. Antechamber package was used to prepare the parameters of T-i for the MD 571 

simulations. 572 

MD simulations were carried out to investigate the structure and dynamics of protein 573 

complexes. We prepared three simulation systems, that is, PpCHS, PpCHS-PpCHIL, and 574 

PpCHS-CoA in aqueous solution. All systems include the T-i covalently bound to 575 
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Cys170PpCHS obtained from the docking simulation as described above. The initial 576 

configurations of each crystal structure were prepared by solvating with water molecules. 577 

To neutralize the total charge of the system, Na+ and Cl- ions were added to a concentration 578 

of 150 mM. The total number of atoms in the PpCHS, PpCHS-PpCHIL, and PpCHS-CoA 579 

systems were 111482, 135286, and 115941 atoms, respectively. Then, a two-step energy 580 

minimization was performed with and without harmonic constraints on the position of 581 

heavy atoms using a force constant of 1000 kJ/mol∙nm2. In the subsequent equilibration 582 

MD simulation, the harmonic constraints were gradually weakened and finally removed 583 

within 1.8 ns. Then production run was carried out at 300 K and 0.1 MPa using velocity 584 

rescaling55 and isotropic Parrinello-Rahman56,57, respectively. The cut-off distance for the 585 

calculation of long-range interactions was set to 1.0 nm. Electrostatic interactions were 586 

calculated using the Particle Mesh Ewald method58,59. AMBER ff14SB60 and TIP3P61 force 587 

fields were applied to describe amino acid residues and water molecules, respectively. All 588 

simulations were performed using GROMACS version 2025.139. 589 

 590 

Enzyme assays 591 

The standard enzyme assay mixture (final volume, 50 μL) consisted of 100 mM HEPES-592 

NaOH buffer (pH 7.5), 50 μM p-coumaroyl-CoA, 100 μM malonyl-CoA, PpCHS (typically 593 

0.1 μM), and PpCHIL (typically 1.0 μM). The mixture, excluding PpCHS, was pre-594 

incubated at 30 °C for 5 min, and the reaction was initiated by adding PpCHS. After a 60-595 

min incubation at 30 °C, the reaction was terminated by adding 50 μL of a mixture 596 

containing acetonitrile and water (2:3, v/v) and 4% (v/v) formic acid. Flavonoids and 597 

related products formed in the reaction mixture were analyzed by reversed-phase HPLC 598 

using an L-column3 C18 column (2 μm, 2.1 × 50 mm; Chemicals Evaluation and Research 599 

Institute, Tokyo, Japan) on a Thermo Scientific Vanquish Core HPLC system. Solvent A 600 

was 0.1% (v/v) formic acid in water, and solvent B was acetonitrile. A 10 μL aliquot of the 601 

reaction mixture was injected onto the column, which had been equilibrated with 10% B. 602 

The column was then developed isocratically for 0.5 min, followed by a linear gradient 603 

from 10% to 50% B over 6 min. Subsequently, the column was washed isocratically with 604 
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90% B for 0.5 min and re-equilibrated with 10% B for 3 min before the next injection. 605 

Chromatograms were recorded with a diode array detector, and quantification was 606 

performed at 290 nm for naringenin, 330 nm for CTAL, and 370 nm for THC. 607 

 608 

Enzyme kinetics 609 

Initial velocity assays of the CHS-catalyzed reactions were performed using the standard 610 

assay system (described above) under steady-state conditions with varying substrate 611 

concentrations. The apparent Michaelis constant (Km) and maximum velocity (Vmax) values, 612 

along with their standard errors, for either p-coumaroyl-CoA or malonyl-CoA (in the 613 

presence of a fixed concentration of the other substrate) were determined by fitting the 614 

initial velocity data to the Michaelis–Menten equation using a nonlinear regression method 615 

in SigmaPlot 12 (Hulinks, Tokyo, Japan). 616 

 617 

Reporting summary 618 

Further information on research design is available in the Nature Portfolio Reporting 619 

Summary linked to this rticle. 620 

 621 

Data availability 622 

Crystal structures are available in PDB under the following ID numbers: PpCHS–CoA 623 

complex, 9KAJ; PpCHIL, 9KAI; PpCHS–PpCHIL complex, 9KAH. All other data are 624 

available in the main text or the supplementary materials. 625 
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Fig. 1: 797 

 798 

 799 

 800 

Fig. 1. Chalcone synthase (CHS)-catalyzed reactions, and the effect of chalcone 801 

isomerase-like protein (CHIL) on the product specificity of CHS. (A) Pathways 802 
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involving CHS-catalyzed reactions and the related processes. The CHS-catalyzed 803 

production of 2´,4,4´,6´-tetrahydroxychalcone (THC) is presented on an orange 804 

background. The THC-generating pathway is indicated by red arrows (i–iv) and the 805 

derailment pathway producing p-coumaroyl-triacetic acid lactone (CTAL) is indicated by a 806 

blue arrow (v). CHIL (yellow) binds to CHS (upper left) to increase THC production and 807 

reduce CTAL formation. p-Coumaroyl-CoA is delivered via the general phenylpropanoid 808 

pathway and also serves as a precursor for the biosynthesis of lignin and other 809 

phenylpropanoids (thick downward and upward arrows). THC is converted to (2S)-810 

naringenin by chalcone isomerase, leading to the production of various flavonoid classes, as 811 

indicated by a rightward thick arrow. T-i, tetraketide intermediate; X, CoA- or enzyme 812 

Cys-. (B) Effect of PpCHIL on the product specificity of PpCHS. PpCHS (0.1 µM) was 813 

analyzed as described previously11,24 in the absence (left panel) and presence (right panel) 814 

of PpCHIL (1.0 µM). Because THC is nonenzymatically isomerized to produce naringenin, 815 

the THC-producing activity of PpCHS was quantified using the total amounts of THC and 816 

naringenin (collectively termed chalconoids (CLC)). 817 
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Fig. 2: 819 

 820 

 821 

Fig. 2. Structure of the PpCHS–PpCHIL complex. (A) Crystal structure of the PpCHS–822 

PpCHIL complex, showing that in the 2:2 assembly, each PpCHIL monomer 823 

simultaneously binds to both subunits of the PpCHS dimer. (B) Left panel: binding of 824 

PpCHIL (yellow) to the CoA-binding tunnel of PpCHS [overlapping ribbon (purple) and 825 
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surface (purple) models]. The center panel presents a close-up view of the contact interface. 826 

Residues of the K-loop are labeled with green text. Amino acid residues in the βHP of 827 

PpCHIL are labeled with blue text. Right: close-up view of the portion corresponding to 828 

that shown in the center panel in the binary PpCHS–CoA complex (PDB:9KAJ). CSD170, 829 

catalytic cysteine sulfinic acid 17018. Possible ionic interactions or other interactions are 830 

indicated by dotted lines; distances are given in Å. (C) Left panel: contact interface area 831 

between PpCHIL (yellow) and PpCHS (mol_A in purple and mol_B in pink). Right panel: 832 

ionic interactions of Lys97PpCHIL with Asp213PpCHS_A and His272PpCHS_A near the K-loop 833 

(green) of PpCHS are indicated by dotted lines. The salt bridges formed between 834 

Lys100PpCHIL on helix H4PpCHIL and Asp102PpCHS_B and between Asp257PpCHS_A and 835 

Lys152PpCHS_B are also indicated by dotted lines. The numbers beside the dotted lines are 836 

distances in Å. 837 
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Fig. 3: 839 

 840 

 841 
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Fig. 3. Structural alterations of PpCHS–PpCHIL complex components (X-ray 842 

crystallography) and complex dynamics (NMR analysis). (A) PpCHIL structures: 843 

PpCHIL from the PpCHS–PpCHIL complex, alone, and a superposition, emphasizing the 844 

movement of the βHP region (red arrow; Thr34PpCHIL, Phe45PpCHIL highlighted in red). (B) 845 

PpCHS structures: comparison of PpCHS from the PpCHS–PpCHIL complex and the 846 

PpCHS–CoA complex and apo PpCHS. The active-site cavity (transparent gray surface) is 847 

enlarged below, with arrows pointing to the CoA-binding tunnel (green), chalconoid 848 

(CLC)-binding pocket (blue), and tunnel-like space (red). The catalytic Cys170 stick 849 

structure is shown. (C) NMR titration analysis. Left: superposition of 1H-15N HSQC spectra 850 

of 15N-labeled PpCHIL with (red) and without (black) 0.5 equivalents (eq) PpCHS in the 851 

presence of 50 mM NaCl. Right: chemical shift perturbation (CSP) mapping of the 852 

structure of the PpCHS–PpCHIL complex. Cutoffs for the chemical shift perturbation 853 

mapping were determined using Δδave + ΔδSD (orange spheres) and Δδave + 2ΔδSD (red 854 

spheres), where Δδave and ΔδSD are the mean and standard deviation, respectively, of the 855 

chemical shift change after the ligand was added. (D) Close-up views of CSP for the 856 

residues Thr40PpCHIL (left) and Ile96PpCHIL (right). 857 
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Fig. 4:  859 

 860 

 861 

 862 

Fig. 4. Computational simulations of T-i conformation dynamics within protein 863 

complexes. Covalent docking results (left), the conformations of covalently bound T-i 864 

(center), and the docking scores (right) for the PpCHS–PpCHIL complex (A) and PpCHS–865 
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CoA (B). (C) Time-dependent changes in distances between C6–C1 (blue) and O5–C1 866 

(red) during 1,000-ps MD simulations (left: PpCHS–PpCHIL; right: PpCHS–CoA). (D) 867 

Dihedral angle analysis of carbon atoms (C1–C4–C5–C6) in T-i across two PpCHS states 868 

(green: PpCHS–PpCHIL; blue: PpCHS–CoA). When the dihedral angle is 0°, C6–C1 869 

Claisen cyclization is particularly favored. 870 
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Fig. 5: 872 

 873 

 874 

 875 

Fig. 5. Guided Active-site Tuning via Transient Enzyme Association (GATE): an 876 

illustration using the CHIL-CHS system. This figure illustrates the GATE effect using 877 

the CHIL-CHS system. Protein structures (CHS: purple; CHIL: yellow) are shown as 878 

ribbons, with the active-site cavity as a gray surface. T-i and CoA are shown as stick 879 

structures. The process begins with the formation of the CHS–(T-i)–CoA state (orange 880 

background). Here, T-i (magenta) is linked to the catalytic cysteine, and CoA occupies its 881 

binding tunnel. The active site is structurally flexible (F state), causing T-i to adopt an 882 

unstable conformation that favors O5–C1 lactonization. CHS then transiently and 883 
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reversibly associates with CHIL, a process that is 100-1000 times faster than catalysis. This 884 

association displaces CoA, forming the novel CHS–(T-i)–CHIL state. In this new state, the 885 

active-site cavity becomes structurally stable (S state). This stability precisely repositions 886 

T-i (light blue) into the CLC-binding pocket, forcing it into a stable conformation that is 887 

optimally suited for productive C6–C1 Claisen cyclization. 888 
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