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Abstract:  18 

Quinolone synthase from Aegle marmelos (AmQNS) is a type III polyketide synthase that 19 

yields therapeutically effective quinolone and acridone compounds. Based on the high-20 

resolution protein structure of AmQNS, this study provided a mechanistic explanation of the 21 

structure to synthetic selectivity. Additionally, it displays the comparatively wide active site 22 

entry that allows the catalytic pocket to accommodate bulky substrates, which affects the 23 

enzyme catalysis. We also develop a model framework for comprehending the structural 24 

constraints on ketide insertion, and postulate that AmQNS synthetic diversity is owing to its 25 

steric and electrostatic selectivity, which allows it to bind to a variety of core substrates. We 26 

further establish that AmQNS is structurally biased toward quinolone synthesis and only 27 

synthesizes acridone when malonyl-CoA concentrations are significantly high. In a nutshell, 28 

we anticipate that addressing the structural and molecular underpinnings of AmQNS–substrate 29 

interaction in terms of its high selectivity and specificity can aid in the development of 30 

numerous novel compounds. Besides, the approaches can also be expanded to other 31 

potential enzymes, which will help the pharmaceutical sector by expanding the pool of potential 32 

medication leads.  33 
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Introduction 35 

Polyketides (PKs) are chemically diverse natural products with immense pharmaceutical 36 

properties. PKs and their possible derivatives could be used as attractive starting points for the 37 

development of new bioactive molecules with clinical applications1,2. Polyketide synthases 38 

(PKS) are multifunctional enzymes that synthesize PKs in plants, fungi, and bacteria3. Due to 39 

their remarkable characteristic features like i) wide substrate affinity, ii) alternating 40 

condensation steps, and iii) formation of diverge cyclic intermediates4, the PKS machinery is a 41 

good target for producing architecturally diverge natural products by protein engineering and 42 

combinatorial biosynthesis. Based on the protein architecture and the mechanism of action, 43 

there are three types of PKS, namely type I, II and III. Typically, a polyketide is produced by 44 

consecutive addition of ‘malonate building blocks’ to a starter substrate (acyl thioester), 45 

catalysed by type III PKS5,6. When compared to type I and type II enzymes, type III PKSs are 46 

homodimers and comparatively smaller in size. Each functional unit of type III enzyme contains 47 

two ketosynthase (KS) domains (∼ 40–45 kDa, ~350-390 amino acids per monomeric unit)7–9. 48 

Type III PKSs are further categorized into two subtypes, viz, the i) chalcone-forming (chalcone 49 

synthase (CHS)) and ii) non-chalcone-forming (non-CHS), based on the reaction they 50 

catalyze10,11.   51 

 52 

Quinolone synthase (AmQNS)12 from the Indian bael tree (Aegle marmelos (L.) Correa. or 53 

Crateva marmelos) belongs to the non-CHS group of type III PKS. N-methyl anthraniloyl-CoA 54 

is the natural substrate for AmQNS, and the major products are quinolones and acridones. These 55 

anthranilic acid-derived quinolone alkaloids (quinine, chloroquine, etc.) have previously been 56 

found to have antibacterial, anticancer, and antiviral properties,13,14 and could be used as 57 

potential pharmacological leads. In general, AmQNS yields diketide 4-hydroxy 1-methyl 2-58 

quinolone (89%) through a one-step condensation reaction between N-methyl anthraniloyl-CoA 59 

and malonyl-CoA. Acridone (11%) is synthesized in a three-step condensation process that 60 

begins with the same substrate and utilizes the same enzyme12. When P-coumaroyl CoA is 61 

employed as the starting substrate, AmQNS can also produce benzalacetone. The structure and 62 

function of two AmQNS-analogue type-III PKSs that use N-methyl anthraniloyl-CoA as the 63 

starter substrate (Citrus microcarpa acridone synthase (CmACS) and quinolone synthase 64 

(CmQNS)) have been well characterized15. Despite the considerable sequence and structural 65 

similarities between AmQNS, CmACS, and CmQNS, their product formation patterns, and 66 

catalytic efficiencies are significantly different12. i.e., even a minor amino acid substitution can 67 

have a significant effect on enzymatic activity. It is remarkable to note that AmQNS and its 68 
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nearest homolog CmACS both have distinct amino acid variations that favour interaction with 69 

the bulky N-methyl anthraniloyl CoA, while hindering the binding of small substrate CoAs. As 70 

a result, designing these enzymes to have this mechanical behaviour could improve their 71 

biocatalytic characteristics. AmQNS structural and functional features, as well as its reaction 72 

mechanism, must be understood in order to optimize its biosynthetic potential for metabolic 73 

engineering reprogramming to accelerate natural product discovery. 74 

 75 

Here we provide the high-resolution crystal structures of AmQNS in native and substrate-bound 76 

forms, as well as the structural and molecular underpinnings for its synthetic selectivity. We 77 

used molecular simulations to identify rate-limiting reaction steps leading to quinolone and 78 

acridone structure, as well as quantum chemical transition state calculations to compare the 79 

relative kinetic barriers and thermodynamic enthalpies of substrates, clearly demonstrating that 80 

AmQNS structurally favours quinolone production. Ultimately, these structural findings, 81 

together with its simulation-based reaction studies, uncover the mechanistic behaviour of 82 

AMQNS and will eventually assist to engineer and repurpose the enzymatic reaction to expand 83 

the natural product reservoir for bioprospecting and drug discovery in the future.  84 

Results and Discussion 85 

Sequence conservation, evolutionary positioning, and substrate selectivity  86 

In this study, during the homologue search, out of the 283 studied species, type III PKSs were 87 

identified in 112 (39.6%) species, and in agreement with previous studies, they are well-88 

conserved in the green lineage (Viridiplantae) and Opisthokonta (Fungi)3,16(Supplementary 89 

Table S1C). Type III PKS were identified in representatives of Rhizaria, Alveolata, and 90 

Stramenopila lineages, and its presence on some marine microalgae was also reported 91 

previously17. It is noteworthy that type III PKS homologs have only been identified in the 92 

biflagellated, unicellular, free-living diplonemid Diplonema papillatum, among the members 93 

of the Discoba - a lineage currently placed proximal to the root of eukaryotes. Besides, we could 94 

not identify type III PKS in any of the studied species of Metamonada, Amoebozoa, 95 

Glaucocystophyceae, Rhodophyta, Rhodelphea, Rhodelphea, and Haptophyta 96 

(Supplementary Table S1C). To explore the eukaryotic and prokaryotic type III PKS 97 

evolutionary relationship, we traced back to the enzymes in the prokaryotes. Type III PKS were 98 

identified in 36 out of the 136 bacterial species studied (26.5%), representing 26 different 99 

taxonomic groups (Supplementary Table S1D). We searched type III PKS in Archaea and the 100 

first time in the Archaeal-Asgard group. As per the previous report3, we were unable to identify 101 
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type III PKS in all archaeal groups but could get homologs in one Asgard species (Candidatus 102 

Thorarchaeota archaeon) (Supplementary Table S1D, Supplementary Figure S1). The 103 

Asgard (or Asgardarchaeota) group is a separate domain of life representing the closest 104 

prokaryotic relatives of eukaryotes18,19. These finding emphasizes the Asgardarchaeota group 105 

might be the type III PKS enzyme's emergence point in the tree of life. In addition to the 106 

aforementioned categories, type III PKS homologs from all Rutaceaen species were included 107 

in our evolutionary analysis (Supplementary Table S1B).  108 

 109 

The evolutionary positioning of AmQNS is depicted in the phylogram of all the available 110 

homologous proteins (Figure 1). AmQNS, like other type III PKS from members of the 111 

Viridiplantae, is well conserved and grouped together with other members of the Rutacean 112 

family, according to previous evolutionary studies20,21. We detected four interesting horizontal 113 

gene transfer (HGT) events (Figure 1), two of them are within the bacterial domain and close 114 

to the root of the tree. First one, between most of the stramenopiles and the cyanobacterial 115 

Rivularia sp. (WP_015119976.1) homolog. These results show that this class of enzyme has a 116 

cyanobacterial origin. The second HGT was between all the alveolates, except Durinskia 117 

baltica and Chlamydiae homologs. A third HGT was again between Chlamydiae homolog 118 

(1444712.BN1013_00142) and the chromerid Vitrella brassicaformis homologs; forming a 119 

sister group with alveolate Durinskia baltica, all fungi, Rhizaria and Discoba homologs and 120 

some homologs of stramenopiles (Figure 1). A recent report highlighted the contribution of 121 

Chlamydiae on the evolution of eukaryotes22. Interestingly, the last HGT was in form that all 122 

the Planctomycetes and cyanobacterial Synechococcus sp. Our analysis shows that this enzyme 123 

has a bacterial origin and indicates early origin or even its presence in the Last Eukaryote 124 

Common Ancestor (LECA). 125 

 126 

Regarding the conservation pattern among type III PKSs, even though structure-based sequence 127 

alignment of AmQNS with its adjacent homologs revealed high-level sequence conservation 128 

and high functional conservancy (Figure 2), minor amino acid differences, particularly in the 129 

CoA binding/substrate binding/cyclization pocket area, have a significant impact on substrate 130 

specificity, i.e., will change the product formation profile. Because small changes in the three-131 

dimensional structure might occasionally impact substrate selectivity, amino acid moieties in 132 

the above-mentioned locations can govern the biological reactions (i.e., protein-ligand 133 

interactions). 134 

 135 
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 136 

 137 

Figure 1.  Maximum likelihood (ML) phylogenetic tree of type III PKS protein homologs, 138 

showing the potential evolutionary relationships between the identified prokaryotic and 139 

different eukaryotic homologs. Phylogenetic position of AmQNS (6L5U) is highlighted in bold. 140 

The tree was rooted using the Asgard homologs, to identify the evolutionary direction of the 141 

proteins. The maximum likelihood branch support values are given in % (IQ-TREE/RAxML-142 

NG). 143 

  144 
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 145 

 146 

Figure 2: Sequence-structure alignment between different homologs and its evolutionary positions. A)Alignment was prepared using 147 
ClustalW 23 and ESPript 3.0 24. The PDB IDs are used to represent the sequences. The conservation level is shown by a color gradient (white-poor 148 

conservation, red-high conservation). Significant residues are highlighted (#- Catalytic residues; *- Residues in the substrate-binding pocket; +-149 
Residues in the cyclization pocket), @- Residues in the CoA-binding tunnel; %- Residues adjacent to catalytic C164; *- β-turn region of AmQNS 150 
B) ML phylogenetic tree showing the evolutionary relationship among the structural homologs in RCSB PDB.   151 
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One of the most essential aspects of enzymes that determines its unique reaction is the specific 152 

interaction between proteins and ligands (such as substrates or cofactors). Radio-TLC 153 

experiments have previously shown that AmQNS could accept multiple starter CoAs as 154 

potential substrates12. Moreover, in-silico study also indicates that non-physiological substrates 155 

could be employed as potential AmQNS ligands20.  The binding mechanism of several acyl-156 

CoA substrates (small aliphatic to bulky aromatic) with AmQNS was further authenticated 157 

using Surface Plasmon Resonance (SPR) based assays, which enable for real-time monitoring 158 

of kinetic parameters25. The high affinity and reasonable interaction between the AmQNS and 159 

small molecule ligands are indicated by the KD values, which varied from high nanomolar to 160 

low millimolar (2 nM-1 mM). AmQNS demonstrated a high affinity for N-methylanthraniloyl-161 

CoA, feruloyl-CoA, and hexanoyl-CoA (with KD of 2.04 nM, 9.83 nM, and 7.30 nM, 162 

respectively), and it is worth noting that AmQNS prefers bulkier substrates than short acyl- 163 

CoAs (Figure 3, Supplementary Figure S2). These affinity parameters complement the 164 

previously reported interaction studies using a thin-layer chromatography (TLC)12, and when 165 

comparing the steady state kinetic parameters for AmQNS with different starter substrate 166 

CoA's, it's notable that Km values are higher than KD for the majority of the substrates (for N-167 

methylanthraniloyl CoA-2.93 μM; p-coumaroyl CoA- 3.62 μM; Feruloyl CoA- 9.14 μM). This 168 

suggests that catalysis is more rapid than dissociation. These findings imply the prospect of 169 

utilizing various substrates to create novel chemical scaffolds, and the enzyme can be further 170 

engineered to accommodate various substrates to boost the catalytic versatility. 171 

 172 
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 173 

Figure 3. AmQNS interactions with various substrate CoAs. The lower the KD value, the better 174 

the interaction. 175 

Molecular structure of AmQNS in the native and substrate-bound states. 176 

The high resolution AmQNS crystals provided very precise protein models with well-defined 177 

electron density maps and the structural coordinates have been deposited in the RCSB Protein 178 

Data Bank26. The data collection and refinement statistics are given in table 1.  179 
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 180 

Figure 4:   The structure of AmQNS in native and substrate bound form. A) AmQNS native 181 

structure (surface representation, PDB ID: 6L5U, Resolution 1.85Å) displaying electrostatic 182 

charge distribution (positively charged residues in blue and negatively charged residues in red 183 

B) Evolutionary trace on native AmQNS showing functionally significant residue positions in 184 

the structure. C) AmQNS- substrate bound form (cartoon and surface representation, PDB ID: 185 

7CCT, Resolution 2.35Å). Red stick represents the substrate N-methylanthraniloyl CoA 186 

(MANT-CoA). All significant residues are highlighted (catalytic triad (C164, H303, N335)- 187 

orange; substrate-binding residues (A133, E192, T194, T197, S338)- yellow; residues in 188 

cyclization pocket (S132, M137, F215, I254, G256, V265, P375) -pink; Residues in CoA-189 

binding tunnel (K55, R58, K62)- light blue; residues adjacent to the catalytic C164 (G163, 190 

Y165)-marine blue; other significant residues that form polar contacts with substrate (K268, 191 

A308)-brown. D) Binding environment of MANT-CoA in 7CCT (highlighted the substrate 192 

binding area of Figure 4C).  MANT-CoA binding pattern (red sticks) and surrounding residues 193 

are highlighted. E) LIGPLOT of interactions involving ligand MANT-CoA and surrounding 194 

residues. 195 
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AmQNS has a native structure  that is similar to  other types III PKSs in terms of structural 196 

folds (Figure 4A), with a unique structural topology that includes a specific upper domain 197 

‘αβαβα’ (ketosynthase domain)27, that is conserved in all structural homologs and a lower 198 

domain that contains the majority of the substrate-binding residues (A133, E192, T194, T197, 199 

S338). In AmQNS monomer, these domains are made up of three beta sheets (13 strands 200 

(22.4%), 16 helices (37.6%), 3-10 helices (2.7%), and other secondary structures (37.3%- 201 

including four beta hairpins, four beta bulges, 30 beta turns, two gamma turns, and other 202 

structures) (Figure 3, supplementary figure S3).  The protein is functionally active in dimeric 203 

form, and in each monomer, the β-sheets are organized into two antiparallel β-sheets and one 204 

mixed sheet, where the strands are arranged in the AmQNS structure's core, whereas the α-205 

helices are distributed on the surface. The prospective substrate-binding pocket entrance of each 206 

AmQNS monomeric unit is bordered by the side chains of the α-helices and β-strands. Despite 207 

being structurally comparable even at the active site entrance, AmQNS has a considerably 208 

bigger binding pocket (volume wise) than its nearest functional homologs from Citrus X 209 

Microcarpa (PDB IDs: 3WD7 & 3WD8) (Supplementary figure S4). This could be the 210 

consequence of the single phenylalanine to valine substitution (F265V), where the smaller 211 

valine (V) frees up more space in the active site pocket, and the longer tunnel enables the entry 212 

of bulky substrates (e.g., N-methylanthraniloyl-CoA). 213 

 214 

The orientation and locations of the catalytic residues in AmQNS are comparable to those in 215 

the closest homologs (Supplementary Figure S5). CmACS did not display many differences 216 

when analysing the substrate-binding residues of AmQNS. Nonetheless, CmQNS showed 217 

modest variations, as demonstrated by changes in the cavity volume metrics (reduced 218 

parameters) (Supplementary Figure S4 & S6), and even though these sequence alterations 219 

and its orientations are minimal, it will result in potential differences in pocket volume, leads 220 

to a change in product formation profile. AmQNS prefers bulkier substrates, as previously 221 

stated, and the electrostatic potential surface calculation revealed that the substrate-binding 222 

pocket regions of AmQNS have a predominantly positive charge (Figure 4A), which facilitates 223 

binding with the phosphate groups of the preferred starter substrate CoAs. These positions of 224 

positive charges are consistently found across type III PKSs as binding of the CoA portion of 225 

substrates is conserved. Salt bridges (~6), hydrogen bonds (~32), and nonbonded interactions 226 

(~318) connect the hydrophobic and hydrophilic residues that make up the AmQNS dimeric 227 

interface area (2463-2481 Å), and salt bridges at the protein interface help to stabilize the 228 

protein. The residues involved in forming prospective salt bridges are D96, D136, D251, H257, 229 
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R259, and K281 from chain A and R259, H257, R146, D136, D96, and E153 from chain B. 230 

The catalytic triad (C164-H303-N336) is located in the upper domain, and are deeply embedded 231 

within the entrance cavity like their homologs15. The orientation and position of these residues 232 

are strikingly similar to those of the homologs to some extent. Furthermore, cysteine in the 233 

catalytic triad (C164) is highly nucleophilic (as determined by the pKa, due to the reactivity of 234 

its thiol (S-H) group), and that this residue is primarily responsible for thioester exchange 235 

reactions28. The reduction of the sulfur donor molecule in enzyme catalysis is significant since 236 

it binds to the substrate, and it is worth noting that 'thiol groups of cysteines' are typically found 237 

at active sites. This is consistent with prior studies29, where the catalytic cysteine in AmQNS is 238 

oxidized to sulfinic acid, showing that it has a higher nucleophilicity and is more vulnerable to 239 

oxidation30,31. Interestingly, molecular evolution also plays a crucial role in maintaining the 240 

active-site environment of type III PKS proteins. According to Liou et al.,31 CHSs from basal 241 

land plants (bryophytes, lycophytes, etc.) have fewer reactive catalytic cysteines than CHSs 242 

from higher plants. It is unclear whether these findings regarding the modulation of catalytic 243 

cysteine reactivity represents a general pattern in non-chalcone forming PKS family members 244 

too. However, AmQNS has a highly nucleophilic cysteine (Cys164) in the catalytic region, 245 

indicating that it might have evolved to have a high catalytic potential. 246 

The amino acid residues K268, A308, and N336 form polar contacts (the distance of 3.05Å, 247 

2.87Å, and 2.97Å, respectively) with the CoA molecule in substrate-bound AmQNS (Figure 248 

4B-D). The interaction with N-methyl anthraniloyl CoA (MANT-CoA) was also confirmed by 249 

the presence of 76 nonbonded interactions. One of these residues, N336, is a catalytic site,32 250 

and the interactions between all of these residues imply that the main substrate binding sites are 251 

in the phosphate region. Likewise, K55, L267, G305, and A308 establish hydrogen bonds (at 252 

distances of 2.51Å, 2.93Å, 3.11Å, and 3.06Å, respectively) in the CoASH (byproduct)-bound 253 

form (PDB ID: 6L7J, resolution 1.8, Supplementary Figure S7). K55 is located in the CoA-254 

binding tunnel at the entrance, and G305 has previously been reported to play a role in shaping 255 

the appropriate geometry of the active site pocket33 (Supplementary Figure S7A, B). 256 

Additionally, thermal disorder parameters might indicate conformational flexibility33, and we 257 

observed that ligand binding causes well-defined conformational changes in proteins, 258 

particularly in the β-turn region of AmQNS (residues K268-K269-D270). D270 is absolutely 259 

conserved in all aligned proteins, and K269 is mostly conserved (Figure 2A), however only 260 

AmQNS and CmACS maintain the K268. CmQNS has a K268 to S268 alteration, while other 261 

homologs have 'K268 to L268'. These regions are more flexible, and comparison studies 262 
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indicated conformational flexibility at the substrate-binding pocket entrance in AmQNS, which 263 

suggested hinge-like movement of the surface loop. This flexibility in the AmQNS enzyme 264 

structure provides a larger passageway for a substrate to enter the internal active binding site, 265 

which is more evident by the followed simulation experiments. 266 

Structural basis for AmQNS synthetic selectivity 267 

To gain insights into the reaction mechanism, followed by the structural elucidation, molecular 268 

simulation studies were used to investigate the mechanistic basis of AmQNS synthetic 269 

selectivity.  Here we examined if specific ligand-protein interactions can be mapped to 270 

characterize the enzyme's relative propensity to select an optimal number of intermediate ketide 271 

insertions. We calculated transition states for MANT-CoA binding to AmQNS and defined the 272 

three reaction steps (Figure 5) required for AmQNS-driven quinolone production. The first 273 

step entails a classic Sn2 thiol addition34,35, through which the MANT-CoA substrate binds to 274 

the catalytic C164. The second reaction depicts a ketide unit's concerted process from malonyl-275 

CoA inserts between the cysteine sulfur and the carbonyl carbon of the substrate enzyme 276 

complex. The third reaction is then a reverse substitution through which the substrate amine 277 

induces product ring closure, which restores the enzymatic cysteine (Figure 5A).  The chemical 278 

structure of MANT-CoA, its derivatives and products (quinolone/ acridones) are given in 279 

Supplementary Figure S8. The activation energy and enthalpy for each step of the reaction 280 

process are provided in Table 2.   281 

 282 

The multiple transition states36–39 for initial complexation between the substrate and enzyme 283 

were then demonstrated (Figure 5B). Transition states tend to be the portion of any reactive 284 

progression, where structural features have the most significant influence on kinetic properties 285 

for the subsequent reaction. In the particular case of MANT-CoA binding to the AmQNS active 286 

site, it is apparent that the substrate is a good fit for the enzyme, as there are minimal clashes 287 

that could either kinetically disfavour or completely abrogate the subsequent reaction. Several 288 

observations are made regarding areas on the substrate for which clash is so minimal that 289 

(theoretically) increased substrate bulk might reduce the activation barrier (i.e., improve 290 

reaction kinetics) through favourable van der Waals (vdW) or electrostatic interactions40–42 . 291 

The observation that the receptor is spacious around the aminomethyl substrate group led to the 292 

notion of experimentally investigating whether (computationally) the aminomethyl group could 293 

be productively modified as a chloro analog (somewhat bulkier in a potentially favourable 294 

manner). Notably, the red and blue receptor patches in the MANT aryl ring region are similarly 295 
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motivated to explore if a slightly more polar version of the substrate (with a pyridinyl ring, 296 

rather than benzyl) might produce kinetically favourable electrostatic complementarity. 297 

 298 

 299 

Figure 5: Three steps for AmQNS catalysis.  A) Chemical reaction scheme showing the 300 

substrate binding to the enzyme and subsequent product formation. B) Molecular models show 301 

different transition state for complexation between the substrate and enzyme. The effect of 302 

specific structural features (steric and electrostatics) on kinetic properties for the subsequent 303 

reaction (ketide insertion) is represented in the molecular model (‘#' and '*' markings convey 304 

that the receptor poses negligible clashes with the substrate during the first ketide insertion. 305 

Still, it should be noted that there is no significant excess of space available at positions '#' and 306 

'*' in the first insertion. Consequently, during the process of second and third ketide insertions, 307 

during which the reaction intermediate is growing, clashes would be expected at both positions 308 

'#' and '*.'). Transition steps can be better viewed in supplementary movies (S1-S3). 309 
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 310 

Notably, step 2 in the reaction sterics (Figure 5B) represents prospective receptor structural 311 

influences on the first ketide insertion kinetics. In this case, the transition state for this reaction 312 

is well accommodated by the receptor, which, in turn, corroborates the prior observation that 313 

AmQNS is a viable ‘enzymatic engine’ for promoting quinolone synthesis. Importantly, we 314 

propose that second and third ketide insertions may be somewhat less favored than the first 315 

insertion. Nonetheless, during the first insertion, there is no considerable excess of space 316 

available. As a result, clashes would be expected (in places '#' and '*') during the second and 317 

third ketide insertions, when the reaction intermediate is growing. These clashes may be 318 

somewhat defused with a ligand conformational shift that orients the ring slightly out of the 319 

plane of this graphic as the aryl ring begins to progress toward the narrow product exit channel, 320 

whose position is relatively well marked in the figure ('*').  In step 3, we see transitional 321 

interactions between the forming quinolone product and the receptor. It is interesting to note 322 

that although the receptor is not hugely antagonistic to product formation, it also does not seem 323 

ideally suited, as apparent in the steric clash between the enzymatic surface and the 324 

aminomethyl. This clash might be alleviated through a change of conformational twist (to 325 

reorient the aryl ring) that is essentially the same factor identified earlier in reaction step 2 as a 326 

requisite step for second or third ketide insertions. This has an exciting implication and, this 327 

means that although the analysis of step 2 has pointed firmly toward smaller quinolone product 328 

formation (compared to a larger acridone product), a kinetic hitch in the final step of quinolone 329 

formation may nullify this difference. We suggest that structural modifications to the AmQNS 330 

enzyme (e.g., potentially mutating Leu 263 into a smaller valine or alanine or removing the 331 

methylamine clash by mutating Ser 132 into a glycine) might favour both the quinolone and 332 

acridone product formation, potentially speeding the production of either while not necessarily 333 

affecting the relative ratios of quinolone and acridone product. In Table 2, we show the 334 

computed impacts of the two minor (chloro and pyridinyl) modifications to the MANT-CoA 335 

substrate.  Our data show that the substrate modifications appear to have only minor influence, 336 

and it is difficult to predict if either shift will produce a demonstrable improvement in reactive 337 

profile relative to unmodified MANT-CoA. Alternatively, we also suggest that AmQNS may 338 

support the catalytic a variety analogs to the standard biologically processed substrates, 339 

meaning that their synthetic chemistry can be extended from the production of novel natural 340 

product scaffolds to a related display chemical analogs. 341 

 342 
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Next, we report acridone-specific reaction steps (Figure 6A) and the second and third ketide 343 

insertions are predicted to be somewhat less favourable kinetically and thermodynamically 344 

compared to the first ketide insertion shown in figure 5. In contrast, the final acridone ring 345 

closure is expected to have a higher activation barrier than the quinolone product formation but 346 

a more favourable reaction enthalpy. Finally, we investigated whether AmQNS is better suited 347 

for quinolone or acridone production, and we propose that the key difference between the two 348 

reactions may be a matter of stoichiometric control, with an excess of malonyl-CoA favoring 349 

acridone and tight stoichiometry favoring quinolone. Furthermore, reducing steric bulk by 350 

altering Leu 263 or Ser 132 could enhance throughput of both products, indicating that specific 351 

amino acid changes could be used to impact enzymatic product selectivity. For instance, the 352 

previously studied12 AmQNS mutants MSD1 (double mutant, S132T/A133S) and MSD2 (triple 353 

mutant, S132T/A133S/V265F) had drastically narrowed active site cavities when compared to 354 

the wild-type AmQNS. MSD1 demonstrated chalcone-forming activity with p-coumaroyl-CoA 355 

like the typical chalcone synthase, whereas MSD2 did not12. Since none of the mutants prefer 356 

MANT-CoA as starter substrate, the two amino acid alterations S132T and A133S influenced 357 

the enzyme's substrate selectivity. 358 

 359 

 360 

 361 

 362 
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 363 

Figure 6:  AmQNS mediated synthetic diversity based on the structure conformations.  

A) Relative transition state (TS) and product enthalpies for various AmQNS reactions, relating 

to five distinct core substrates named in the legend (upper left; Cl-MANT refers to a 

chloromethyl analog to MANT; Pyr-MANT refers to a pyridinyl analog to MANT, with the 

heteroatomic N located para to the methylamine). Specific reaction state enthalpies are 

quantified for initial binding (R), specific polyketide insertions (k1, k2, k3) and product 

cleavages after 1st (P1) and third (P3) ketide insertions. B) Steric and electrostatic interactions 

between the AmQNS receptor (mesh) and MANT-CoA-based intermediates (spheres) for the 

ketide insertion (shown in left) and monoketide product forming (shown in the right) transition 

states. Steric effects relating to the bulky chlorine atom are represented as ‘@.’ ‘#’ indicating 

the hydrophobic pocket. C) Steric and conformational considerations of mono-ketide (yellow), 

di-ketide (pink) and tri-ketide (white) intermediates for the AmQNS catalytic generation of 

acridone from MANT-CoA substrate, as viewed from a cross-section of the whole receptor, the 

channel through which malonyl-CoA co=substrate enters, and the product release channel. 
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It is inherently challenging to fully characterize how type III polyketide quinolone synthases 364 

achieve such impressive synthetic diversity from relatively minor structural variations among 365 

different enzyme families. Here, we primarily focus on enzymatic steric and electrostatic 366 

selectivity for binding other core substrate units (e.g., relative favorability for specialized 367 

binding units such as coumaroyl-CoA, benzyl-CoA, acetyl-CoA, MANT-CoA, versus a 368 

universal capacity to malonyl-CoA as a substrate or co-substrate), and the amount of space 369 

available to accommodate larger numbers of incrementally inserted ketide units.  We 370 

determined quantum chemical transition states to compare the relative kinetic barriers43 and 371 

thermodynamic enthalpies44  for the initial complexation of MANT-CoA, benzyl-CoA, butyryl-372 

CoA and coumaroyl-CoA. Similar characterization was done, in the case of MANT-based 373 

reactions, for the first ketide insertion, the single-ketide quinolone product formation, the 374 

second and third ketide insertions, and the triple-ketide acridone product. 375 

 376 

 The initial complexation barrier showed little variation among primary substrates, implying 377 

that steric dependencies play a minor impact at this stage (Figure 6A). However, steric and 378 

electrostatics do appear to discriminate somewhat in the stability of the resulting bound 379 

intermediates. Specifically, the pyridinyl analog to MANT-CoA has less stabilization than the 380 

others because it places the slightly polar aryl nitrogen directly within a hydrophobic pocket 381 

delimited by Ile 254 and Pro 375 (‘#’ in Figure 6B). Simultaneously, the sole flexible substrate 382 

(butyryl-CoA) can conformationally adapt to this pocket in a stabilizing manner.  Proceeding 383 

from the mono-ketide intermediate (k1) to the monoketide product (P1) reflects minimal 384 

difference among the three analogs of MANT-CoA, with the exception that the chloromethyl 385 

compound has a higher barrier to ring closure, due to steric effects relating to the bulky chlorine 386 

atom.  387 

 388 

Next, in the Figure 6A, it showed the quantitative reaction profile of secondary and tertiary 389 

ketide insertions by which the monoketide intermediate may progress toward the acridone 390 

product (P3).  It is worth noting that these latter ketide insertions are predicted to have higher 391 

barriers (> 50 kcal/mol) than the first insertion (~40 kcal/mol).  From a computational 392 

perspective, this trend is rationalized by higher conformational strain evident in the di-ketide 393 

and tri-ketide units relative to the mono-ketide (Figure 5B), as opposed to issues relating to the 394 

approach of malonyl-CoA co-substrate (for which there is ample space, as shown in Figure 6C) 395 

or the situation of the MANT group (Figure 5B).  Based on this, we propose that AmQNS 396 
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structurally favours the smaller quinolone product's production and might thus only produce 397 

acridone under conditions of significant malonyl-CoA concentration.   398 

 399 

In the future, we will compare analyses for non-MANT substrates. Furthermore, the specific 400 

structures available for each of the five (for quinolone) transition states or five (for acridone) 401 

reaction steps may be rigorously evaluated to determine which ligand-receptor amino acid 402 

contacts are favourable or unfavourable. Also, determine what sorts of mutations could be 403 

proposed to significantly alter favourability in a manner that could influence existing AmQNS 404 

enzymatic activity and potentially engineer product specificity 405 

 406 

 407 

Materials and Methods 408 

Homolog identification and phylogenetic analysis.  409 

To identify the potential homologs for AmQNS, complete predicted proteome sequences were 410 

retrieved from JGI (http://genome.jgi.doe.gov) and NCBI GeneBank 411 

(https://ncbi.nlm.nih.gov/). The Marine Microbial Eukaryote Transcriptome Sequencing 412 

Project database (MMETSP)45 were also used to predict the homologs. The Arabidopsis 413 

thaliana chalcone synthase (AT5G13930) reference amino acid sequence was used as a query 414 

to search of all potential homologs using the Hidden Markov model (HMM)-based tool 415 

jackhammer46. Evolutionary genealogy of genes: Non-supervised Orthologous Groups 416 

(eggNOG) mapper was used for hierarchical resolution of orthology assignments47. Finally, the 417 

SMART and Pfam databases were employed to identify conserved domains present in type III 418 

PKS from different organisms48,49, both SMART and Pfam databases were merged, and 419 

redundant domains were filtered-out and the Hidden Markov model (HMM)-based tool 420 

hmmscan (https://github.com/EddyRivasLab/hmmer). Only sequences with the catalytic or 421 

conserved domain of the references were retained. The identified homologs and the respective 422 

details are given in the supplementary table S1. All identified homologs were aligned using 423 

MAFFT50 and ambiguously aligned regions were excluded for further analysis using trimAl 424 

software51. Alignments were tested using ProtTest v352 to choose an appropriate model for 425 

nucleotide substitution. Two separated Maximum likelihood (ML) phylogenetic trees were 426 

computed using RAxML-NG53 and IQ-TREE254. ML analyses were performed using 1000 427 

bootstrap replicates. The supporting values from both software were noted on the ML-unrooted 428 

tree.  429 
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Large-scale AmQNS Expression and Purification 430 

The QNS gene from ‘A. marmelos’ was cloned into pET32b as explained by Resmi et al., 431 

201312. Transformed Escherichia coli BL21(DE3) cells were incubated at 37°C in Luria-432 

Bertani (LB) medium containing ampicillin (100 g/ml) until they reached the exponential phase 433 

of growth (OD600 0.6). Isopropyl 1-thio—D-galactopyranoside (IPTG, 400 mM) was 434 

employed to induce AmQNS expression, and the cells were further incubated at 28°C for 5-6 435 

hours. At 4°C, all phases of protein purification were carried out. The pellet was resuspended 436 

in KPO4 buffer (50 MM, pH 8) containing NaCl (0.1 M), imidazole (40 mM), and lysozyme 437 

(750 μg/ml) after centrifugation (5000 g, 30 minutes, 4°C). The lysate was sonicated 438 

(amplitude: 35%, 3 seconds on, 5 seconds off, 30 minutes) on ice after being incubated for half 439 

an hour on ice. The lysate was then centrifuged (10,000 g, 60 minutes) and the supernatant was 440 

then loaded to a Ni-NTA (nickel-nitrilotriacetic acid) affinity column equilibrated with KPO4 441 

buffer (50 mM, pH 7.9) containing NaCl (0.5M) and imidazole (40 mM). In the resuspended 442 

condition, the system was allowed to bind at 4°C (1-2 hours). The recombinant protein was 443 

eluted in 15 mM KPO4 (pH 7.5) buffer containing 500 mM NaCl, 500 MM imidazole, and 10% 444 

glycerol after a lengthy wash of the column with the same equilibration buffer (10 column 445 

volumes). Purified recombinant AmQNS (61 kDa) fractions (containing an N-terminal Trx-S-446 

His fusion tag) were concentrated (Amicon-Ultra centrifugal filters, 10 kDa cut-off) and 447 

overnight enterokinase cleavage was performed to remove the fusion tag1. Size exclusion 448 

chromatography on a Superdex 200HR (10/100 GL) column (GE Healthcare) in HEPES-NaOH 449 

buffer (20 mM, pH 7.5) containing NaCl (100 mM) and dithiothreitol was used to further purify 450 

the AmQNS protein solution to homogeneity (a monomeric molecular weight of 43 kDa) (DTT, 451 

2 mM). The purified AmQNS fractions were further concentrated to 20 mg/ml in the same 452 

HEPES. SDS-PAGE was used for qualitative analysis, and the quantity was also calculated 453 

using the NanoDropTM1000 spectrophotometer (Thermo Scientific, Wilmington, DE) at an 454 

optical density (OD) ratio of 260/280 (and default protein absorbance values for 0.1%. i.e., 1 455 

mg/mL). MALDI TOF MS analysis was used to determine the protein's homogeneity and mass 456 

accuracy. The monomeric molecular weight of the resulting protein was 43 kDa, which was 457 

consistent with the expected molecular mass of 43.8 Da (the calculated molecular mass of 458 

AmQNS is 42.8 kDa, with the inclusion of approximately 10 amino acid residues from the 459 

vector causing the change in molecular mass). The molecular weight of the purified protein 460 

obtained by MALDI is 43.9 kDa (data not shown) and corresponds roughly to the expected 461 

molecular weight of the full-length polypeptide chain. 462 

 463 
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AmQNS Crystallization by microbatch method. 464 

Diffraction quality crystals were obtained in both native and substrate bound forms and 465 

optimized the conditions. AmQNS could produce a good diffraction quality crystal which 466 

diffracted up to 1.85 Å (H32 space group), when using 1:1 drop ratio by using 2 µL of protein 467 

and 2 µL of precipitant (0.1 M HEPES 7.5, 1.4M Sodium citrate tribasic; Index 20 of Hamptons 468 

research screen) with additives (0.1M Magnesium chloride hexahydrate or 0.1M Cadmium 469 

chloride hydrate). Co-crystallization trials were performed in presence of its favourable CoA 470 

substrates ‘N-methyl anthraniloyl CoA (MANT-CoA)’. Solutions containing the substrate was 471 

directly added to the concentrated protein solution to a final concentration of ~2mM and 472 

incubated in ice for an hour prior to crystallization experiments.  Co-crystallization studies were 473 

conducted by microbatch method. Diffraction quality of these crystals was also optimized 474 

wherever necessary by adding additives, varying drop sizes and protein/precipitant 475 

concentrations. The crystals appeared within a span of 2-3 weeks with approximate dimensions 476 

of 0.1 mm X 0.1 mm X 0.1 mm. Soaking experiments were also conducted in addition to co-477 

crystallization experiment. Soaking native crystals with substrates is often the method to obtain 478 

crystals of protein–ligand complexes. Here, AmQNS native crystal was soaked (30 minutes) in 479 

ligand solution, which was prepared in the same crystallization condition. I.e., 2mM N-480 

methylanthraniloyl-CoA was used for AmQNS-substrate soaking experiments (Index 20+0.1M 481 

Cadmium chloride hydrate). We could also get the byproduct (CoASH) bound AmQNS 482 

crystals. After proper incubation, crystal was picked with a nylon loop, flash frozen in liquid 483 

nitrogen and data were collected.  484 

 485 

X-ray Data Collection, processing, and Refinement 486 

After obtaining diffraction-quality crystals, the crystals were cryoprotected (20% glycerol in 487 

condition buffer/crystallization solution) by plunging them into liquid nitrogen using a fine-488 

gauge wire micro loop. Data from the native and CoASH bound crystals belonging to the space 489 

group H32 were collected at the Molecular Biophysics Unit (IISc, Bangalore) using a MAR 490 

345 image-plate detector mounted on a Bruker MICROSTAR ULTRA II Cu Kα rotating anode 491 

X-ray generator (wavelength of 1.54179 Å). For collecting the high-resolution data, the spacing 492 

between the protein crystal and the detector was adjusted to 200 mm. All data were collected at 493 

100 K. Data collection statistics are given in Table S1. iMosflm was used to process the 494 

diffraction images55, and data were merged using SCALA56  in the CCP457. The intensity data 495 

were converted into structure-factor amplitudes using TRUNCATE in the CCP458,59. 496 
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Further, structures were solved by the molecular replacement method at 1.85Ǻ, 2.35Ǻ for the 497 

H32 space groups. The structure of AmQNS co-crystallized with N-methylanthraniloyl-CoA 498 

was solved at a resolution of 2.35 Ǻ. PHASER60 in the CCP4 suite57 was used for molecular 499 

replacement by employing the structure of the acridone synthase from Citrus microcarpa (PDB 500 

ID: WD7; identity-93%) as the search model15. The solutions obtained from molecular 501 

replacement were subsequently refined using REFMAC561, along with multiple rounds of 502 

manual model building using COOT v0.7.162,63. Addition of the ligands and water atoms was 503 

performed by PRODRG64. The possibility of alternate ligand conformations was also evaluated 504 

before finalizing the ligand fitting. The final refinement of the native structures was performed 505 

in PHENIX65. Images of the protein structures were generated using PyMOL Licenced 506 

academic version66. The refined models were validated by PROCHECK67 and the 507 

MOLPROBITY68. All structural models were manually built, refined, and rebuilt with 508 

REFMAC5/PHENIX and COOT. 509 

Structural Analysis 510 

The refined protein structures were evaluated using MolProbity with the Phoenix server and 511 

wwPDB server69. Structural alignments were performed in ALIGN (Pymol66) and mTM-512 

align70. The sequence-structure conservation patterns were analysed using ESPript and 513 

ENDscript 2.024. The neighbour-joining method71 was used to construct a structural phylogram. 514 

2F0-Fc maps were calculated in CCP4 v7.0 using the 'fft' module, and the maps were visualized 515 

in PyMOL using the command line option (contoured at 1.0 sigma around the selection site 516 

within 1.6 Å of the selected atoms). The electrostatic properties of AmQNS were calculated 517 

using APBS using the PyMOL plugin. PDB2PQR Version 2.0.072 was used to convert the PDB 518 

files into PQR files. To obtain the detailed characteristic features of the surface pockets and 519 

interior voids of AmQNS, CASTp (Computed Atlas of the Surface Topography of Proteins) 520 

was used73. The default probe radius was used (1.4 Å). The protein secondary structure and 521 

protein‐ligand interactions (determined using LIGPLOT) were analysed using PDBsum 522 

(www.ebi.ac.uk/pdbsum) 74.  The relative position of functional and structural importance 523 

among the protein homolog sequence sites was estimated using Evolutionary Trace (ET; 524 

http://evolution.lichtargelab.org/). All figures were prepared using PyMOL v2.4.166. 525 

Surface Plasmon Resonance (SPR) based assays 526 

AmQNS immobilization on sensor chip 527 

ProteOn ‘GLM’ chip was used for the SPR interaction studies where AmQNS could give good 528 

response (L3 - 9962 RU, L4 - ~7000) on immobilization (Supplementary Figure S2). Here, 529 
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amine coupling works where the amine groups present in the AmQNS covalently bind to 530 

chemically activated carboxyl groups of the dextran molecules. Channel L3 and L4 were used 531 

for immobilization of protein while L2 was used as reference. The extent of non-specific 532 

interactions was eliminated or reduced by optimizing the buffer conditions. Furthermore, ligand 533 

stability on the GLM biosensor over time was checked over a period of 30 days and was found 534 

that it is active, by resulting in quantifiable interactions. This demonstrates that the AmQNS 535 

immobilization onto the GLM sensor surface does not limit the functionality, confirming the 536 

use of this SPR label-free technology to study its interaction pattern with different acyl-CoA 537 

substrates. N-methylanthraniloyl-CoA was purchased from TransMIT (Plant MetaChem, 538 

www.plantmetachem.com), whereas all other substrates were purchased from Sigma-Aldrich 539 

(www.sigmaaldrich.com)  540 

Binding kinetics studies of AmQNS with different substrates 541 

All binding studies were performed at 30°C in ProteOn XPR array system75. The SPR based 542 

system measures the changes in refractive index to investigate the direct interaction between 543 

AmQNS and different CoA substrates. The analytes (substrates) were injected over the surface 544 

of the chip and any binding between the two resulted in the change in surface mass, which is 545 

recorded, and measures as a change in refractive index.  In our experiments, AmQNS was 546 

captured on the surface of the GLM sensor chip and used to screen the preferred substrates 547 

(acyl-CoA’s) in the presence and absence of malonyl-CoA. We could not find any interaction 548 

in the absence of malonyl-CoA, and it was quite interesting to note that the binding modes of 549 

these CoA substrates to AmQNS are influenced by the presence of the malonyl-CoA, which is 550 

the extender during the biochemical reaction of polyketide formation. Sensogram prepared by 551 

processing the data (after subtraction of L2 responses (reference channel). Baseline drift due to 552 

the bulk refractive index change, non-specific binding, matrix effects and injection noise were 553 

also corrected using the reference spots. Further, the responses obtained from the AmQNS-554 

small molecular interactions at different concentrations were fitted using the Langmuir 1:1 555 

biomolecular interaction model using the ProteOn Manager software version 3.1.0.6 (Bio-Rad, 556 

USA). Equilibrium dissociation constants (KD) were calculated from the ratio of the association 557 

and dissociation rates. 558 

Molecular simulation studies  559 

The AmQNS polyketide synthase active site structural model was constructed from an AmQNS 560 

crystallographic model (PDB ID: 6L5U) in PyMol76 as the set of all amino acids with at least 561 
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one atom residing within 12.0 Å of the catalytic Cysteine (C164). Peripheral peptide chain 562 

termini were neutralized by simple protonation to neutral amine and aldehyde structures. 563 

Specific ligands (MANT-CoA and malonyl-CoA) were constructed in situ using PyMol by 564 

referring to the -EthSH group of the co-crystallized CoASH ligand. For computational 565 

efficiency, the bulk of the conserved CoA moiety (i.e., all except for those mentioned above -566 

EthSH moiety) was removed from each ligand. Transition state calculations were performed 567 

using MOPAC 2016 77, via the PM7 parametrization 78,79. Due to the exceptional complexity in 568 

the potential energy surface (PES)80,81, it was necessary to manually perform transition states 569 

by employing constraints to implement a stepwise approach between reacting atoms.  570 

We also calculated transition states for MANT-CoA binding to AmQNS. An initial step size of 571 

0.4 Å was used for the initial (distant) ligand approach until the approaching atoms were within 572 

1.0 Å of the expected covalent distance. A step size of 0.1 Å was employed to capture subtle 573 

structural and energetic effects. All receptor backbone atoms were held rigid to prevent spurious 574 

peripheral conformational shifts from quantitatively overwhelming covalent energetics, as were 575 

all side chains except those participating directly in enzyme reaction function. In addition, we 576 

also determined quantum chemical transition states to compare the relative kinetic barriers and 577 

thermodynamic enthalpies for the initial complexation of MANT-CoA, benzyl-CoA, butyryl-578 

CoA and coumaroyl-CoA. 579 

 580 

Accession codes. Coordinates and structure factors for the above mentioned AmQNS structures 581 

have been deposited in the Protein Data Bank (accession codes: 6L5U, 6L7J and, 7CCT). 582 
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Table S1. Crystallization, data collection and refinement statistics of different crystal forms 

obtained for native, substrate and CoASH bound AmQNS. 

 Native (6L5U) CoASH (6L7J) Substrate bound (7CCT) 

Condition 0.1 HEPES (pH-
7.5), 1.4 M 

sodium citrate 

tribasic dihydrate 

0.1 HEPES (pH-
7.5), 1.4 M 

sodium citrate 

tribasic 
dihydrate 

0.1 HEPES (pH-7.5), 1.4 M 
sodium citrate tribasic dihydrate 

+2mM N-methylanthraniloyl-

CoA (soacked) 

Additive 0.1M magnesium 

chloride 

hexahydrate 

0.1M BaCl2 0.1M Cadmium chloride hydrate 

Protein 

concentration 

(mg/ml) 

10  10  10  

Cryoprotectant  20% glycerol 20% glycerol - 

Space group H32 H32 H32 

Number of 

molecules/ASU 
1 monomer 1 monomer 1 monomer 

Unit cell dimensions 

a (in Å) 

b (in Å) 
c (in Å) 

α  (in degrees) 

β  (in degrees) 
γ  (in degrees) 

 

149.84 

149.84 
105.49 

90 

90 
120 

 

150.86 

150.86 
105.61 

90 

90 
120 

 

148.84 
148.84 
105.34 
90.00 
 90.00 
120.00 

Resolution (Last 

shell) 
40.93-1.85  
(1.95-1.85) 

35.23-1.80  
(1.92-1.82) 

48.76 -2.35 (2.41-2.35) 

Completeness (%) 99.1 (100) 99.3 (100) 96.24 

<I/σ (I)>  9.9 (1.79) 14.0 (3.42) 8.5 (2.00) 

R merge (%)    13.3 (100) 14.0 (91.7) - 

Multiplicity 11.1 (10.3) 8.0 (7.4) - 

R-factor (%) 18.1 16.3 16.2 

R-free (%) 21.6 18.9 23.9 

RMS deviations 

from ideal values 

Bond length (Å)   

Bond angle (°) 

 

0.37 
0.56 

 

0.77 
0.85 

 

0.29 
0.40 

Residues (%) in 

Ramachandran plot  

Most favoured 

regions      [A,B,L]           

Additional allowed 
regions [a,b,l,p]  

Generously allowed 

regions[~a,~b,~l,~p]       

Disallowed regions  
[XX]               

 

92.6% 
7.1% 

0.3% 

0 

 

92% 
7.6% 

0.3% 

0 

 

94.0% 
5.0% 

- 

1% 
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Table S2:  MANT quinolone and acridone kinetics
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