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Abstract 17 

Amber codon suppression is a powerful tool to site-specifically modify proteins to 18 

generate novel biophysical probes. Yet, its application on large and complex 19 

multidomain proteins is challenging, leading to difficulties during structural and 20 

conformational characterization using spectroscopic methods. The animal fatty acid 21 

synthase type I is a 540 kDa homodimer displaying large conformational variability. 22 

As the key enzyme of de novo fatty acid synthesis, it attracts interest in the fields of 23 

obesity, diabetes and cancer treatment. Substrates and intermediates remain 24 

covalently bound to the enzyme during biosynthesis and are shuttled to all catalytic 25 

domains by the acyl carrier protein domain. Thus, conformational variability of animal 26 

FAS is an essential aspect for fatty acid biosynthesis. We investigate this 27 

multidomain protein as a model system for probing amber codon suppression by 28 

genetic encoding of non-canonical amino acids. The systematic approach relies on a 29 

microplate-based reporter assay of low complexity, that was used for quick screening 30 

of suppression conditions. Furthermore, the applicability of the reporter assay is 31 

demonstrated by successful upscaling to both full-length constructs and increased 32 

expression scale. The obtained fluorescent probes of murine FAS type I could be 33 

subjected readily to a conformational analysis using single-molecule fluorescence 34 

resonance energy transfer.  35 
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Introduction 36 

Fatty acid synthases type I (FASs) are large and complex multidomain enzymes that 37 

are responsible for cytosolic de novo fatty acid synthesis1,2. Evolutionarily related to 38 

FAS are polyketide synthases type I (PKSs), that synthesize polyketides, which 39 

account for one of the largest classes of natural products3,4. In FASs and PKSs, 40 

multiple catalytic sites interact successively to stepwise assemble fatty acids or the 41 

complex and chemically diverse polyketides (Fig. 1A)5. A common feature of these 42 

enzymes is, that the substrates remain covalently bound to the acyl carrier protein 43 

(ACP) domain during catalysis. The ACP domain interacts with all catalytic domains, 44 

which requires large positional variability within the FAS and PKS systems6-9. 45 

While the overall architecture of type I PKSs has not yet been firmly elucidated10,11, 46 

high resolution data of FASs in different structural arrangements are available6,12. As 47 

observed in 3.2 Å model X-ray crystal structure on FAS from pig, animal FAS 48 

assembles into an intertwined dimer of approximately 540 kDa, adopting an “X”-49 

shaped conformation (Fig. 1B). Although the ACP and TE domains could not be 50 

traced in the electron density, it becomes apparent from the model, that a positionally 51 

variable ACP alone is not able to reach every catalytic centre. This paradox was 52 

already described by Hammes et al. in an early fluorescence resonance energy 53 

transfer (FRET) study on chicken liver FAS13,14. More detailed insights into the 54 

conformational versatility of animal FAS were finally given by a recent negative stain 55 

electron microscopy (EM) study on rat FAS, high-speed atomic force microscopy on 56 

insect FAS and by computational modelling with porcine FAS data7,8,15. These 57 

studies revealed large conformational changes within the enzyme, with complete 58 

relative rotational and swinging freedom between the condensing and processing 59 

wing (Fig. 1C).  60 

To study the conformational dynamics of animal FAS and related PKSs in real-time, 61 

we seek to establish spectroscopic methods at the single-molecule level, as they can 62 

deliver a continuous spectrum of stochastic conformational motions in proteins16,17. 63 

An integral aspect of spectroscopic methods is the modification of proteins with 64 

labels. Conventional techniques, such as labelling naturally occurring or mutationally 65 

introduced cysteines via maleimide chemistry18, are not applicable for animal FAS, 66 

since the large complex features many native cysteines, including active site 67 

cysteines. Our method of choice was therefore the genetic encoding of non-68 

canonical amino acids (ncAAs) through the amber codon suppression 69 
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technology19,20. Such ncAAs carry orthogonal functional groups, which can be used 70 

to site-specifically attach spectroscopic labels by post-translational modification. 71 

To the best of our knowledge, the introduction of ncAAs and the subsequent 72 

bioconjugation with a fluorophore have neither been reported for megasynthases nor 73 

for any other multidomain protein of such sizes to date. We therefore established a 74 

systematic approach, in which the screening of amber codon suppression systems, 75 

ncAA insertion sites and fluorophore click protocols can be performed with an 76 

authentic system of low complexity, that promises a high success rate in upscaling 77 

for the production of the full-length protein. Specifically, we set up a microplate-based 78 

reporter assay and upscaling protocols, which achieved the production of ncAA-79 

modified murine FAS (mFAS), further successfully labelled with fluorophores. The 80 

reporter assay, performed on an ACP-GFP fusion protein, is a suited platform for the 81 

screening of ncAA incorporation by the read-out of the fluorescence of the fused 82 

GFP domain21. Successful upscaling demonstrates the reliability and applicability of 83 

reporter assay data to larger protein constructs in increased expression scale. 84 

  85 
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RESULTS 86 

Screening of the amber codon suppression toolbox 87 

Out of a growing repertoire of ncAAs, that are introduced by amber codon 88 

suppression, we limited our screening to eight different ncAAs with functional groups, 89 

that can be used for bioconjugation with click chemistry or oxime formation (Fig. 2A; 90 

for syntheses of respective ncAAs, see Supplementary Methods)19. Azido- and 91 

propargyl-functional groups can for example be used in copper(I)-catalysed alkyne-92 

azide cycloadditions (CuAACs)22. Since copper is critical for the stability of the 93 

protein, we focused on copper-free click chemistry, like the strain-promoted alkyne-94 

azide cycloaddition (SPAAC)23, with azido- and bicyclononyne  (BCN)-functional 95 

groups, and the inverse electron-demand Diels-Alder cycloaddition (IEDDAC)24, with 96 

tetrazine- and norbonene-functional groups. Additionally, we also tested 97 

incorporation of the ncAA AcLys, as the acyl-functional group can be bioconjugated 98 

in oxime formation25, and acetylation of lysines naturally occurs as post-translational 99 

modification in animal FAS26. 100 

Further, we compared two common suppressor vectors pUltra and pEVOL (see 101 

Supplementary Fig. S1), published by Schultz and coworkers27,28, and several 102 

evolved aminoacyl-tRNA synthetase (aaRS)/tRNA pairs from Methanococcus 103 

jannaschii, Methanosarcina mazei and Methanosarcina barkeri for their performance. 104 

The cloning procedure of suppressor vectors pACU and pACE (based on original 105 

pUltra and pEVOL, respectively) is described in detail in the Supplementary 106 

Methods. Supplementary Table S1 lists all primers used for cloning, and 107 

Supplementary Table S2 summarizes all suppressor plasmids and evolved aaRS of 108 

this study. 109 

To identify the optimal pair of suppression system and ncAA, we established a 110 

reporter assay. The screening was performed on a fusion construct of ACP from 111 

mFAS with GFP (ACP-GFP), placing the amber mutation in a disordered and non-112 

conserved loop region at the Leu54 site, using the homologous rat ACP structure 113 

(PDB: 2png) as template. Incorporation efficiency was read out at 2 mL scale by 114 

recording the fluorescence of E. coli cell cultures expressing different ACP-GFP 115 

mutants. Cultures lacking the ncAA in the medium were taken as negative controls to 116 

determine the background signal (Fig. 2B). Negative samples showed a fluorescence 117 

level of up to 4% of the wild type reference. High incorporation efficiencies were 118 

observed for AzPhe29 (35% ± 8%) and NorLys230,31 (26% ± 9%). The ncAA BCNLys32 119 
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was incorporated with 12% ± 2% efficiency, all other ncAAs (PrPhe33, TetPhe34, 120 

NorLys124 and PrLys35) showed efficiencies below 10%, and AcLys36 was hardly 121 

incorporated at all. Comparing the suppressor plasmids pACE and pACU, the plasmid 122 

pACE seemed to be slightly more efficient in our set-up than its pACU counterpart 123 

(30% ± 6% pACE_AzPheD286R vs. 23% ± 5% pACU_AzPheD286R and 26% ± 9% 124 

pACE_NorLys vs. 18% ± 5% pACU_NorLys). The D286R mutation in the aminoacyl-125 

tRNA synthetase of M. jannaschii37, which was reported to have a beneficial effect, 126 

did not improve incorporation efficiencies in our hands (23% ± 5% pACU_AzPheD286R 127 

vs. 35% ± 8% pACU_AzPhe). Comparing the two orthogonal systems, the tyrosyl-128 

tRNA synthetase derived from M. jannaschii (mjTyrRS) seemed to be more efficient 129 

in our set-up than the pyrrolysyl-tRNA synthetases of M. mazei or M. barkeri 130 

(mmPylRS or mbPylRS, respectively) (e.g. 35% ± 8% pACU_AzPhe (mj) vs. 131 

18% ± 5% pACU_NorLys (mm)). We also tested two less specific suppressor vectors, 132 

which incorporate multiple ncAAs. While the suppressor plasmid pACU_Phe-133 

derivatives of M. mazei38 failed to incorporate any phenylalanine derivatives, the 134 

suppressor plasmid pACU_CNF from M. jannaschii 39,40 showed high incorporation 135 

efficiencies of 40% ± 11%, but suffered from relatively high fluorescence of the 136 

negative control (18% ± 7%), indicating unspecific incorporation of endogenous 137 

amino acids. A compilation of all results from the reporter assay screening can be 138 

found in Supplementary Fig. S2. 139 

Screening of ncAA incorporation sites  140 

As it has been reported before that the specific position of an amber mutation has 141 

major effects on incorporation efficiencies41, we used the most promising systems 142 

from the initial screening to compare incorporation efficiencies at different sites 143 

(pACU_AzPhe with AzPhe as the optimal result and the respective vector 144 

pACU_NorLys for NorLys2). Hence, we selected six positions in the ACP fold to test 145 

the acceptance of ncAA incorporation (Ala in the linker region between the N-146 

terminal Strep-tag and ACP-GFP, Gly01 at the N-terminus of the mouse ACP 147 

sequence, Leu54 in a disordered loop region, Gln70 and Asp71 in helix 5 and Ala79 148 

in the linker between ACP and GFP; see Fig. 3A and 3B). AzPhe was incorporated 149 

with good efficiencies (in average 38% ± 1%) throughout all amber mutation sites, 150 

whereas the incorporation efficiencies for NorLys2 were strongly dependent on the 151 

respective position (Fig. 3C). Best incorporation efficiency for NorLys2 was gained 152 

for the amber mutation site Gly01 at the N-terminus with 39% ± 13%. The amber 153 
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mutation site Leu54 in the disordered loop region of ACP showed 16% ± 6% 154 

incorporation efficiency for NorLys2, whereas amber mutation site Gln70 in the last 155 

helix of ACP showed no incorporation at all. All other amber mutation sites showed 156 

incorporation efficiencies below 10%. Higher concentrations (4 mM and 8 mM) of 157 

ncAAs in the medium seemed to slightly increase incorporation efficiency of NorLys2 158 

and slightly decrease efficiency of AzPhe (see Supplementary Fig. S3). Therefore, 159 

we proceeded with a concentration of 2 mM ncAA. 160 

Upscaling of protein production 161 

In a next step, it was tested whether the selected conditions from the reporter assay 162 

could be reproduced in larger expression cultures of 200 mL. Each culture was 163 

analysed in fluorescence, as was implemented in the reporter assay, and further 164 

evaluated by the yield of purified protein. Fluorescence data was collected similarly 165 

to the reporter assay, taking a 2 mL sample of the cell culture. The ncAA AzPhe was 166 

incorporated with overall good efficiency (in average 32% ± 4%), whereas large 167 

variations were observed for incorporation of NorLys2 at different amber mutation 168 

sites (Fig. 4A). Best incorporation efficiency for NorLys2 was gained for the amber 169 

mutation site Leu54 with 29% ± 3% and no incorporation was achieved at amber 170 

mutation site Gln70. This data agreed well with the results from the reporter assay, 171 

except for the incorporation of NorLys2 in Gly01 failing at larger volume, while 172 

leading to best incorporation efficiencies in the reporter assay. We observed 173 

systematic higher values for NorLys2 and slightly lower values for AzPhe by GFP-174 

fluorescence in the larger expression culture as compared to the reporter assay. 175 

For comparing protein yields, cells received from 200 mL expression cultures were 176 

lysed and proteins were isolated by Ni-chelating chromatography. Compared to ACP-177 

GFP at 53 ± 15 mg, the positive mutants were expressed in average with 14 ± 3 mg 178 

yield, which corresponds to about 25% of the wild type protein yield (Fig. 4B). The 179 

incorporation efficiency quantified by protein yield correlated well with the trends of 180 

the fluorescence data. AzPhe was again incorporated with overall good efficiency (in 181 

average 33% ± 4%), whereas NorLys2 performed differently throughout the amber 182 

mutation sites (Fig. 4A). The optimal site for NorLys2, Leu54 in the disordered loop 183 

region, showed 42% ± 12% incorporation efficiency, and even the amber mutation 184 

sites Glu71 and Ala79 gave up to 30% incorporation efficiency. Again, no 185 

incorporation of NorLys2 at the amber mutation site Gln70 was monitored. We note 186 

that NorLys2 mutants led to higher protein yields than expected from fluorescence 187 
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intensities of cell cultures, which cannot be explained with the collected data. The 188 

quality of proteins was analysed by size exclusion chromatography (SEC) and mass 189 

spectrometry (MS). The elution profiles of the different ACP-GFP mutants matched 190 

very well with the wild type SEC spectrum (Fig. 4C). The incorporation of the ncAAs 191 

was confirmed by MS analysis (see Supplementary Data). 192 

Fluorescent labelling of ACP-GFP 193 

In first experiments, we screened click kinetics for our target protein ACP-GFP (see 194 

Supplementary Fig. S4) and received a suited condition of 2 h of incubation at room 195 

temperature with 80 equiv. of fluorophore in 10 µL reaction volume for both the 196 

SPAAC (AzPhe mutant BCN-POE3-NH-DY649P1 conjugate) and the IEDDAC 197 

(NorLys2 mutant 6-methyl-tetrazine-ATTO-647N conjugate). For determining the 198 

degree of labelling (DOL) by in-gel fluorescence, ACP-GFP enzymatically modified 199 

by a fluorescent CoA-label by a 4´-phosphopantetheinyl transferase (Sfp)42 was used 200 

as reference. For better comparison, the different fluorescence intensities were 201 

corrected by the respective quantum efficiencies. Three different fluorophores were 202 

used in this experiment: DY647P1 at the CoA-label (quantum efficiency 30% 203 

according to the manufacturer), DY649P1 at the BCN-label (quantum efficiency 30% 204 

according to the manufacturer) and ATTO 647N at the tetrazine-label (quantum 205 

efficiency 65% according to the manufacturer). The sample of ACP-GFP 206 

enzymatically modified by a fluorescent CoA-label showed highest fluorescence and 207 

was assumed to be quantitatively labeled43, and thus set to 100% as the wild type 208 

reference. All fluorescence intensities were further correlated to the intensity of the 209 

protein bands of the Coomassie-stained gel. In average, the AzPhe mutants clicked 210 

more efficiently than the NorLys2 mutants (74% over 23%) (Fig. 5A). 211 

The DOL was alternatively determined by spectroscopy with samples Gly01AzPhe 212 

and Leu54NorLys2, after removal of excess free fluorophore by purification over Ni-213 

NTA magnetic beads. In a single experiment, these proteins were clicked with 214 

25 equiv. of fluorophore in 50 µL reaction volume and the labelling efficiency was 215 

monitored with UV-Vis absorbance spectra. For the wild type reference, a DOL of 216 

75% was determined, whereas the Gly01AzPhe mutant showed 63% DOL and the 217 

Leu54NorLys2 mutant showed only 37% DOL (Fig. 5B). We explain the difference in 218 

DOL as originating from different reaction conditions and sample preparations 219 

performed for analysis in SDS-PAGE and spectroscopy (see Fig. 5A and B). The 220 

quantum efficiency is determined for the free fluorophore and may be differently 221 

affected by the microenvironment within the native and the denatured protein. Data 222 
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may also indicate that ACP was not quantitatively labelled during enzymatic 223 

modification with fluorescent CoA-label. As in-gel fluorescence is always determined 224 

relative to the wild type reference, accurate comparison of intensities between 225 

different gels is difficult, and thus we observed variations in the DOL in further 226 

labelling reactions. We note that the DOL was determined in single experiments by 227 

two different methods, without the claim for statistical representation.  228 

Application of selected conditions on full-length mFAS 229 

Three amber mutations were introduced in the ACP domain of full-length mFAS. Two 230 

of those mutations were selected as promising candidate constructs at positions 231 

Gly2113 (Gly01 in ACP) and Leu2166 (Leu54 in ACP), and the other mutation as a 232 

negative candidate construct at position Gln2182 (Gln70 in ACP). The incorporation 233 

of ncAAs to yield the proteins Gly2113AzPhe, Leu2166NorLys2 and 234 

Gln2182NorLys2 was performed with the conditions identified by screening and 235 

upscaling experiments, as described above. In agreement with data of the reporter 236 

assay and ACP-GFP protein analysis, the mutants Gly2113AzPhe and 237 

Leu2166NorK2 were expressed in good yields (1.9 mg/L culture and 0.9 mg/L 238 

culture, respectively), whereas the Gln2182NorK2 mutant expressed poorly 239 

(0.03 mg/L culture, in comparison to the wild type mFAS: 2.9 mg/L culture) (see 240 

Supplementary Fig. S5). Western blot analysis with antibodies against the N-terminal 241 

Strep-tag and C-terminal His-tag was used for reading out incorporation efficiency. 242 

Double bands are observed for the mutants Gly2113AzPhe and Leu2166NorK2. This 243 

indicates mixtures of mFAS in full-length (upper red & green band) and truncated 244 

protein (lower red band) (both bands at about 260 kDa size), indicating probably 245 

insufficient suppression of the amber codon (Fig. 6A). Western Blot analysis of the 246 

negative candidate Gln2182NorK2 mutant shows only the lower molecular weight 247 

band corresponding to truncated band, and indicates the failed incorporation of the 248 

ncAA. The purified constructs of mFAS were further clicked with fluorophores, which 249 

confirmed successful incorporation of the ncAAs. In addition to specific labelling of 250 

the protein (by clicking complementary fluorophores), a small amount of unspecific 251 

binding was detected (Fig. 6B). Again, the SPAAC (Gly2113AzPhe mutant BCN-252 

POE3-NH-DY649P1 conjugate) seems to be more efficient than the IEDDAC 253 

(Leu2166NorLys2 mutant 6-methyl-tetrazine-ATTO-647N conjugate) (Fig. 6B). 254 

Fluorescence detected for Gly2113AzPhe mutant BCN-POE3-NH-DY649P1 255 

conjugate is higher than for the wild type CoA 647 conjugate, which may be 256 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted March 14, 2018. ; https://doi.org/10.1101/282525doi: bioRxiv preprint 

https://doi.org/10.1101/282525


9 

explained with incomplete phosphopantetheinylation of the reference protein and 257 

some amount of unspecific binding of the BCN-POE3-NH-DY649P1 fluorophore. 258 

 259 

Discussion 260 

The last decades have shown amber codon suppression to be a powerful tool to 261 

investigate structure and function of proteins. The opportunity to label site-specifically 262 

with bioorthogonal functional groups has led to novel biophysical probes in vitro and 263 

in vivo19,20,44-46. So far, this technique has commonly been used to study small 264 

proteins, but has not been applied for large and complex multidomain systems. 265 

Conformational variability is a fundamental property for the catalysis of many 266 

enzymes and especially megaenzymes as the animal FAS6-8,13. Here, we establish 267 

an efficient way to incorporate ncAAs site-specifically with subsequent labelling. 268 

Such probes make a range of biological applications accessible, such as 269 

photocrosslinking, electron paramagnetic resonance (EPR) spectroscopy, and FRET 270 

spectroscopy44,47,48. In case of animal FAS, labelled proteins would for example offer 271 

the prospect of addressing some of the fundamental questions to carrier domain-272 

mediated substrate shuttling, i.e. towards the time scale of domain-domain 273 

interactions, or the influence of loaded intermediates on the mobility of the ACP 274 

domain.  275 

Recently, we have established recombinant expression and purification of mFAS in 276 

E. coli49. Further, we have demonstrated that also parts and single domains of mFAS 277 

can be expressed individually, yielding for example the ACP domain as freestanding 278 

protein in high yields. Still incorporation of ncAAs by amber codon suppression into 279 

such a complex enzyme remains a challenging attempt, owing to the sensitivity of the 280 

protein to buffer and temperature changes as well as salt concentrations50. To 281 

circumvent high consumption of resources, we decided to approach this task by 282 

reducing complexity as far as possible. Specifically, we focused on the small ACP 283 

domain, and scaled down expression volumes to 2 mL cultures, which can be 284 

conveniently handled and analysed in 96-well format. In order to achieve a fast 285 

screening of amber codon suppression conditions, we fused the fluorescent protein 286 

GFP C-terminally to the ACP domain. This set-up allows to easily monitor the 287 

incorporation of the ncAA by the fluorescence emerging from the full-length fusion 288 

construct only.  289 
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Employing this set-up, we have compared two reported plasmid systems27,28, and 290 

tested the incorporation efficiency of eight different ncAAs, which predominantly 291 

allow copper-free click chemistry (Fig. 2A). For our set-up, the two suppressor 292 

plasmids pACU and pACE, derived from pUltra and pEvol vectors, respectively, 293 

performed similarly well. The pACU vector has finally been used for its ease in protein 294 

production, as not requiring additional induction of the suppression system along with 295 

the protein of interest. In general, the TyrRS from M. jannaschii performed much 296 

better than the PylRS from M. mazei or M. bakeri, as the latter suffered from a high 297 

tendency to aggregate in E. coli51,52. As the two ncAAs AzPhe and NorLys2 showed 298 

optimal incorporation efficiencies of 26-35% and allow copper-free click chemistry, 299 

we chose to proceed further with these ncAAs incorporated with the pACU vector. 300 

In addition to the choice of a suppression system, the reporter assay revealed that 301 

the site of ncAA incorporation in the ACP fold was critical for suppression efficiency41. 302 

Although all amber mutation sites were placed on the surface of the ACP domain, to 303 

avoid disturbing the protein fold or any protein-protein interactions in mFAS, both 304 

ncAAs were differently sensitive to incorporation sites. Whereas AzPhe was tolerated 305 

at all tested sites, NorLys2 was only introduced sufficiently into a disordered loop 306 

region. The higher tolerance to incorporate AzPhe at different positions may be 307 

explained by its smaller size preserving the integrity of the ACP fold. 308 

Overall, the results of the upscale experiment and the reporter assay agree with one 309 

another. Incorporation efficiencies of the two different ncAAs at 5 different mutation 310 

sites were in line with data received from the reporter assay, with the only exception 311 

of NorLys2 incorporation at site Gly01. From SEC profiles of purified proteins, we 312 

were further able to conclude, that modification with ncAAs did not disturb the protein 313 

fold. With a drop in expression yield to 30–40% of the non-mutated reference 314 

construct, also the access to the protein remained satisfyingly high. As a quality 315 

control, we finally also employed the constructs in testing bioconjugation with 316 

fluorophores. Although there is a discrepancy between the DOL determined using 317 

relative in-gel fluorescence intensities and UV-Vis absorbance, both methods agreed 318 

that for our set-up the azido-BCN reaction is more efficient than the norbornene-319 

tetrazine reaction. The labelling of the mFAS mutants Gly2113AzPhe and 320 

Leu2166NorLys2 finally led to two fluorescent probes, which can readily be subjected 321 

to fluorescence spectroscopic analysis16.  322 

These results demonstrate the successful incorporation of ncAAs into a 540 kDa 323 

homodimer by amber codon suppression, with subsequent fluorescent labelling. 324 
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Such a systematic approach is necessary to tackle the challenges in application of 325 

amber codon suppression for multidomain proteins, comprising of a reporter assay 326 

on a single domain with upscaling of the culture volume and final modification of the 327 

full-length protein. Together, this procedure may be applied to any comparable 328 

biological system and can become a powerful tool to elucidate structure and 329 

conformational properties of multidomain proteins, as e.g. the homologous PKS 330 

family. 331 

Methods 332 

Cloning of suppressor plasmids pACU & pACE 333 

Suppressor plasmids pAC were constructed based on pUltra and pEVOL, as had 334 

been published by the lab of Schultz and coworkers27,28, by assembling cassettes 335 

amplified from the commercially available plasmids pCDF1b, pMAL-c5G and 336 

pEVOL_pBpF (was a gift from Peter Schultz (Addgene plasmid # 31190)). Phusion 337 

polymerase (Clontech) was used to generate PCR fragments, which were assembled 338 

with help of complementary primer overhang in a MegaPrimer PCR and 339 

subsequently cloned into the backbone using InFusion Cloning (Takara Bio). The 340 

pACU plasmids encode one copy of aaRS and suppressor tRNA under the tac 341 

promoter and rrnB terminator, and the proK promoter and proK terminator, 342 

respectively. The backbone of the pACU contains a CDF origin, spectinomycin 343 

resistance and lacI gene. The pACE plasmids encode two copies of aaRS, one under 344 

the arabinose promoter and the rrnB terminator, and one under the glnS’ promoter 345 

and glnS terminator, as well as one copy of suppressor tRNA under the proK 346 

promoter and proK terminator. The backbone of the pACE contains a p15A origin, 347 

chloramphenicol resistance and araC gene. Multiple point mutations were introduced 348 

to create a set of evolved aaRSs, specific for certain ncAAs. Three different sets of 349 

orthogonal suppressor pairs (aaRS/tRNA), derived from M. jannaschii, M. mazei and 350 

M. barkeri, are available. Genes of the orthogonal pair mmPylRS/tRNA were 351 

obtained from plasmid pJZ, which was a gift from Nediljko Budisa, and mbPylRS was 352 

obtained from pAcBac1.tR4-MbPyl, which was a gift from Peter Schultz (Addgene 353 

plasmid # 50832). Stellar cells were used for plasmid amplification. All mutations 354 

were confirmed by sequencing (Seqlab). 355 

Cloning of ACP-GFP-fusion constructs and amber mutations 356 
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The genes for ACP-GFP fusion constructs were cloned into a pET22b vector, which 357 

contains a pBR322 origin, ampicillin resistance and lacI gene. They are encoded 358 

under a T7 promoter and terminator, and feature a N-terminal Strep-tag and C-359 

terminal His8-tag. The ACP-GFP construct termed wild type in this study contained a 360 

Met72Leu mutation, to prevent an alternative translation start and to reduce 361 

background GFP-fluorescence. An amber mutation was introduced site-specifically in 362 

the wild type gene and its position was varied throughout the ACP sequence to 363 

generate six different ACP-GFP mutant constructs, with different incorporation sites. 364 

General protein expression procedure 365 

All constructs were transformed in E. coli BL21 Gold (DE3) cells (Agilent 366 

Technologies) following the provided protocol. For incorporation of ncAAs, plasmids 367 

encoding ACP-GFP constructs with amber mutations were co-transformed with the 368 

appropriate suppressor plasmid pACU or pACE. LB agar (Lennox) transformation 369 

plates contained 1% glucose to suppress leaky expression, and were supplemented 370 

with either 100 µg/mL ampicillin for transformation of the ACP-GFP wild type, 371 

50 µg/mL ampicillin and 25 µg/mL spectinomycin for co-transformation with pACU 372 

plasmids, or 50 µg/mL ampicillin and 17 µg/mL chloramphenicol for co-373 

transformation with pACE plasmids. Colonies were grown at 37 °C overnight or at 374 

room temperature over weekend and stored at 4 °C up to several weeks. A randomly 375 

picked single clone was used to inoculate a pre-culture of Lysogeny Broth, 376 

supplemented with 1% glucose and respective antibiotics, which was grown at 37 °C 377 

and 180 rpm overnight. The pre-culture was used to inoculate Terrific Broth medium, 378 

supplemented with respective antibiotics. The cells were cultivated at 37 °C and 379 

140–180 rpm until an OD600 of 0.5–0.7 was reached. The expression culture was 380 

supplemented with 2 mM final concentration of the ncAA and expression of the ACP-381 

GFP constructs was induced with 0.25 mM final concentration of IPTG. Since the 382 

genes of pACU plasmids stand under a tac promoter, no additional induction was 383 

needed, whereas expression of the orthogonal suppressor pair from pACE plasmids 384 

was induced additionally with 0.02% final concentration of arabinose. Protein 385 

expression was carried out at 20 °C and 140–180 rpm overnight. 386 

387 
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Reporter assay 388 

The reporter assay was performed in 2 mL scale in 96-well deep well plates in 389 

technical triplicates, using an ACP-GFP wild type construct without amber mutation 390 

as reference and negative samples of each construct without addition of ncAA. The 391 

cells were harvested by centrifugation (3,220 rcf for 5 min at 4 °C), washed and 392 

resuspended in 300 µL PBS. 393 

Expression of ACP-GFP constructs 394 

Large scale expression of ACP-GFP constructs was carried out in 200 mL 395 

expression cultures. Prior to harvesting the cells by centrifugation (4,000 rcf for 396 

20 min at 4 °C), 2 mL samples of cell cultures were taken for further quantification 397 

using GFP-fluorescence and western blot. All cell pellets were flash frozen in liquid 398 

nitrogen and stored at –80 °C until use. 399 

Expression of mFAS constructs 400 

Large scale expression of mFAS constructs was carried out in 1 L expression 401 

cultures. The cells were harvested by centrifugation (4,000 rcf for 20 min at 4 °C) and 402 

subsequently purified. 403 

Purification of ACP-GFP constructs 404 

The cell pellets were thawed on ice and resuspended in 10 mL His buffer (50 mM 405 

KPi, 200 mM NaCl, 20 mM imidazole, 10% glycerol, pH 7.4) containing DNase I and 406 

1 mM EDTA. French pressure cell press was used for mechanical disruption at a 407 

pressure of 1000 bar and the cell debris was removed by centrifugation (50,000 rcf 408 

for 30 min at 4 °C). After addition of 2 mM MgCl2, the lysate was subjected to 3 mL 409 

(bead capacity 50 mg/mL) Ni-NTA Superflow resin (QIAGEN) and incubated for 1 h 410 

at 4 °C. Unbound protein was washed off with 5 column volumes His buffer and 411 

bound His-tagged protein was eluted with 2.5 column volumes His buffer containing 412 

300 mM imidazole and additional 2 column volumes of His buffer with imidazole 413 

increased to 500 mM. The elution fractions were analysed by SDS-PAGE and size 414 

exclusion chromatography (SEC) over a Superdex 200 Increase 10/300 GL column 415 

(His buffer filtered and degassed). Protein samples were concentrated using an 416 

Amicon Ultra concentration device (Millipore), flash frozen in liquid nitrogen, and 417 

stored at -80 °C. 418 

419 
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Purification of ACP-GFP fluorophore conjugates 420 

Excess fluorophore from bioconjugation reaction was removed by purification over 421 

1 mg HisPur Ni-NTA Magnetic Beads (Thermo Fisher Scientific). At each purification 422 

step the beads were shortly vortexed, spun down and placed in a magnetic stand, so 423 

the liquid phase could be taken up with a pipette. The Ni-NTA beads were first 424 

equilibrated with 160 µL and additional 400 µL His buffer (50 mM KPi, 200 mM NaCl, 425 

20 mM imidazole, 10% glycerol, pH 7.4). The bioconjugation reaction was diluted 426 

with one volume of His buffer and incubated with the Ni-NTA beads for 30 min in the 427 

dark on an end-over-end rotator. Unbound protein was washed off with two times 428 

400 µL His buffer. In two elution steps, the bound His-tagged protein was incubated 429 

for 30 min, and 15 min respectively, in the dark on an end-over-end rotator with 430 

50 µL His buffer containing 300 mM imidazole. 431 

Purification of mFAS constructs 432 

The cell pellets were resuspended in 30 mL His buffer (50 mM NaPi, 450 mM NaCl, 433 

10 mM imidazole, 20% glycerol, pH 7.6) containing DNase I and 1 mM EDTA. 434 

French pressure cell press was used for mechanical disruption at a pressure of 435 

1000 bar and the cell debris was removed by centrifugation (50,000 rcf for 30 min at 436 

4 °C). After addition of 2 mM MgCl2, the protein was bound to Ni-NTA resin 437 

(QIAGEN) and eluted at 300 mM imidazole. Additionally to Ni-IMAC the mFAS 438 

constructs were purified over a Strep-column (Iba), eluted with 2.5 mM desthiobiotin 439 

(Strep buffer: 250 mM KPi, 1 mM EDTA, 1 mM DTT, 10% glycerol, pH 7.4). Further 440 

purification was performed by size exclusion chromatography over a Superdex 200 441 

Increase 10/300 GL column (Strep buffer filtered and degassed). Protein samples 442 

were concentrated using an Amicon Ultra concentration device (Millipore), flash 443 

frozen in liquid nitrogen, and stored at -80 °C. 444 

Quantification of GFP-fluorescence 445 

The reporter assay samples and the 2 mL samples from large scale ACP-GFP 446 

expression were analysed by their GFP-fluorescence. An undiluted sample or 10–447 

fold dilution of the resuspended cells in PBS was transferred into 96-well plates and 448 

OD600 and GFP fluorescence was measured at CLARIOstar (BMG). Blank corrected 449 

fluorescence values were normalized by OD600. Fluorescence intensity of the wild 450 

type was set to 100% and all other fluorescence signals were related to the wild type. 451 

452 
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Mass spectrometric protein analysis 453 

Purified protein was analysed using nanoESI (Synapt G2-S) mass spectrometry. 454 

Protein buffer of the sample was changed to 0.1-1 M ammonium acetate in an 455 

Amicon Ultra concentration device (Millipore). Protein concentration of the samples 456 

was 1 mg/mL. 457 

Western blot analysis 458 

From large scale mFAS expression cultures, 2 mL samples were taken for western 459 

blot analysis. OD600 from a 10–fold dilution was measured and the cells were 460 

normalized to an OD600 of 8. A small sample was analysed on a SDS-PAGE. The 461 

proteins were transferred from the analytical polyacrylamide gel onto a PVDF-462 

membrane by an electrophoretic tank-blot method (25 V for 1 h). The membrane was 463 

subsequently blocked with 0.2% I-Block and 0.1% Tween-20 in PBS, treated first 464 

with monoclonal mouse anti-Strep antibody (StrepMAB classic, Iba) and monoclonal 465 

rabbit anti-His antibody (bethyl) (at 4 °C overnight), and secondly with IgG donkey 466 

anti-mouse DyLight 755 and IgG goat anti-rabbit DyLight 633 (Thermo Scientific) 467 

(light-protected at room temperature for 1 h). Excess antibodies were washed off in 468 

several washing steps with 0.2% I-Block and 0.1% Tween-20 in PBS. The western 469 

blot was developed at the Fusion SL Fluorescence Imaging System (Vilber Lourmat) 470 

with excitation in the near infrared to infrared range and using the emission filters F-471 

695 Y5 and F-820. 472 

Fluorescent bioconjugation 473 

Bioconjugation of fluorophore (20–150 equiv.) and protein (1 equiv.) was performed 474 

in a copper-free environment at room temperature in the dark. The reaction 475 

proceeded in 25–100 µL His buffer for up to 4 hours. Protein mutants with the AzPhe 476 

were treated with the fluorophore BCN-POE3-NH-DY649P1, and mutants with the 477 

NorK2 were treated with 6-Methyl-tetrazine-ATTO-647N. Wild type ACP-GFP served 478 

as negative control, treated with the same fluorophores under the same conditions. 479 

As reference, 1 equiv. wild type ACP was phosphopantetheinylated with 5 equiv. of 480 

the fluorescent substrate CoA 647 (NEB), catalysed by 0.5 equiv. 4´-481 

phosphopantetheinyl transferase Sfp from B. subtilis. The phosphopantetheinylation 482 

was performed in presence of 10 mM MgCl2 for 30–45 min at 37 °C in the dark. 483 

Subsequent to bioconjugation, an analytical SDS-PAGE was performed and 484 

fluorescent protein bands were detected at the Fusion SL Fluorescence Imaging 485 

System (Vilber Lourmat) with excitation in the near infrared range and using emission 486 
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filter F-695 Y5. The FusionCapt Advance Solo 4 16.08a software was used to 487 

quantify the fluorescence of the protein bands on the polyacrylamide gel. 488 

UV-Vis spectra 489 

UV-Vis spectra were recorded on a Carry 100 UV-Vis spectrophotometer (Agilent 490 

Technologies) from 800 nm to 220 nm wavelength in quartz glass cuvettes (50 µL 491 

sample). Excess fluorophore had been removed by purification over HisPur Ni-NTA 492 

Magnetic Beads (Thermo Fisher Scientific). The reference sample contained His 493 

buffer with 300 mM imidazole. Absorption at 650 nm (maximum absorption of the 494 

fluorophore) and at 485 nm (maximum absorption of GFP) was used to determine 495 

the degree of labelling, following equation DOL = !!"#!!"#
(!!"#!!!"#!"!"#)!!"#

, with εGFP and 496 

εmax being the molar extinction coefficients of GFP and the fluorophores, respectively. 497 

The correction factor CF!"# =
!!"#
!!"#

  was determined from the absorption spectrum of 498 

the free fluorophore in water. All values for calculation are summarized in table 1. 499 

Table 1: Calculation of the DOL with optical properties of used fluorophores 500 

Fluorophore AGFP (mAU)  εGFP (L mol-1 cm–1) Amax (mAU)  εmax (L mol-1 cm–1) CF485 

DY647P1 0.674271762 83300 1.49885743 250000 0.006 

DY649P1 0.454478949 83300 0.858465344 250000 0.004 

ATTO-647N 0.479153782 83300 0.316676229 150000 0.013 

 501 

Data Availability 502 

All data generated or analysed during this study are included in this published article 503 

and its Supplementary Information files. The plasmids (pACU and pACE) generated 504 

during the current study are available from the corresponding author on reasonable 505 

request. 506 

507 
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Figure Legends 691 

 692 

 693 

Figure 1: Overview of animal fatty acid synthesis. A) Fatty acid synthesis as occurring in 694 
animals. The fatty acid, typically palmitic acid, is produced from the substrates acetyl-CoA, 695 
malonyl-CoA and NADPH. The acetyl moiety is sequentially elongated and modified by 696 
several domains until a certain chain length (C16) is reached and the final product is released 697 
from the enzyme as a free fatty acid. During the whole process all intermediates remain 698 
covalently attached to the enzyme, mainly to the ACP domain, which requires a high 699 
conformational freedom of FAS to facilitate productive interactions between the ACP domain 700 
and all catalytically active sites. Domain nomenclature: KS (ketoacyl synthase), KR (ketoacyl 701 
reductase), DH (dehydratase), ER (enoyl reductase), ACP (acyl carrier protein), TE 702 
(thioesterase), MAT (malonyl/acetyltransferase). B) Cartoon depiction of the dimeric “X”-703 
shaped structure of porcine FAS6. α-Helices are shown as cylinders. One half of the dimer is 704 
coloured according to the attached domain overview. Owing to their high positional variability, 705 
ACP and TE could not be traced in electron density, but are schematically drawn for clarity. 706 
KR and MT (methyltransferase) refer to non-catalytic folds, which have structural tasks and 707 

may confine the ACP during substrate shuttling. C) Conformational dynamics of animal FAS. 708 
Swinging and swivelling motions around the flexible hinge region have been observed by 709 
single particle EM and high-speed atomic force microscopy8,15. Full rotation of the condensing 710 
wing by 180° was further confirmed by mutagenesis studies50. 711 

 712 
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 714 

Figure 2: Amber codon suppression at site Leu54 in the ACP-GFP fusion construct 715 
screened in reporter assay. A) Overview of ncAAs used in this study. B) Best expression 716 
efficiency of different ncAAs (left panel) and comparison of some representatives of the 717 
screening (right panel). Respective plasmids used for incorporation of ncAAs are indicated by 718 
plasmid number (#; listed in Supplementary Table S2). A compilation of all results from the 719 
reporter assay can be found in Supplementary Fig. S2. Expression efficiency is read out by 720 
GFP fluorescence of 2 mL E. coli cell cultures and compared to wild type reference (taken as 721 
100%). For incorporation, 2 mM ncAAs were supplemented to the medium. Cultures lacking 722 
ncAAs were taken as negative control to determine background signal. Dots refer to values of 723 
the biological samples. The averages of biological samples are plotted together with standard 724 
deviations. Technical errors were below 10%.  725 

726 
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 727 

Figure 3: Screening of amber codon mutation sites. A) Cartoon representation of the 728 
ACP-GFP fusion construct (upper panel; pink: rat ACP (PDB: 2png) and green: eGFP (PDB: 729 
2y0g)) used in the reporter assay. The five amber mutation sites are labelled and depicted in 730 
stick representation (Gly01, Leu54, Gln70, Glu71 and Ala79). Different orientations of the 731 
ACP domain (shown in a sphere-filling model) demonstrate the positioning of all amber 732 
mutation sites on the surface of the domain (lower panel). Amber mutation sites are coloured 733 
in red. B) Sequence alignment of six different ACP domains of animal FASs. Uniprot 734 
accession codes: mouse FAS: P19096; rat FAS: P12785; pig FAS: A5YV76; human FAS: 735 
P49327; bovine FAS: Q71SP7 and chicken FAS: P12276. The five amber mutation sites are 736 
highlighted by arrows, and a star highlights the active serine residue. Secondary structure 737 
elements received from the rat ACP model (PDB: 2png) are depicted (α-helices shown as 738 
cylinders). C) Expression efficiencies of six different AzPhe mutants (upper panel) and six 739 
different NorLys2 mutants (lower panel) in comparison to the wild type reference, read out by 740 
the GFP fluorescence of 2 mL cultures of E. coli cells. For incorporation, 2 mM ncAAs were 741 
supplemented to the medium. Cultures lacking ncAAs were taken as negative control to 742 
determine background signal. The averages of biological replicates are plotted together with 743 
standard deviations and the distribution of individual values is indicated as dots. Technical 744 
errors were below 10%.  745 
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 746 

Figu747 

748 
re 4: Large scale expression and purification of ACP-GFP mutants (upper panels 749 
AzPhe mutants, lower panels NorLys2 mutants). A) Comparison of the results from large 750 
scale expression cultures (protein yield was read out by GFP fluorescence of a 2 mL sample 751 
and by the yield of purified protein) with previous results from the reporter assay. Data 752 
compare expression efficiency of wild type and five different AzPhe mutants (upper panel), 753 
and expression efficiency of wild type and five different NorLys2 mutants (lower panel). All 754 
expression efficiencies are related to the wild type reference. For incorporation, 2 mM ncAA 755 
were supplemented to the medium. The averages of biological replicates are plotted together 756 
with standard deviations and the distribution of individual values is indicated as dots. 757 
Technical errors were below 10%. B) SDS-PAGE (NuPAGE Bis-Tris 4-12%) gel of ACP-GFP 758 
mutants purified by Ni-chelating chromatography. Lanes have been assembled for clarity, but 759 
scans of the original gels can be found in Supplementary Fig. S6. SDS-PAGE shows one set 760 
of purified proteins (one biological replicate). C) Preparative SEC of ACP-GFP mutants 761 
performed with a Superdex 200 Increase 10/300 GL column (the set of proteins shown in B). 762 
Peaks at an elution volume of 16 mL correspond to the ACP-GFP variants. The void volume 763 
of the column is at ca. 9 mL.  764 

765 
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 766 

Figure 5: Fluorescent labelling of ACP-GFP mutants. A) DOL of ACP-GFP mutants in 767 
respect to the amber mutation site determined by relative in-gel fluorescence intensities at 768 
wavelength 650 nm. The ACP-GFP construct was enzymatically modified by a fluorescent 769 
CoA647-label with Sfp and served as the wild type reference. Hence, it was put to 100% 770 
fluorescence intensity. AzPhe mutants were labelled with 80 equiv. of BCN-POE3-NH-771 
DY649P1 (BCN-649), NorLys2 mutants were labelled with 80 equiv. of 6-methyl-tetrazine-772 
ATTO-647N (Tet-647) in 10 µL reaction volume. All fluorescence intensities were corrected 773 
by the quantum efficiency of the respective fluorophore and correlated to the protein bands of 774 
the Coomassie-stained gel (lanes have been assembled for clarity). Scans of the original gels 775 
are presented in Supplementary Fig. S7. B) DOL determined by UV-Vis spectroscopy. 776 
25 equiv. of fluorophore were used in labelling reactions of ACP-GFP mutants in 50 µL 777 
reaction volume. Free fluorophore was removed by purification over Ni-NTA magnetic beads. 778 
UV-Vis absorbance spectra were normalized to GFP absorbance at wavelength 485 nm. DOL 779 
is read out by comparing absorbance of the fluorophore at 650 nm to absorbance of GFP at 780 
485 nm. 781 

782 
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 783 

Figure 6: Production of ncAA-modified mFAS mutants for fluorescent labelling. A) 784 
Quantitative western blot of mFAS mutants. The red channel refers to antibodies conjugated 785 
with DyLight 755 against the N-terminal Strep-tag and the green channel to antibodies 786 
conjugated with DyLight 633 against the C-terminal His-tag, respectively. The missing green 787 
band in lane 4 indicates that expression of full-length Gln2182NorLys2 mFAS failed and that 788 
only a truncated construct without the C-terminal part was obtained. B) Fluorescent labelling 789 
of mFAS mutants. AzPhe mutants were labelled with BCN-POE3-NH-DY649P1 (BCN-649), 790 
NorLys2 mutants were labelled with 6-methyl-tetrazine-ATTO-647N (Tet-647) and the wild 791 
type mFAS was enzymatically modified at the ACP domain by a fluorescent CoA647-label by 792 
Sfp. DOL is determined by the relative in-gel fluorescence intensities at wavelength 650 nm 793 
related to the wild type reference. All fluorescence intensities were corrected by quantum 794 
efficiency of the respective fluorophore and correlated to the protein bands of the Coomassie-795 
stained gel. 796 
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 798 

Figure 7: Overview of the workflow of this study. Workflow of amber codon suppression 799 
on mFAS divided into three different levels of project progress. Level 1 refers to the low-800 
complex single-domain screening approach in 2 mL small scale cell cultures in 96-well plate 801 
format. GFP fluorescence is directly read out and serves as a measure for the efficiency of 802 
amber codon suppression. Level 2 refers to the upscaling of culture volumes to 200 mL using 803 
initial results from the reporter assay, which also allows obtaining purified protein for further 804 
analysis. In a final step, level 3 refers to the application of selected conditions and label 805 
positions, that were identified for an individual domain, for the full-length mFAS, being a 806 
representative for any comparable multidomain protein. 807 

 808 
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