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Abstract 1 

De novo fatty acid biosynthesis in humans is accomplished by a multidomain 2 

protein, the type I fatty acid synthase (FAS). Although ubiquitously expressed 3 

in all tissues, fatty acid synthesis is not essential in normal healthy cells due to 4 

sufficient supply with fatty acids by the diet. However, FAS is overexpressed 5 

in cancer cells and correlates with tumor malignancy, which makes FAS an 6 

attractive selective therapeutic target in tumorigenesis. Herein, we present a 7 

crystal structure of the condensing part of murine FAS, highly homologous to 8 

human FAS, with octanoyl moieties covalently bound to the transferase (MAT) 9 

and the condensation (KS) domain. The MAT domain binds the octanoyl 10 

moiety in a novel (unique) conformation, which reflects the pronounced 11 

conformational dynamics of the substrate binding site responsible for the MAT 12 

substrate promiscuity. In contrast, the KS binding pocket just subtly adapts to 13 

the octanoyl moiety upon substrate binding. Besides the rigid domain 14 

structure, we found a positive cooperative effect in the substrate binding of the 15 

KS domain by a comprehensive enzyme kinetic study. These structural and 16 

mechanistic findings contribute significantly to our understanding of the mode 17 

of action of FAS and may guide future rational inhibitor designs. 18 

19 
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Highlights 20 

• The X-ray structure of the KS-MAT didomain of murine type I FAS is 21 

presented in an octanoyl-bound state.  22 

• Multiple conformations of the MAT domain and a dynamic active site 23 

pocket explain substrate promiscuity. 24 

• The rigid domain structure and minor structural changes upon acylation 25 

are in line with the strict substrate specificity of the KS domain. 26 

• Enzyme kinetics reveals cooperativity in the KS-mediated 27 

transacylation step. 28 
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Introduction 39 

 Fatty acids are essential molecules in most living cells, serving as key 40 

compounds of cell membranes, as energy supply in the metabolism, as 41 

secondary messengers in signaling pathways or as covalent modifications to 42 

recruit proteins to membranes. They can either be obtained directly from the 43 

diet or are synthesized de novo by fatty acid synthases (FASs) from simple 44 

building blocks in repeating cyclic reactions. Although the chemistry of fatty 45 

acid synthesis is largely conserved across all kingdoms of life, the structural 46 

organization of the participating enzymes differs dramatically. FAS complexes 47 

occurring in plants, bacteria and in mitochondria, known as the type II, 48 

perform biosynthesis by a series of monofunctional separate enzymes (Beld 49 

et al., 2015; Chen et al., 2018; White et al., 2005). In contrast, the CMN group 50 

bacteria (Corynebacterium, Mycobacterium, and Nocardia), fungi and higher 51 

eukaryotes utilize type I FASs that integrate all enzymatic functions into large 52 

macromolecular assemblies (Grininger, 2014; Heil et al., 2019; Herbst et al., 53 

2018; Maier et al., 2010). Fungal and CMN-bacterial FASs form up to 2.7-54 

MDa α6β6-heterododecameric barrel-like structures (Boehringer et al., 2013; 55 

Elad et al., 2018; Johansson et al., 2008; Leibundgut et al., 2007; Lomakin et 56 

al., 2007). The animal FASs, including human FAS, emerge from a separate 57 

evolutionary development and consist of two polypeptide chains assembling 58 

into a 540-kDa intertwined “X-shaped” homodimer (Maier et al., 2008).  59 

 In animals, including human beings, fatty acid biosynthesis 60 

commences with the transfer of an acetyl moiety from acetyl-coenzyme A 61 

(CoA) to the terminal thiol of the phosphopantetheine arm of the acyl carrier 62 

protein (ACP) domain catalyzed by the malonyl-/acetyltransferase (MAT) 63 
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domain (Figure 1A) (Smith and Tsai, 2007). After being passed on to the 64 

active site cysteine of the β-ketoacyl synthase (KS) domain, a malonyl moiety 65 

is loaded on the free ACP domain in a second MAT-mediated transfer 66 

reaction. Upon delivery of the malonyl moiety, the KS domain catalyzes a 67 

decarboxylative Claisen condensation reaction in which the KS-bound acetyl 68 

and the ACP-bound malonyl moieties combine to an ACP-bound β-ketoacyl 69 

intermediate. Subsequently, the β-keto group is sequentially modified by three 70 

processing domains, the ketoreductase (KR), the dehydratase (DH) and the 71 

enoylreductase (ER) using NADPH as a reducing agent. Typically, fatty acid 72 

synthesis runs seven cycles to deliver a fully reduced ACP-bound acyl chain 73 

of 16 carbon atoms, which is eventually released as palmitic acid by 74 

hydrolysis via the thioesterase (TE) domain (Figure 1A). 75 

 The key domains in fatty acid synthesis are MAT, KS and ACP, 76 

responsible for the selection of substrates, C-C bond formation and substrate 77 

shuttling, respectively (Figure 1B). The MAT domain of murine type I FAS 78 

shows broad substrate specificity and facilitates the synthesis of methyl-79 

branched, odd numbered and functionalized fatty acids by alternative 80 

substrate selection (Buckner et al., 1978; Rittner et al., 2019; Rittner et al., 81 

2018; Smith and Stern, 1983). On the contrary, the KS domain possesses a 82 

strict specificity for saturated acyl moieties with a low acceptance of β-keto 83 

groups to guarantee biosynthesis of saturated fatty acids in vivo (Witkowski et 84 

al., 1997). The ACP domain is loaded by the MAT and ACP does not impose 85 

substrate specificity in this step. However, the interaction of ACP with other 86 

domains is necessary for the progress of synthesis and the specificity of this 87 
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interaction can affect the product formation (Dodge et al., 2019; Rossini et al., 88 

2018; Sztain et al., 2019). 89 

Although FASs are ubiquitously expressed in all tissues, de novo 90 

biosynthesis of fatty acids occurs at low levels as the demand is usually met 91 

by the diet (Semenkovich et al., 1995; Uhlén et al., 2015). Despite adequate 92 

nutritional lipid supply, the FAS gene is overexpressed under pathological 93 

conditions, being associated with diseases like diabetes, obesity and cancer, 94 

and upregulation of FAS correlates with tumor malignancy (Gansler et al., 95 

1997; Khandekar et al., 2011; Kuhajda, 2006; Menendez et al., 2009; Nguyen 96 

et al., 2010; Rashid et al., 1997). FAS has emerged as a very promising 97 

therapeutic target in tumorigenesis, because pharmacological FAS inhibitors 98 

induce tumor cell death by apoptosis whereas normal cells are resistant 99 

(Pandey et al., 2012). To date, several inhibitors, like cerulenin, GSK2194069 100 

and orlistat, have been identified or developed that target the KS, KR and TE 101 

domain, respectively (Hardwicke et al., 2014; Pandey et al., 2012; Pemble et 102 

al., 2007). Remarkably, the compound TVB-2640 recently entered phase 2 103 

clinical trials showing promising results in combinatorial anti-cancer therapies 104 

(Buckley et al., 2017; Dean et al., 2016).  105 

  Herein, we report the crystal structure of the murine KS-MAT didomain 106 

at 2.7 Å resolution with octanoyl moieties covalently bound in the KS and the 107 

MAT active sites. By comparison with structures of domains in apo-form as 108 

well as with the malonyl-bound MAT domain, we analyze structure-function 109 

relationships and correlate the conformational variability of the individual 110 

domains with their substrate specificities. Furthermore, by applying a 111 

continuous fluorometric assay, we reveal detailed mechanistic insight into the 112 
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cooperative behavior of the KS-mediated transacylation reaction. The results 113 

of this study provide new insights into the key processes of substrate loading 114 

and condensation in fatty acid synthesis and foster the development and 115 

optimization of inhibitors with potential antineoplastic properties. 116 

117 
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Results 118 

Crystal structure of the KS-MAT didomain with bound octanoyl moieties 119 

In order to gain structural insights into the molecular basis for the substrate 120 

ambiguity of the MAT domain and the strict substrate specificity of the KS 121 

domain of murine type I FAS, we aimed at trapping both KS and MAT 122 

domains in the octanoyl-bound enzyme state. Following an established 123 

protocol (Rittner et al., 2018), the purified murine KS-MAT didomain, sharing 124 

87 % sequence identity to the condensing part of human FAS (Pappenberger 125 

et al., 2010), was crystallized and crystals were soaked with octanoyl-CoA 126 

(Figure S1). X-ray diffraction data were collected to a resolution of 2.7 Å, and 127 

the resulting structural model refined to R/Rfree of 0.18/0.23 (Table 1). The 128 

asymmetric unit contains four polypeptide chains (A-D) arranged as two 129 

biological dimers interacting via the cleft between the KS and the linker 130 

domain (LD) (Figure 2A). In all four chains, the KS domain is modified with an 131 

octanoyl moiety yielding the octanoyl-enzyme covalent complex. Furthermore, 132 

in one polypeptide chain (chain D), an octanoyl group is covalently bound to 133 

S581 of the MAT domain and an additional octanoyl-CoA is non-covalently 134 

trapped in the MAT binding tunnel (Figure 2B). This finding confirms previous 135 

data showing that octanoyl-CoA can prime murine type I fatty acid synthesis 136 

and that the MAT domain can catalyze the transfer of octanoyl moieties 137 

(Rittner et al., 2019; Rittner et al., 2018). 138 

139 
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General description of the octanoyl-bound MAT domain 140 

 The MAT domain engages fatty acid synthesis in selecting the CoA-141 

ester substrates for product assembly. It is located at the edge of the 142 

condensing part of animal FAS and inserted into the KS fold via the linker 143 

domain (LD). The exposed position and the utilization of only 8.4 % of the 144 

solvent-accessible area for domain-domain interactions reflect a high 145 

structural independence from the FAS fold. The substrate-binding pocket is 146 

formed by a cleft between the α/β-hydrolase and the ferredoxin-like 147 

subdomains and extends to the active site located in the center of the domain. 148 

The function of the MAT domain is to shuttle acyl moieties via the active 149 

serine between CoA-ester substrates and the ACP domain following a ping-150 

pong bi-bi mechanism. The catalytic key residues S581 and H683 form a 151 

catalytic dyad with S581 acting as nucleophile and H683 serving in acid-base 152 

catalysis (Paiva et al., 2018). The nucleophilicity of S581 is enhanced by a 153 

helix dipole-moment due to its positioning within a strand-turn-helix motif 154 

termed the nucleophilic elbow (Hol, 1985). A key residue for the bifunctional 155 

role of MAT is R606 located in helix 7, which interacts with the carboxylic 156 

group of extender substrates. The absence of the guanidinium group leads to 157 

altered substrate specificity (Rangan and Smith, 1997; Rittner et al., 2018).  158 

 Upon soaking protein crystals with octanoyl-CoA, we found that S581 159 

in chain D is covalently modified with an octanoyl moiety and, furthermore, a 160 

molecule octanoyl-CoA is non-covalently attached to the substrate binding 161 

pocket (Figure 2B). The placement of both ligands was based on the feature-162 

enhanced map (FEM) and later validated by a Polder map (Figure S2) 163 

(Afonine et al., 2015; Liebschner et al., 2017). The octanoyl chain of octanoyl-164 
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S581 is located in a tunnel between the two subdomains created between 165 

residues P640, F682, V740 and P742 and extends to the protein’s surface 166 

(Figure 2C). The octanoyl group of octanoyl-CoA points towards helix 10 of 167 

the α/β-hydrolase fold in a substrate binding pocket between the subdomains 168 

created by residues I610, L615, L680, A681, F682, H683, F686 and L739. 169 

Rangan and Smith (1997) reported that the R606A variant from rat FAS 170 

showed increased turnover rates for the transfer of octanoyl moieties (Rangan 171 

and Smith, 1997). Based on this, Bunkoczi and co-workers (Bunkoczi et al., 172 

2009) placed a decanoyl chain in the human R606A-mutated MAT binding 173 

site by a simulated docking experiment and concluded that space for longer 174 

acyl chains is created in the mutant due to the absence of the side chain of 175 

residue R606. In our structure, the positions of the octanoyl chains are slightly 176 

different to that of the computationally docked decanoyl chain. Upon binding 177 

the octanoyl chain, the side chains of residues R606 and L680 rotate to form 178 

an extended binding cavity that can accommodate the larger substrate. This 179 

feature is likely responsible for the high transacylation rate of murine MAT for 180 

octanoyl moieties and may not be present in rat MAT according to docking 181 

data (Bunkoczi et al., 2009). Again deviating from rat FAS data (Rangan and 182 

Smith, 1997), the murine MAT loses the capability for efficient transacylation 183 

of the octanoyl moiety upon mutation of R606 to alanine (Table 2).  184 

 Intriguingly, in the MAT-octanoyl-CoA complex, the nucleobase of 185 

octanoyl-CoA is bound at a specific position between the two subdomains 186 

with the adenine stacked between side chains of F671 and R773. Besides the 187 

well-known π-stacking between aromatic rings, also π-cation interactions 188 

between arginines and aromatic rings are known (Flocco and Mowbray, 189 
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1994). Additionally, two hydrogen bonds are formed between amines of the 190 

purine ring to both the side chain hydroxyl group of T648 and the backbone 191 

carbonyl group of D647. 192 

 193 

Implications on MAT subdomain dynamics from crystal structures 194 

 Variations in the relative positioning of the ferredoxin-like subdomain 195 

were reported in previous crystal structures, but a correlation of subdomain 196 

mobility to the substrate ambiguity of the domain could not yet be drawn. In 197 

chain D of MAT-octanoyl-CoA complex, the MAT domain was found in a 198 

unique conformational state. Keeping the α/β-hydrolase part of the domain 199 

(backbone atoms (BB) of D488–D611 and D685-D806) as a reference, a 200 

superposition was performed with the apo-structure in chain A, the malonyl-201 

bound structure (PDB code 5my0; chain D) and the human KS-MAT (PDB 202 

code 3hhd; chain A). The α/β hydrolase domain superimposes very well in all 203 

the four models with RMSDs (BB) to the MAT-octanoyl-CoA complex of 0.6 204 

(Chain A), 0.8 (Malonyl-bound chain D), and 0.6 (human chain D) Å, 205 

respectively (Figure 3A). Largest differences are found in the relative 206 

positioning of the ferredoxin-like subdomain with local shifts of up to 7.3 Å 207 

between corresponding residues. As also the ferredoxin-like subdomains (BB 208 

of 618–674) of all four models themselves superimpose well with RMSDs 209 

(BB) between 0.4-0.8 Å, these results clearly illustrate that the ferredoxin-like 210 

subdomain describes a rigid-body movement. 211 

When the static X-ray structural information is subjected to a TLS 212 

(Translation, Libration and Screw) refinement, the derived anisotropic 213 

displacement parameters imply a rotational movement describing the opening 214 

.CC-BY-NC 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 28, 2019. ; https://doi.org/10.1101/747683doi: bioRxiv preprint 

https://doi.org/10.1101/747683
http://creativecommons.org/licenses/by-nc/4.0/


12 

and closing of the active site cleft to allow binding of diverse substrates 215 

(Figure S5) (Winn et al., 2001). In order to determine residues contributing 216 

most to the positional variability of the ferredoxin-like and the α/β-hydrolase 217 

subdomains, we plotted main-chain torsion angles φ and ψ (Ramachandran 218 

plot) for the MAT domains of the various structural models. The plot identifies 219 

residues A613 and H614 as well as H683 and S684 as undergoing significant 220 

changes in main-chain torsion angles (Figure S4). Both sites are the hinges of 221 

two subdomain linkers, termed SDL1 (612-617) and SDL2 (675-684), allowing 222 

movements of SDL1 and SDL2 of about 7.3 Å and 5.1 Å, respectively (Figure 223 

S3A). The positional and conformational variability of the subdomain linkers 224 

allows changes in the relative orientation of the subdomains and in the 225 

geometry of the active site cleft for the accommodation of chemically and 226 

structurally diverse CoA esters (Rittner et al., 2018) (Figure 3B).  227 

In addition to the overall dynamics of the MAT fold, the residue R606, 228 

responsible for holding the carboxyl group of extender substrates, shows high 229 

positional variability in the MAT structural models. The high degree of 230 

rotational freedom of the side chain originates likely from the specific property 231 

of animal MAT in featuring a phenylalanine at a position (F553, murine MAT 232 

numbering), which is otherwise occupied by a conserved glutamine. As shown 233 

previously, F553 significantly diminishes the coordination of the R606 side 234 

chain by hydrogen-bonding (Rittner et al., 2018). In the octanoyl-bound 235 

structure, we could identify a third rotameric state of R606, in addition to the 236 

ones found in apo- and malonyl-bound state (Figure S6), which demonstrates 237 

that the adaptation of the domain to different substrates is closely connected 238 

to the rotational variability of this residue. 239 

.CC-BY-NC 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 28, 2019. ; https://doi.org/10.1101/747683doi: bioRxiv preprint 

https://doi.org/10.1101/747683
http://creativecommons.org/licenses/by-nc/4.0/


13 

Structure of the KS domain in an acylated state 240 

 The KS domain forms dimers in type I FAS systems, and contributes 241 

the largest area (about 2580 Å2; see Table S1 for more information) to the 242 

overall dimerization interface of animal FAS. The KS domain belongs to the 243 

thiolase-superfamily and exhibits the characteristic topology of alternating 244 

layers of α-helices and β-sheets (called α/β/α/β/α sandwich motif) (Figure 245 

4A). A small vestibule in lateral orientation to the two-fold axis of the 246 

condensing part forms the entry to the active site, which is comprised of the 247 

active cysteine (C161) as well as two histidine (H293, H331) residues, termed 248 

the catalytic triad. The substrate binding tunnel further extends towards the 249 

dimer interface, where it merges with the tunnel of the protomer at the two-250 

fold axis (Figure 4B). 251 

 Overall all the four polypeptide chains of the asymmetric unit align very 252 

well onto one another when a KS domain based superposition is performed 253 

(RMSDs (BB) of about 0.20-0.25 Å over the residue ranges 1–407 and 824–254 

852) (Figure 4C). All four active sites in the KS domains are modified with 255 

octanoyl moieties at residue C161. The position and conformation of all active 256 

site residues are essentially identical. Only the bound octanoyl chain shows 257 

positional variability in the terminal carbon atoms due to an unconstrained 258 

rotational freedom of the single bonds. Taking also into account the overall 259 

low B-factors observed in the KS part of the crystal structure, this data 260 

indicates a relatively low degree of flexibility within the KS domain. 261 

 As observed for S581 in the MAT domain, the active cysteine C161 is 262 

positioned in a nucleophilic elbow. Here, the positive dipole-moment of the α-263 

helix decreases the pKa
 value of the thiol group leading to the increased 264 
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nucleophilicity of the sulfur. In a recent computational study, it was reported 265 

that the thiol group of the active cysteine is readily deprotonated under 266 

physiological condition. This implies a role of H331 in acting as a general acid 267 

in catalysis, which is different to acid-base catalysis performed by the active 268 

histidine of MAT domains (Lee and Engels, 2014). Such a role of H331 is 269 

confirmed by our structural data, as nitrogen (ND1) accepts hydrogen bonds 270 

from backbone amides of P332 (3.4–3.6 Å) and E333 (3.0–3.4 Å), whereas 271 

the protonated nitrogen (NE2) of H331 is in hydrogen bond distance (3.2–272 

3.4 Å) to the sulfur of the thioester bond at residue C161.  273 

 Furthermore, the bound octanoyl chains allow localization of the 274 

oxyanion hole, which is created by backbone amides of residues C161 and 275 

F395. In all chains, the carbonyl’s oxygen of the thioester is in hydrogen bond 276 

distance to the corresponding amides of F395 (2.9–3.1 Å) and slightly further 277 

apart from backbone amides of C161 (3.1–3.4 Å).  278 

 Next, we were interested in conformational changes induced by the 279 

loading of an octanoyl chain in comparison to the unbound state. Therefore, 280 

the four unbound murine KS domains of the unit cell (PDB code 5my0) were 281 

aligned to octanoyl-bound chain A (serving as the representative chain) in a 282 

KS domain based superposition (residues 1–407 plus 824–852) (Figure 4D). 283 

Again, overall RMSDs (BB) were small (0.2-0.3 Å), but the superposition 284 

revealed distinct differences in the positions and side chain conformations of 285 

some residues. Most prominently, the stretch of residues FGFGG (residues 286 

393-397) is slightly shifted and reorganized upon binding of the octanoyl 287 

moiety. This results in the displacement of F395 by 0.8 Å (between 288 

corresponding carbonα atoms) plus the rotation of the side chain by 289 
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approximately 125°. F395 in the rotamer position of the unbound state 290 

clashes with the octanoyl chain in the bound state implying that the 291 

rearrangement of F395 is necessary to accommodate substrates. 292 

FabB (KAS I) and FabF (KAS II), both elongating β-ketoacyl-ACP 293 

synthases of the bacterial type II fatty acid synthesis, have been well-294 

characterized in their three-dimensional structure in an octanoyl-bound state 295 

and in a dodecanoyl-bound state, respectively (see e.g. (Olsen et al., 2001; 296 

von Wettstein-Knowles et al., 2006; Wang et al., 2006). KS domain based 297 

superpositions of FabB and FabF to chain A (BB residues 1–407) show that 298 

the active sites display an overall identical architecture implying a conserved 299 

catalytic mechanism for the type I KS domain (Figure 5A). An exception is a 300 

glutamate residue, which is conserved in CHH class structures (E342 and 301 

E349 in FabB and FabF, respectively) and is thought to participate in catalysis 302 

by stabilizing a water or cation molecule (Olsen et al., 2001; von Wettstein-303 

Knowles et al., 2006) This acidic residue is exchanged by an alanine in the 304 

type I KS domain (A340) excluding an equivalent role in animal FAS. 305 

 306 

Specificity of the KS domain for saturated acyl chains 307 

 The first step in the KS-mediated Claisen condensation is the 308 

transacylation of an acyl-moiety from acyl-ACP to the active site cysteine 309 

(Figure 1). Considering the similarity of this step to the MAT-mediated 310 

transacylation, we aimed at using the continuous fluorometric assay, originally 311 

established for transferase analysis (Molnos et al., 2003; Rittner et al., 2018), 312 

to investigate the substrate specificity of the KS domain. In doing so, we have 313 

constructed KS-MATS581A for specific KS read-out and the double knockout 314 
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mutant KSC161G-MATS581A as a control. All didomain constructs proved to be 315 

stable, which was validated by size exclusion chromatography profiles and by 316 

melting temperatures obtained in a thermal shift assay (Figure S7). We 317 

determined KS-mediated turnover rates from various acyl-CoA esters to a 318 

separated, standalone holo-ACP at fixed substrates concentrations 319 

(Figure 5B). The experiment generally confirmed the results from Witkowski 320 

et al. of turnover rates increasing with acyl chain-length until maximum rates 321 

are reached for octanoyl-CoA and dodecanoyl-CoA (C12-CoA), and 322 

decreasing rates with chain-length above C12-CoA (Witkowski et al., 1997). 323 

The high value for C12-CoA is not consistent with previous results for the rat 324 

homolog and seems to be a specific feature of the heterologously expressed 325 

murine KS domain. The specificity of the transfer of acyl-moieties was 326 

confirmed with the KSC161G-MATS581A double knockout mutant (Figure 5B).  327 

 Further, the substrate specificity of the KS domain was probed with two 328 

non-cognate acyl-CoA substrates. While the hydroxybutyryl-CoA, mimicking 329 

the intermediate after an initial reduction by the KR-domain, was not accepted 330 

as substrate, the non-canonical compound phenylacetyl-CoA was transferred 331 

with a reasonable rate. The latter result confirms our previous data that this 332 

substrate can also serve as a priming substrate for fatty acid synthesis 333 

(Rittner et al., 2019).  334 

335 
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The KS-mediated transacylation shows kinetic cooperativity 336 

 To gain insight into the enzymatic properties of the KS domains, the 337 

absolute kinetic parameters for the KS-mediated transacylation from acyl-CoA 338 

esters to the ACP domain (as a standalone protein) were determined by the 339 

assay described before. The KS-mediated transacylation reaction follows a 340 

ping-pong bi-bi mechanism with a covalently bound acyl-enzyme intermediate 341 

and can be described with the general equation 1 that is based on standard 342 

Michaelis-Menten kinetics (Copeland, 2005). In order to determine absolute 343 

kinetic parameters, we have used this equation to globally fit two series of 344 

response curves with octanoyl-CoA and myristoyl-CoA at five or six different 345 

fixed ACP concentrations (see Methods section). The global fit could only 346 

moderately describe the dependence of the apparent turnover rates in respect 347 

of the individual ACP concentrations and disclosed systematic deviations in 348 

the response curves at low and high substrate concentrations (see Figure 349 

S8). 350 

 For a better description of the sigmoidal shape of the individual plots, 351 

and considering the dimeric nature of the KS domain, we included a Hill 352 

coefficient for both substrate concentrations (CoA-Ester and ACP) as 353 

described in equation 2. This new fit function clearly delineates both data 354 

series without imposing any parameter constraints (see Figure 6). The 355 

absolute kinetic constants (K’) and turnover numbers (kcat) for octanoyl-CoA 356 

and myristoyl-CoA are 139 ± 16 µM (K’), 0.09 ± 0.007 s–1 (kcat) and 357 

111 ± 8 µM, 0.05 ± 0.002 s–1, respectively. These values lead to specificity 358 

constants (kcat/K’) in the range of 102–103 s–1 M–1, which indicate rather 359 

inefficient priming of the KS domain by CoA-esters. The K’ACP of the 360 
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standalone ACP was with 16 ± 1.7 µM higher for the transfer of octanoyl 361 

moieties than for myristoyl moieties (8 ± 0.8 µM). The calculated Hill 362 

coefficients were between 1.7 and 2 for both substrates indicative of a positive 363 

cooperativity of the KS domains of a dimeric unit during the transacylation 364 

reaction.   365 

 366 

Discussion 367 

  We recently determined kinetic parameters for the murine MAT-368 

mediated transfer of canonical and non-canonical acyl-CoA substrates 369 

illustrating the broad substrate tolerance of this domain (Rittner et al., 2018). 370 

How can this property be explained, considering high structural conservation 371 

to highly specific acyltransferases, like e. g. FabD of E. coli? The presented 372 

ensemble of MAT structures with non-covalently bound acyl-CoA and 373 

covalently bound acyl moieties shines light on this peculiarity. When 374 

considering the individual structures as snapshots of an overall 375 

conformational variability, data reveals significant dynamics within the MAT 376 

domain. Since soaking with octanoyl-CoA trapped the MAT in a very unusual 377 

conformation, revealing significant alterations in the position of active site 378 

residues, the newly presented structure is particularly informative in this 379 

respect. The data shows that substrate polyspecificity of MAT originates from 380 

the overall high relative positional dynamics of the α/β-hydrolase and the 381 

ferredoxin-like subdomain. A pronounced conformationally variability of the 382 

subdomain linkers SDL1 and SDL2, embedded in this large-scale, movement, 383 

is further relevant (Figure 3) for the accommodation of the chemically and 384 

structurally diverse substrates. Finally, residue R606 modulates substrate 385 
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polyspecificity by either swinging out to liberate space for the acyl chain (e.g. 386 

octanoyl moieties), or by coordinating to the free carboxylic group of extender 387 

substrates (e.g. malonyl moieties) (Figure S6). This structural interpretation is 388 

supported by enzyme kinetic data as the (wildtype) murine MAT domain 389 

shows higher substrate ambiguity as the R606A-mutated MAT domain. In 390 

fact, the wildtype MAT domain is even able to accept octanoyl moieties with 391 

significantly higher efficiency than the R606A construct (Bunkoczi et al., 2009; 392 

Rittner et al., 2018), which could possibly be explained by a smaller number of 393 

populated conformational enzyme states (Table 2) (Khersonsky and Tawfik, 394 

2010). 395 

Can the rather strict KS domain substrate specificity be observed in structural 396 

properties? Indeed, the KS domain shows minor structural changes upon 397 

binding of an octanoyl chain, resembling a key-and-lock type binding, 398 

possessing strict specificities, as also observed for type II systems (von 399 

Wettstein-Knowles et al., 2006). The most prominent conformational change 400 

upon acylation with saturated acyl chains emerges from the stretch of 401 

residues 393-397, in particular residue F395, which is consequently slightly 402 

shifted in position and rotated in the side chain by approximately 125°. Its 403 

postulated role as a “gatekeeper” seems to be confirmed in animal FAS, as 404 

functional groups in the β-position of a bound acyl chain would sterically clash 405 

with the phenyl ring (Lee and Engels, 2014; Luckner et al., 2009). In the 406 

evolutionarily strongly related protein class of polyketide synthases (PKSs), 407 

which share a common KS domain fold, residues at the F395-equivalent 408 

position vary, reflecting the key feature of PKSs of condensing β-keto-, β-409 

hydroxy- and α-β-unsaturated acyl substrates (Nguyen et al., 2008). 410 
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 Our setup using a continuous coupled enzyme assay offers a 411 

convenient way to investigate the specificity of the KS domain in-depth. The 412 

kinetic characterization generally revealed maximum transacylation rates for 413 

CoA-esters of medium chain lengths (C8 to C12) and confirmed earlier results 414 

of Witkowski et al. (Figure 5B) (Witkowski et al., 1997). The unexpected low 415 

specific activity for short acyl chains may be attributed to the usage of CoA-416 

esters as donors and substrate concentrations that are insufficient to fully 417 

saturate the enzyme. Titration of acyl-CoA substrates at different fixed ACP 418 

concentrations for octanoyl- and myristoyl-CoA resulted in sigmoidal individual 419 

initial velocity curves (Figure 6). Global fitting of the individual curves was 420 

possible when including Hill coefficients for both substrates and the obtained 421 

Hill-coefficients of 1.7-2 indicate positive cooperativity. This data can generally 422 

be interpreted by an increase in the efficiency of transferring an acyl chain to 423 

the active site cysteine of the KS domain, when the other KS of the dimer is 424 

already occupied. Such cooperativity of the domains of a KS dimer was 425 

postulated for the type II homologs (von Wettstein-Knowles et al., 2006) and 426 

could be explained by a conformational interconnection of both active sites 427 

that are pointing towards each other and merging at the two-fold axis.  428 

 Whereas a direct interaction of bound substrates can be ruled out as 429 

origin for cooperativity, because the enzyme bound acyl intermediates are too 430 

far apart from each other (15.6 Å between terminal C-atoms of octanoyl 431 

chains), a stretch of residues (residues 393-397) harboring the gatekeeping 432 

F395 and shifting upon acylation may be responsible for this phenomenon. 433 

The residues are residing at the dimeric interface and interact with a helix-434 

turn-helix motif of the adjacent protomer (Figure 7A). In the acylated state, 435 
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side chains of residues M132, Q136 and M139 (adjacent protomer) are 436 

slightly altered in their positions due to the rotation of F395, which furthermore 437 

leads to a slight shift of the turn (of the helix-turn-helix motif) by up to 0.7 Å 438 

(Figure 7B). Structural data reveals a putative coupling of this local 439 

rearrangement with active site residues via two hydrogen bonds; one between 440 

the side chains of R137 and D158 and the other between the carboxy group 441 

of D158 and the backbone amide of A160 (Figure 7C). All three residues are 442 

fully conserved in FASs. Based on this structural analysis, cooperativity could 443 

hence originate from a subtle reorganization of the active site residues in the 444 

neighboring protomer essentially induced by structural changes at the dimer 445 

interface occurring during acylation. Further experiments need to elaborate 446 

the molecular basis for the observed cooperative behavior of the KS domain 447 

as well as to analyze whether cooperativity observed for the transacylation 448 

step also extends to the Claisen condensation step.  449 

The specific kinetic information about the MAT and KS domains allow 450 

us to vividly draw the murine FAS function in vivo. The direct loading of the 451 

KS domain with acyl-CoA is not relevant in vivo, because the specificity 452 

constants of the KS-mediated transfer of acyl moieties from acyl-CoAs is 453 

more than three orders of magnitude lower than of the respective MAT-454 

mediated transfer (Rittner et al., 2018). Accordingly, substrates are in general 455 

loaded at ACP by MAT-mediated transacylation. ACP-bound acetyl- and 456 

butyryl moieties are then transferred relatively slowly from the ACP domain to 457 

the KS domain and can in a competing pathway escape from FAS by MAT-458 

mediated offloading. Release of short acyl-CoAs via the MAT domain 459 

depends on the in vivo ratio between malonyl-CoA, acetyl-CoA and free 460 
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coenzyme A and hence the availability of an empty MAT’s active site. With 461 

increasing malonyl-CoA concentrations at higher energetic state of the cell, 462 

the offloading event of acetyl- and butyryl moieties gets more and more 463 

unlikely and further elongation becomes dominant (Abdinejad et al., 1981). As 464 

shown here, once a chain length of six carbons and longer is reached, 465 

transacylation from the ACP domain to the KS domain becomes highly 466 

efficient until it sharply drops with a chain length of 16 carbons (Figure 5B). 467 

According to a key finding of this study, the efficiency of FAS in the elongation 468 

of the acyl chain is increased when both reaction chambers are used 469 

simultaneously, as acylation of one KS domain of the FAS dimer accelerates 470 

the acylation of the other (Figure 6). The substrate specificity of the KS 471 

domain is important for the specific production of palmitic acid and is assisted 472 

by the substrate specificity of the TE domain for long fatty acyl intermediates 473 

(Cheng et al., 2008; Heil et al., 2019; Naggert et al., 1991; Zhang et al., 2011). 474 

In summary, FAS produces short acetyl and butyryl-CoA esters in a low 475 

energetic state of the cell and almost exclusively palmitic acid (C16) at high 476 

energetic states.  477 

 The presented structural and mechanistic study deepens our molecular 478 

understanding of the two initial catalytic domains in animal fatty acid 479 

synthesis. Such detailed information is particularly interesting as FAS got into 480 

focus as a target for combinatorial anti-cancer therapy. Especially, the 481 

plasticity of the MAT domain shall be highlighted, allowing to accommodate a 482 

broad range of chemically diverse compounds. This may aid future rational 483 

drug discovery campaigns and enlarge the pool of potentially screened lead 484 

structures. 485 
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Figure Legends 506 

 507 

Figure 1: Priming of animal fatty acid synthesis. In a first step, the 508 

substrate is selected by the MAT domain and transferred to the ACP domain 509 

(2. step) from where it is passed on to the KS domain (3. step). Important 510 

active site residues are highlighted and C161 is marked with an asterisk. 511 

Crystal structure of porcine FAS (PDB code 2vz9) and NMR structure of rat 512 

ACP (PDB code 2png) are depicted in surface representation (Maier et al., 513 

2008; Ploskoń et al., 2008). Domains of one protomer of FAS homodimer are 514 

colored. Domain nomenclature: MAT, malonyl-/acetyltransferase; ACP, acyl 515 

carrier protein; KS, ketosynthase; KR, ketoreductase; DH, dehydratase; ER, 516 

enoylreductase; TE, thioesterase; PPant arm expand fully in the figure. 517 

518 
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 519 

Figure 2: Octanoyl-loaded MAT domain. (A) Polypeptide chains in the unit 520 

cell with bound octanoyl moieties in yellow in sphere representation. Domains 521 

and folds are coloured as depicted in the attached cartoon. (B) Zoom into the 522 

MAT domain in chain D. The active site is embedded in a cleft between the 523 

α/β-hydrolase (green) and the ferredoxin-like (brown) subdomains. The active 524 

site serine (S581) was found in an octanoyl-bound state with an additional 525 

octanoyl-CoA molecule non-covalently attached to the active site tunnel (see 526 

Figure S2 for FEM (Afonine et al., 2015) and Polder maps (Liebschner et al., 527 

2017)). (C) Zoom into the MAT active site. Residues interacting with the 528 

serine-bound octanoyl chain and the octanoyl CoA are coloured in red and 529 

yellow, respectively. Movements of select residues upon binding of an 530 
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octanoyl moiety in comparison with the human MAT structure (grey) are 531 

indicated by arrows. (D) Orientation of a decanoyl chain as reported by 532 

Bunkoczi et al..(Bunkoczi et al., 2009). Atomic coordinated originate from 533 

decanoyl chain computationally modelled into the human MAT variant R606A 534 

(pdb code: 2jfd). Postulated interacting residues of the human MAT domain 535 

are shown in grey. (E) Binding site of the nucleobase of the CoA moiety at the 536 

MAT surface. The adenine is coordinated via hydrogen bonding by with 537 

residues D647 and T648 and via π-stacking and π-cation interactions with 538 

residues F671 and R773 were identified.  539 

540 
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 541 

Figure 3: Conformational variability of the MAT active site. (A) α/β-542 

Hydrolase fold centrered superposition (BB of residues 488–613 and 685-543 

806) of four MAT domains in different acyl-bound states. Chain A (blue) and 544 

chain D (green) from the octanoyl-CoA soaked crystal (PDB code 6rop), 545 

malonyl-bound (orange) (PDB code 5my0; chain D) and apo human MAT 546 

(purple) (PDB code 3hhd; chain A) were used. The α/β-hydrolase subdomain 547 

is shown in surface depiction and the ferredoxin-like fold in cartoon loops. 548 

Selected distances between corresponding residues indicate the mobility of 549 

the subdomains with a relative movement of the ferredoxin-like fold of up to 550 
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7.3 Å. (B) Different active site and entry tunnel shapes upon substrate 551 

binding. Surface depictions of active sites of chain D (left panel) and A 552 

(middle) from the octanoyl-bound structure and chain D (right panel) from the 553 

malonyl-bound structure are shown in two perspectives. Surfaces are shown 554 

in surface electrostatic representation calculated with PyMOL and shown in 555 

default coloring with positive potential depicted in blue and negative potential 556 

in red. Views as in (A). 557 

558 
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 559 

Figure 4: Octanoyl loaded KS domain. (A) Top view on the dimeric KS 560 

domain in cartoon depiction showing the topology of the α/β/α/β/α sandwich 561 

motif (left panel). A surface depiction of the KS domain in side view highlights 562 

the active site entrance. Color codes as in Figure 2A is used with the bound 563 

octanoyl chain shown in yellow in sphere representation (right panel). (B) 564 

Active site and acyl binding cavity of the KS domain. In addition to the 565 

substrate binding cavity between the dimer interface, a small side chamber is 566 

visible in the monomer. The binding cavity is shown with surfaces colored in 567 

electrostatic potential (colored as in Figure 3). (C) Active site of KS showing 568 

important residues for catalysis, reported for homologous KAS I (FabB) 569 

(Olsen et al., 2001). Three chains (B-D) with bound octanoyl moieties were 570 

aligned to chain A (blue) by a KS based superposition (BB of residues 1–407 571 

and 824–852). All residues adopt essentially the same conformation with 572 

some variability in the terminal carbon atoms of the octanoyl chain. (D) A 573 
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similar KS based superposition was performed with the four apo-KS domains 574 

(orange; PDB code 5my0) and the octanoyl-bound chain A (blue). Upon 575 

octanoyl binding, the individual residues of the stretch 393-397 are shifted by 576 

0.4-0.8 Å (highlighted in the inlet). Furthermore, the side chain of F395 is 577 

rotated by approximately 125°.  578 

579 
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 580 

Figure 5: Chain-length specificity of KS and comparison of the KS 581 

domain with FabB and FabF from E. coli. (A) Comparison of important 582 

active site residues of the murine type I KS domain (chain A; blue) with FabB 583 

(orange; PDB code 2bui) and FabF (grey; PDB code 2gfy) from E. coli (von 584 

Wettstein-Knowles et al., 2006; Wang et al., 2006). All three proteins were 585 

solved in the acyl bound state and E. coli proteins were aligned to chain A 586 

(blue) by a KS based superposition (BB of residues 1–407). The asterisk 587 

indicates that a variant of FabF was crystalized possessing a K335A mutation. 588 

(B) Chain-length specific KS-mediated transacylation activity. The specific KS-589 

mediated activity was determined at fixed substrate (500 µM) and holo-ACP 590 

(75 µM) concentrations using the αKGDH-assay. The asterisk indicates usage 591 

of variant KSC161GMATS581A as negative control. Abbreviations refer to acyl-592 

CoA esters with different chain lengths and PC2 and HB refer to phenylacetyl-593 

CoA and hydroxybutyryl-CoA, respectively. 594 

 595 

596 
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 597 

Figure 6: Comprehensive analysis of the KS-mediated transfer of 598 

octanoyl and myristoyl moieties. (A) Initial velocities plotted against 599 

octanoyl-CoA (C8-CoA) concentrations at six fixed ACP concentrations. (B) 600 

Initial velocities plotted against myristoyl-CoA (C14-CoA) concentrations at 601 

five fixed ACP concentrations. All data series were fit globally with the Hill 602 

equation due to the sigmoidal shape. (C) Absolute kinetic parameter derived 603 

from the respective global fits for octanoyl-CoA (C8-CoA) and myristoyl-CoA 604 

(C14-CoA), respectively. No parameters constraints were imposed during 605 

curve fitting. The constant K’ of the Hill equation is related to the Michaelis 606 

constant Km, but also contains terms related to the effect of substrate 607 
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occupancy at one site on the substrate affinity of the other site. 608 

 609 

 610 

 611 

Figure 7: Structural interconnection of both KS active sites of a dimer. 612 

(A) Identification of M132 and M139 as F395-interacting residues in the other 613 

chain of the dimer. Chain A and chain B are colored in red and yellow, 614 

respectively. Analysis was performed with the software Coot. (B) Different 615 

side-chain conformations of M132, Q136 and M139 and subtle backbone shift 616 

between unbound (orange) and octanoyl-bound (grey) KS active sites. All four 617 

chains of both crystal structures (5my0 and 6rop) were aligned by a KS based 618 

superposition (BB of residues 1–407). F395 (blue) is depicted for clarity and 619 

the asterisks indicates the hypothetical position of the residue in the 620 

respective other protomer. (C) Hydrogen bonding between R137, D158 and 621 

the nucleophilic elbow (green) including the active site residue C161. 622 

623 
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Table 1. Data collection and refinement statistics 624 

 Wild-type soaked with octanoyl-CoA 
Data Collection  

Space group C2221 

Cell dimensions 
 

  a, b, c (Å)  147.4 354.0 218.5 

 α, β, γ (°)  90 90 90 

Resolution (Å) 50-2.7 (2.75 – 2.7) 

No. of reflections 2195612(110844) 

Rmeas 0.16(2.4) 

I/σI 13.9(1.4) 

CC1/2 0.99(0.62) 

Completeness (%) 98.2(98.8) 

Redundancy 14.3(14.5) 

Refinement 
 

Rwork/Rfree (%) 
18.4(23.2) 

No. of unique reflections  145548 
Average B factors  (Å2)  
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Protein 78.9 

Wilson B factor 58.4 

RMSD from ideality 
 

Bond length (Å) 0.007 

Bond angles (°) 1.5 

Ramachandran statistics 
 

Favored regions (%) 93.43 

Allowed regions (%) 5.05 

Outliers (%) 1.52 
Highest resolution shell is shown in paranthenses. 625 

 626 

 627 

Table 2. Kinetic analysis of the transacylation reaction with octanoyl-628 
CoA at a fixed acceptor concentration of 60 µM ACP (n = 4) 629 
Substrate Km

app (µM) kcat
app (s–1) kcat/Km (M–1 s–1) Hydrolysis 

rate 10–3 (s–1) 
Wildtype* 0.7 ± 0.3 4.1 ± 0.3 5.6 ± 2.2 × 106 6.1 ± 1.0 

R606A variant 4.9 ± 0.7 0.037 ± 0.008 7.6 ± 2.0 × 103 2.3 ± 3.4 

*Previously published (Rittner et al., 2018). 630 

631 
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STAR Methods 632 

Key Resources Table 633 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 

D-Desthiobiotin IBA 

Lifesciences 

Cat#2-1000-002 

CoA-esters Merck  

αKGDH (porcine heart) Merck Cat#K1502 

Thiamine pyrophosphate chloride (TPP) Merck Cat#C8754 

α-Ketoglutaric acid Merck Cat#K1750 

β-Nicotinamide adenine dinucleotide hydrate 

 (NAD+) 

Merck Cat#N7004 

Deposited Data 

Atomic coordinates, octanoyl-bound murine KS-

MAT structure 

Protein Data 

Bank 

PDB: 6rop 

Experimental Models: Organisms/Strains 

E. coli Stellar™ Competent Cells 
Clontech 

Cat# 636766 

E. coli BL21 Gold (DE3) Cells Agilent Cat#230132 

Recombinant DNA 

pAR69_StrepI_m(KS_MAT)_H8_pET22b Addgene Cat#122849 

pAR70_StrepI_m(KS(C161G)_MAT)_H8_pET22b (Rittner et al., 

2018) 

N/A 

pAR71_StrepI_m(KS(C161G)_ATmut(R(606A))_H

8_pET22b 

(Rittner et al., 

2018) 

N/A 

pAR159_StrepI_m(KS_MAT(S581A))_H8_pET22b This Study N/A 

pAR160_StrepI_m(KS(C161G)_MAT(S581A))_H8

_pET22b 

This Study N/A 

pAR352_StrepII_mACP_H8_RBS_SFP_pET22b (Rittner et al., 

2018) 

N/A 

Sequence-Based Reagents 
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AR310_mMAT_S581A_for:  

5’-ggcatcattgggcacGccttgggagaggttgcctgtgg-3’ 

Merck N/A 

AR301_mMAT_S581X_rev: 

 5’-gtgcccaatgatgccgtcag-3’ 
Merck N/A 

Software and Algorithms 

COOT 
Emsley and 

Cowtan, 2004 

N/A 

PyMOL 2.4 Schrodinger, 

LLC 

N/A 

OriginPro 8.5 OriginLab, 

USA 

N/A 

CFX Maestro 1.0 BIO-RAD N/A 

   

 634 

Contact for Reagent and Resource Sharing 635 

Further information and requests for reagents may be directed to, and will be 636 

fulfilled by the corresponding author Martin Grininger  (grininger@chemie.uni-637 

frankfurt.de). 638 

 639 

 Experimental Model and Subject Details 640 

 641 

 Method Details 642 

Reagents and Constructs 643 

 All CoA-esters, β-NAD+, NADH, α-ketoglutarate dehydrogenase 644 

(porcine heart) (αKGDH), α-ketoglutaric acid, thiamine pyrophosphate (TPP), 645 

and EDTA were purchased from Merck. BSA was from Serva. Restriction 646 
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enzymes were bought from NEB biolabs. IPTG was from Carl Roth. Ni-NTA 647 

affinity resin was from Qiagen and 5 mL Strep-Tactin® columns were 648 

purchased from IBA technologies. Purity of CoA-esters was confirmed by 649 

HPLC-UV analysis before usage. 650 

 Point mutations were introduced by PCR based cloning. Fragments for 651 

pAR159 and pAR160 were generated by amplification of pAR69 (Addgene, 652 

#122849) and pAR70 (Rittner et al., 2018) with the primer pair: AR301 (5’-653 

gtgcccaatgatgccgtcag-3’) and AR310 (5’-ggcatcattgggcacGccttgggagaggttgc 654 

ctgtgg-3’). PCR products were treated with Dpn1 (NEB), purified by gel 655 

electrophoresis and DNA was extracted with the Wizard® SV Gel and PCR 656 

Clean-Up System (Promega). Purified DNA was transformed into E. coli 657 

Stellar™ Competent Cells, 5 mL LB cultures were grown and plasmids were 658 

isolated with the PureYield™ Plasmid Miniprep System (Promega). 659 

Sequences of all plasmids were confirmed with the “dye terminator” method. 660 

 661 

Expression and purification of KS-MAT variants 662 

 All plasmids were transformed into chemically competent E. coli BL21 663 

Gold (DE3) cells. The transformants were grown overnight at 37 °C in 20 mL 664 

LB (100 µg mL–1 ampicillin (amp) and 1 % (w/v) glucose) medium. Pre-665 

cultures were used to inoculate 1 L TB medium (100 µg mL–1 amp). Cultures 666 

were grown at 37 °C until they reached an optical density (OD600) of 0.5–0.6. 667 

After cooling at 4 °C for 20 min, cultures were induced with 0.25 mM IPTG, 668 

and grown for additional 16 h at 20 °C and 180 rpm. Cells were harvested by 669 

centrifugation (4,000 rcf for 20 min). The cell pellets were resuspended in lysis 670 

buffer (50 mM potassium phosphate, 200 mM potassium chloride, 10 % (v/v) 671 
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glycerol, 1 mM EDTA, 30 mM imidazole (pH 7.0)) and lysed by French press. 672 

After centrifugation at 50,000 rcf for 30 min, the supernatant was mixed with 673 

1 M MgCl2 to a final concentration of 2 mM. The cytosol was transferred to Ni-674 

NTA-columns and washed with 5 column volumes (CV) wash buffer (lysis 675 

buffer without EDTA). Bound protein was eluted with 2.5 CV elution buffer 676 

(50 mM potassium phosphate, 200 mM potassium chloride, 10 % (v/v) 677 

glycerol, 300 mM imidazole (pH 7.0). The eluent was transferred to Strep-678 

Tactin-columns, and washed with 5 CV strep-wash buffer (250 mM potassium 679 

phosphate, 10 % (v/v) glycerol, 1 mM EDTA, (pH 7.0)). Proteins were eluted 680 

with 2.5 CV elution buffer (strep-wash buffer containing 2.5 mM D-681 

desthiobiotin). After concentration to 10–20 mg mL–1, the proteins were frozen 682 

in liquid nitrogen and stored at –80 °C. Samples were thawn at 37 °C for 683 

30 min and further polished by size-exclusion chromatography (SEC) using a 684 

Superdex 200 GL10/300 column equilibrated with the strep-wash buffer. 685 

Proteins were concentrated again to 10–20 mg mL–1 and stored frozen in 686 

aliquots using liquid nitrogen.  687 

 688 

Expression and purification of ACP 689 

 ACP for the activity assay was produced by co-expression with the 4’-690 

phosphopantetheinyl transferase Sfp from the bicistronically organized vector 691 

pAR352 (Rittner et al., 2018).The plasmid was transformed into chemically 692 

competent E. coli BL21 Gold (DE3) cells. Overnight cultures were grown in 693 

40 mL LB (100 µg mL–1 ampicillin (amp) and 1 % (w/v) glucose) at 37 °C. 2 L 694 

TB medium (100 µg mL–1 amp) was inoculated with the overnight culture and 695 

incubated at 37 °C until an optical cell density (OD600) of 0.5–0.6 was 696 
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reached. After cooling at 4 °C for 20 min, cultures were induced with 0.25 mM 697 

IPTG, and grown for additional 16 h at 20 °C and 180 rpm. Cells were 698 

harvested by centrifugation, resuspended in lysis buffer and lysed by French 699 

press. After centrifugation (50,000 rcf for 30 min), the supernatant 700 

(supplemented with 2 mM MgCl2) was transferred to Ni-NTA-columns and 701 

washed with 5 CV wash buffer. The protein was eluted with elution buffer 702 

(wash buffer containing 300 mM imidazole) and concentrated. Pooled 703 

fractions, were separated on a Superdex 200 HiLoad 16/60 or 26/60 SEC 704 

column equilibrated with buffer (50 mM potassium phosphate, 200 mM 705 

potassium chloride, 10 % (v/v) glycerol, 1 mM EDTA). All fractions containing 706 

monomeric ACP were pooled and concentrated to 10-20 mg mL–1.  707 

 708 

Protein concentration 709 

 Protein concentrations were calculated from the absorbance at 710 

280 nm, which was recorded on a NanoDrop 2000c (Thermo scientific). 711 

Extinction coefficients were calculated from the primary sequence without N-712 

formylmethionine with CLC Main workbench (Qiagen). Absorbance 1 g L–1 at 713 

280 nm (10 mm): 1.053 for KS-MAT and 0.475 for ACP. 714 

 715 

Crystallization, data collection and structure determination 716 

 Crystallization conditions for KS-MAT were as previously published 717 

(Rittner et al., 2018). Single-crystals were obtained at 0.2 M potassium-718 

sodium tartrate, 25 % (w/v) PEG 3350 at 20 °C to sizes of about 719 

75 × 75 × 75 µm3. Drops with the crystals were supplemented with 0.5 µl of 720 

10 mM octanoyl-CoA (Merck) for up to 2 minutes and subsequently treated 721 
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with a cryosolution containing 20 % (v/v) glycerol in the mother liquor. The 722 

crystal was then picked in a nylon fiber loop and vitrified into liquid nitrogen. 723 

Single wavelength X-radiation diffraction dataset was collected at the Swiss 724 

Light Source (X06SA), and maintained at 100 K, while data were recorded 725 

onto a detector (DECTRIS EIGER 16M). Using the ‘goeiger.com’ pipeline at 726 

X06SA, data reduction was performed within XDS (Kabsch, 2010), for 727 

indexing and integration, and Aimless (Evans, 2005) for scaling. The 728 

structural model of a monomer from the murine FAS KS-MAT didomain 729 

complexed with Malonyl-CoA (pdb accession code 5my0) was used to solve 730 

the phase problem using the program Molrep (Vagin and Teplyakov, 1997). 731 

After an initial rigid-body refinement, the model was subjected to repeated 732 

cycles of restrained refinement with REFMAC5 (Murshudov et al., 2011) with 733 

manual model building using Coot (Emsley et al., 2010). Data collection and 734 

refinement statistics are given in Table 1. Electron density maps were 735 

generated by Phenix (Afonine et al., 2012). 736 

 737 

738 
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Thermal shift assay 739 

 Thermal shift assays were performed as previously reported (Rittner et 740 

al., 2019). Briefly, 2 µL of protein solution (20 µM) were mixed with 21 µL of 741 

the respective buffer and 2 µL of SYPRO Orange protein gel stain (5000 × 742 

diluted), then fluorescence was measured from 5 °C to 95 °C with a step of 743 

0.5 °C min–1, with excitation wavelength set to 450-490 nm, and emission 744 

wavelength to 560-580 nm. Data was analyzed with the software CFX 745 

Maestro 1.0. 746 

 747 

α-Ketoglutarate dehydrogenase coupled activity assay 748 

 The enzyme-coupled assay was performed as previously published 749 

(Rittner et al., 2018), which was adapted from reference (Molnos et al., 2003). 750 

Assays (octanoyl-CoA transacylation of the KSC161G-MATR606A variant and the 751 

series of response curves for the KS-mediated transacylation of octanoyl 752 

moieties) were run in 96-well f-bottom microtiter plates (Greiner Bio-one) and 753 

NADH fluorescence was monitored using a ClarioStar microplate reader 754 

equipped with a dispenser (BMG labtech) at the following settings; excitation: 755 

348-20 nm; emission: 476-20 nm; gain: 1900; focal height: 5.2 mm; flashes: 756 

70; orbital averaging: 4 mm.  757 

 Within this study we reduced the assay volume first to 50 µL in 96-well 758 

Half Area Microplates (Greiner Bio-one) and then to 20 µL in 384-well Small 759 

Volume HiBase Microplates (Greiner Bio-one) for practical and financial 760 

reasons. The chain-length specificity of the KS domain (Figure 5) and the 761 

series of response curves for the KS-mediated transacylation of myristoyl 762 

moieties (Figure 6B) were measured in half-area plates and 384-well plates, 763 
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respectively. New calibration curves with NADH and control measurements 764 

were performed for both smaller plate formats. Settings for the microplate 765 

reader were for half-area plates: 348-20 nm; emission: 476-20 nm; gain: 766 

1500; focal height: 5.6 mm; flashes: 17; orbital averaging: 1 mm; and for 384-767 

well plates: 348-20 nm; emission: 476-20 nm; gain: 1500; focal height: 768 

11.9 mm; flashes: 17; orbital averaging: off. 769 

 Same procedures were used in preparation of assays even if they had 770 

different volumes. Briefly, four different solutions were prepared in assay 771 

buffer (50 mM sodium phosphate, 10 % (v/v) glycerol, 1 mM DTT, 1 mM 772 

EDTA (pH 7.6), filtered and degased). Solution 1 (Sol 1) contained murine 773 

KS-MAT in a 3.33-fold or 4-fold concentrated stock solution and 774 

supplemented with 0.1 mg mL–1 BSA. Solution 2 (Sol 2) contained 8 mM α-775 

ketoglutaric acid, 1.6 mM NAD+, 1.6 mM TPP and 60 mU/100 µL αKGDH, 776 

representing a 4-fold concentrated stock. Solution 3 (Sol 3) contained 4-fold 777 

concentrated CoA-esters, typically between 0.4–2800 µM. Solution 4 (Sol 4) 778 

finally contained 5-fold  or 4-fold concentrated murine ACP, typically between 779 

20-800 µM. The components were pipetted in order: 30 µL Sol 1 (3.33-fold), 780 

25 µL Sol 2 and 25 µL Sol 3 for 96-well plates; 15 µL Sol 1 (3.33-fold), 781 

12.5 µL Sol 2 and 12.5 µL Sol 3 for 96-well half-area plates and 5 µL Sol 1 (4-782 

fold), 5 µL Sol 2 and 5 µL Sol 3 for 384-well plates, followed by mixing. The 783 

transfer reaction was initiated by 20 µL and 10 µL Sol 4 (5-fold)) or 5 µL Sol 4 784 

(4-fold), which was added by the dispenser. The final concentrations of all 785 

ingredients were 50 mM sodium phosphate, pH 7.6, 10 % (v/v) glycerol, 1 mM 786 

DTT, 1 mM EDTA, 2 mM α-ketoglutaric acid, 0.4 mM NAD+, 0.4 mM TPP, 787 

15 mU/100 µL αKGDH, 0.03 mg mL–1 BSA, 100-200 nM KS-MAT, 5–160 µM 788 
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ACP, 0.1–700 µM X-CoA (where X refers to the respective acyl-moiety of the 789 

assay). The background noise of the assay set-up was determined with assay 790 

buffer supplemented with 0.1 mg mL–1 BSA. Equidistant kinetic 791 

measurements were taken every 5-22 s for ca. 5 min at 30 °C. 792 

 793 

Transacylation kinetics of the MATR606A variant for octanoyl moieties  794 

 Determining the apparent Michaelis-Menten constant is an iterative 795 

process. Pre-experiments were initially performed to approach the 796 

approximate value of Km. Final concentrations of enzyme and ACP were 797 

100 nM and 60 µM, respectively. Eight data points were collected that cover 798 

substrate concentrations (Sol 3) of 0.2 × Km; 0.3 × Km; 0.5 × Km; 0.75 × Km; 799 

1.25 × Km; 2 × Km; 3 × Km; 5 × Km. Every measurement was performed in 800 

technical triplicates and the corresponding background signal was 801 

substracted. Experiments were setup in a way such that changes in signal 802 

remained linear during the time ranges of measurement. Data were collected 803 

in biological replicates (n = 4) and were fit with the Michaelis-Menten function 804 

using OriginPro 8.5 (OriginLab, USA).  805 

 806 

Chain-length specificity of the KS domain 807 

 KS-mediated transacylation of acyl-CoAs were measured at fixed 808 

enzyme (200 nM), ACP (75 µM) and acyl-CoA (500 µM) concentrations. 809 

Turnover rates were determined by linear fit and error bars reflect the 810 

standard deviation from three biological replicates (n = 3).  811 

 812 

813 
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Analysis of KS-mediated transfer of octanoyl and myristoyl moieties 814 

 Initial velocities were determined for twelve different CoA-ester 815 

concentrations at six (octanoyl-CoA) and five (myristoyl-CoA) fixed ACP 816 

concentrations. Enzyme concentration was 200 nM. Every measurement was 817 

performed in one biological replicate (n = 1) and the corresponding 818 

background signal was subtracted. Both series of response curves were 819 

globally fit using all data without any parameter constraints. The global fit was 820 

performed with OriginPro 8.5 (OriginLab, USA) using the following equations 821 

for the ping-pong mechanism: 822 

 823 

𝒗 =
𝒌𝒄𝒂𝒕 𝐀𝐓𝟎 𝑿𝑪𝒐𝑨 𝑨𝑪𝑷

𝑿𝑪𝒐𝑨 𝑲𝒎
𝑨𝑪𝑷 + 𝑨𝑪𝑷 𝑲𝒎

𝑿𝑪𝒐𝑨 + 𝑿𝑪𝒐𝑨 𝑨𝑪𝑷
 

 

[ 1 ] 

Hill-type variation: 824 

𝒗 =
𝒌𝒄𝒂𝒕 𝐀𝐓𝟎 𝑿𝑪𝒐𝑨 𝒉 𝑨𝑪𝑷 𝒉

𝑿𝑪𝒐𝑨 𝒉𝑲𝑨𝑪𝑷
! + 𝑨𝑪𝑷 𝒉𝑲𝑿𝑪𝒐𝑨

! + 𝑿𝑪𝒐𝑨 𝒉 𝑨𝑪𝑷 𝒉 

 

[ 2 ] 

 825 

Quantification and Statistical Analysis 826 

 Statistical parameters are reported in Figure Legends and in Method 827 

Details. Biological replicates refer to independently expressed and purified 828 

enzymes. Transacylation kinetics of the MATR606A variant for octanoyl 829 

moieties was performed in four biological replicates, with error bars indicating 830 

SD. Chain-length specificity of the KS domain was performed in three 831 

biological replicates, with error bars indicating SD. Both series of response 832 
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curves were performed in one biological replicate and the errors are standard 833 

errors from the global fit. 834 

 835 

 Data and Software Availability 836 

Accession numbers for the atomic coordinates for the octanoyl-bound murine 837 

KS-MAT structure reported in this paper is PDB: 6rop. X-ray diffraction data 838 

are publicly available at https://zenodo.org/deposit/2785017. 839 

 840 

Supplementary Material 841 

Additional supporting information may be found in the online version of this 842 

article. 843 
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