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using a new 1.5mL 96-well plate to collect the flow-through. To each well, 200 µL ethyl acetate 

was added and the plate was centrifuged at 3000 rpm for 5 minutes into the same collection plate. 

This organic wash was repeated twice more, for a total of three 200 µL ethyl acetate washes. The 

collection plate (containing aqueous reaction buffer and 600 µL ethyl acetate) was sealed and 

shaken at 600 rpm for 10 minutes. This plate was centrifuged at 2000 rpm for 2 minutes to separate 

the aqueous and organic layers. Using a multichannel pipette, 300 µL ethyl acetate was removed 

from the top layer of each well and placed into a new 96-well plate which was evaporated under 

vacuum. 200 µL of 1:1 isopropanol/hexanes was added to each well and the plate was analyzed 

using SFC. The SFC analysis was performed on an Agilent 1260 Infinity Analytical SFC System 

using a Daicel Corporation Chiralpak IC-3 column (3 µm, 4.6 mm i.d. x 150 mm), with a flow rate 

of 3.0 ml/min and detection wavelengths set at 210, 230, 254, and 280 nm. An isocratic elution 

was used with 10% B from 0-3.5 min (solvent A: supercritical CO2; solvent B: methanol).  
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Supplementary Figure 8. Representative SFC traces for library screening. a) racemic (4-

methoxyphenyl)methyl-DL-mandelate (4’) b) cyclopropane product 3’ synthesized with Rh2(S-

DOSP) c) representative trace of a library mutant which was not selected (0 %e.e.;13 %yield 3’) 

d) representative trace of a putative library hit which was selected for purification and 

verification (-16 %e.e.; 7 %yield 3’; 1-RFY) e) representative trace of a library parent control (-5 

%e.e.; 19 %yield 3’; 0-413Z). f) structure of 4’ g) structure of 3’ 

 

Hit purification and verification 

Putative hits from the immobilized library screening were purified and verified as described (vide 

supra). False positive hits were (qualitatively) more common than with ep-PCR library hits; this 

is reasonable given that screening was performed on immobilized ArMs while the large scale 

purification and verification was performed using free enzyme. The differences between 

immobilized screening results and large scale validation are evident in Supplementary Figure 9. 

While B1 and D2 provided a substantial change in e.e. in the positive direction upon large scale 

validation, they were not pursued further because the variant 3-VRVH, which achieved 92% e.e., 

had already been found. Nevertheless, these false positives (from the perspective of identifying 

enzymes that provided the opposite enantiomer) did not preclude the identification of confirmed 

hits.  
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Supplementary Figure 9. Library screening results for immobilized CCM mutants of 0-

413Z. Cells highlighted in green are parent enzyme (0-413Z) controls while those highlighted in 

orange are putative hits. a) %e.e. of product 3. b) %yield of product 3. c) large scale validation 

of putative hits and parent enzyme. Well A10 contained the hit 1-RFY. The enzymes in wells 

B1, C5, D2, E10, and G7 were found to be false hits upon purification and verification 

experiments.  
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c	

Enzyme %	yield	3 %	e.e.	3
0-413Z 33 -30
A10 50 -79
B1 19 32
C5 19 4
D2 16 32
E10 25 -16
G7 21 9

Large	scale	validation

a
3	(%e.e.) 1 2 3 4 5 6 7 8 9 10 11 12

A -6 -4 -13 10 7 0 -5 -10 1 -14 -7 2
B -16 7 -6 -3 4 -1 17 13 12 2 -3 4
C 4 -1 1 -7 -16 2 1 -10 -4 -6 -10 20
D -5 -15 24 1 1 -7 6 7 3 -4 -11 -4
E -5 0 9 -3 -4 -1 -4 -3 -5 -14 -10 -6
F 3 -1 -7 -3 -4 -2 -7 -1 -2 0 0 4
G -10 -7 3 -9 -5 -2 -16 -8 13 0 1 -10
H -6 4 -6 5 4 -7 3 9 8 9 -1 -7

b
3	(%yield) 1 2 3 4 5 6 7 8 9 10 11 12

A 15 9 9 16 7 7 19 7 3 14 5 4
B 7 7 11 6 15 11 24 14 13 4 10 13
C 6 8 12 9 11 9 12 4 9 7 14 12
D 9 11 26 9 8 7 9 9 22 5 13 13
E 10 14 9 10 6 8 7 13 21 10 8 10
F 5 9 10 9 11 12 9 15 13 13 10 6
G 6 7 7 5 10 6 12 7 9 4 5 11
H 15 15 13 9 11 11 6 7 15 11 13 17
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b 

 

Supplementary Figure 10. Results of POP-ArM catalyzed control experiments on Ni-NTA beads 

to produce 3. These reactions were performed with the same procedure as the screening protocol 

above. a) The enantioselectivity of each variant. Purple bars indicate reactions that were run in 50 

mM PIPES with 1.75 M NaBr, pH = 7.4 and green bars indicates reactions that were run with 50 

mM PIPES with 1.75 M NaCl, pH = 7.4.  b) The yields for each variant relative to an internal 

standard, 1,3-benzodioxole. N = 4 for each variant.  

 

 

 

Mutation Deconvolution  

Deconvolution of CCM library hits was performed as described for epPCR library hits. These 

results are summarized in Supplementary Table 6.  
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Supplementary Table 6. Individual reversions of the three mutations in 1-RFY (average of two 

runs) showing that reversion of each mutation to the parent residue (i.e., the one in 0-413Z) leads 

to decreased selectivity and yield. 

POP variant %ee 3 %yield 3 

1-RFY -78±1 60±3 

R98Q -61±2 40±1 

F99G -59±2 38±2 

Y239P -59±2 14±2 
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Immobilized ARM Repetition Protocol  

A colony for the selected mutant was inoculated in 5 mL 2YT medium with 50 µg/mL kanamycin 

and 20 µg/mL chloramphenicol. The culture was incubated overnight at 37 oC with constant 

shaking at 250 rpm. On the following day, 5 mL of the overnight cultures was used to inoculate 

500 mL of fresh 2YT media having the same antibiotics, in a 2.8L Fernbach flask. The culture was 

incubated at 37 oC, 250 rpm, and protein expression was induced by adding isopropyl β-D-1-

thiogalactopyranoside (1mM final concentration), 4-azido-L-phenylalanine (1mM final 

concentration) and 1% (w/v) L-arabinose when OD600 =1.0. The induced culture was allowed to 

grow for 12 hours, and then the cells were harvested by centrifugation at 4 oC, 3000 x g for 20 

minutes. Cell pellets were re-suspended in 30 mL PBS (pH 7.5) and sonicated (40 amplitude, 30 

second burst, 10 minute total process). Lysed culture was clarified by centrifugation at 16000 x g, 

4 oC for 30 minutes and supernatant thus obtained was purified by Ni-NTA resin using the 

manufacturer’s instructions. To set up bioconjugation, a solution of the POP mutant (480 µL, 75 

µM in 50 mM Tris-Cl buffer, pH 7.4) and a solution of cofactor 1 (120 µL, 0.75 mM in ACN, 

0.594 mg/mL) were added to a 1.5 mL microcentrifuge tube and shaken at 750 rpm at 4 °C for one 

hour. The final concentrations were: 60 µM POP, 150 µM 1, 20% (v/v) acetonitrile/Tris buffer. 

The resulting solution was treated with 100 µL azide agarose resin, and rotated on the Labquake™ 

Tube Shaker/Rotator in a 4 °C cold cabinet for 16 hours to remove excess cofactor. The suspension 

was then centrifuged at 5000 rpm for 3 minutes and the supernatant was transferred to a new 

microcentrifuge tube. The resin was washed twice with 600 µL of 50 mM Tris-Cl buffer and 

centrifuged at 5000 rpm for 3 minutes. These supernatants were combined with the first 

supernatant and buffer exchanged to proper buffers for use in biocatalysis or characterization. ESI-

MS was used to characterize the bioconjugates. The total protein concentration was calculated 
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based on its absorbance at 280 nm (A280) and the calculated extinction coefficient for the protein 

(109,210 M-1cm-1 from ExPASy), which is consistent with concentrations measured by Pierce® 

BCA Protein Assay Kit; the cofactor absorbance at 280 nm is negligible relative to POP in aqueous 

solution under the concentrations used. The efficiency of dirhodium incorporation was calculated 

based on the ratio of the high resolution ESI-MS peak intensity of the ArM and scaffold 

(IArM/(IArM+Iscaffold)); the effective ArM concentration was calculated by multiplying the total 

protein concentration by the efficiency of dirhodium incorporation ([ArM]=[Total 

protein]*(IArM/(IArM+Iscaffold)). 

A 500 µL solution of 48 µM POP-(ZA4)-X-1 was prepared and placed in a QIAquick Gel 

Extraction column (Qiagen QIAquick spin column 50). 100 µL of a 50% Ni-NTA resin suspension 

was added to each well while mixing the resin to ensure consistency. The column was rotated at 

4°C for one hour then centrifuged at 3000 rpm for 1 minute. The flow-through was discarded and 

500 µL of reaction buffer was added. Resin-bound ArM suspension was lightly shaken by hand, 

then centrifuged at 3000 rpm for 1 minute. After discarding the flow-through, the filter tube was 

centrifuged once more at 3000 rpm for 1 minute to remove all liquid. 500 µL reaction buffer was 

then added and the suspension was lightly shaken by hand. To this suspension, 25 µL of 0.48 M 

styrene in THF was added followed by 25 µL of 0.096 M diazo substrate in THF. The reaction 

mixture was rotated at 4°C for four hours. 

To quench the reaction, the filter insert was placed in a clean 2 mL centrifuge tube and was 

centrifuged at 3000 rpm for 2 minutes. 300 µL ethyl acetate was added to the resin and the 

suspension was mixed lightly by hand. The mixture was centrifuged (collecting in the same 2 mL 

centrifuge tube) at 3000 rpm for 2 minutes. This organic wash was repeated once more. The 

collection tube containing the aqueous reaction buffer and 600 µL ethyl acetate was vortexed for 
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1 minute and then centrifuged at 15000 rpm for 3 minutes to separate the organic and aqueous 

layers. The organic layer was removed and placed in a 4 mL glass vial. Two extractions of the 

remaining aqueous reaction buffer were performed using 600 µL of ethyl acetate which was 

vortexed, centrifuged, and extracted as before. The combined organic extracts (1.8 mL) were 

evaporated and the residue was taken up in 250 µL 1:1 isopropanol/hexanes for analysis by HPLC. 

The conversions and enantioselectivities were reported as the average of three trials from the same 

batch of ArM set up in parallel. The NP-HPLC to determine enantioselectivities was performed 

on Agilent 1100 Series HPLC system using a Phenomenex Lux® 3u Cellulose-1 column (1000 Å, 

3 µM, 4.6 mm i.d. x 250 mm), with a flow rate of 1.0 mL/min and detection wavelength set at 230 

nm. The following gradient was used: 10 % to 70 % B from 0-10 min, 70 % B from 10-15 min, 

70 % to 100 % B from 15-18 min, 100 % B from 18-22 min, 4 min post-run (solvent A: 2-propanol; 

solvent B: hexanes). The results for 6 reuse cycles of immobilized 3-VRVH using this protocol 

are reported in Supplementary Figure 11. 

 

 

Supplementary Figure 11. Immobilized 3-VRVH repetition results.  
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Scaffold Modification and LC-MS/MS Characterization 

Biocatalysis reactions were conducted as described above. Solutions of methyl 4-

methoxyphenyldiazoacetate (25 µL, 96 mM in THF) and styrene (25 µL, 485 mM in THF) were 

added to 480 µL solutions of ArM adjusted to 48 µM loading of dirhodium-conjugated ArM and 

incubated at 4°C with 600 rpm stirring for 4 hours. Control reactions containing bare scaffold (no 

conjugated metal) were prepared in an identical fashion with equal total protein loading relative to 

the corresponding metalloenzyme-catalyzed reactions. Controls were also prepared containing no 

diazo or styrene (but with an equivalent concentration of THF). 150 µL aliquots of the reaction 

mixtures were pulled at designated time points and loaded onto 0.5 mL 40K Zeba Spin Desalting 

columns (Thermo Fisher) pre-equilibrated with 50 mM Tris buffer pH 7.4. These were spun at 

1500xg for 2 minutes. The eluent was then collected. Intact protein ESI-MS was collected with 

this fraction. 

The collected eluents from each time point were then treated with CNBr according to a modified 

literature procedure9: 100 µL of eluent was treated with 37.7 µL 1 N HCl and 4.8 µL 1 mM 

neurotensin standard. Then, the samples were wrapped in aluminum foil, at which point 7.5 µL 

5.0 M CNBr in acetonitrile was added to the mixture. These samples were incubated with 250 rpm 

shaking for 16 hours (fully wrapped in aluminum foil). Once the digestions were completed, they 

were concentrated on a Speedvac at 55°C to remove solvent and excess CNBr. The residues were 

then resuspended in 150 µL H2O. These were analyzed by LC/Q-TOF MS. 

  



40 
 

LC-MS/MS Sample Preparation, Mass spectrometry and Proteomic Data Analysis 

Owing to the thermal stability of POP variants, a two-step digestion procedure was employed prior 

to LC-MS/MS analyses. First, POP protein was cleaved at methionine residues with cyanogen 

bromide treatment as described above. Each CNBr digest (18 µL) was diluted into trypsin digest 

buffer (1 M Urea, 50 mM NH4CO3H, 1 mM CaCl2, pH 7.8) and digested with 1 µg modified 

bovine trypsin (1:100 enzyme/protein ratio; Promega) at 30°C overnight. It should be noted that 

the POP enzyme variants used here do not contain cysteine, so reduction and alkylation steps were 

omitted. Digestion was stopped by acidification to pH 2-3 with formic acid, and peptides were 

then desalted on P10 ZipTips (Millipore), lyophilized and resuspended in 0.1% TFA-containing 

mass spectrometry grade water (Sigma).  

LC-MS/MS experiments were performed with an Easy-nLC 1000 ultra-high pressure LC system 

(ThermoFisher) using a PepMap RSLC C18 column (column: 75 µm x 15 cm; 3 µm, 100 Å) 

coupled to a Q Exactive HF Orbitrap and Easy-Spray Nanosource (ThermoFisher). CNBr-trypsin 

digested peptides (500 ng) were injected onto the column in buffer A (0.1% TFA water) and 

separated using the following linear gradient of buffer B (80% acetonitrile with 0.1% TFA) at 300 

nL/min: 0-40% buffer B over 30 minutes, 40-90% buffer B over 5 minutes, 90-90% buffer B over 

10 minutes, and re-stabilized to 0% buffer B over 5minutes. MS/MS spectra were collected from 

0 to 45 minutes using a data-dependent, top-10 ion setting. Data acquisition for differential 

modification searches were performed with the following settings: Full MS scans were acquired 

at a resolution of 120,000, scan range of 150-1600 m/z, maximum IT of 50 ms, AGC target of 1e6, 

and data type in profile mode. Sequencing was performed by HCD fragmentation with a resolution 

of 15,000, AGC target of 1e5, maximum IT of 30 ms, and data type in centroid mode. Isolation 

window for precursor ions was set to 1.5 m/z with an underfill ratio of 0.5%. Peptides with charge 
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state >5 or undefined were excluded and dynamic exclusion for all others was set to 5.0 seconds. 

Furthermore, S-lens RF level was set to 60 with a spray voltage value of 2.60kV. Modified-peptide 

searches were enabled using a lower collision energy (NCE = 18), and runs used to quantify 

unmodified peptides used NCE = 26.  

MS2 files were generated and searched using the ProLuCID algorithm in the Integrated Proteomics 

Pipeline (IP2) software platform. Custom search databases were created using each POP variant 

protein sequence, and a concatenated decoy database was included for false discovery rate 

estimations. Basic searches were performed with the following search parameters: HCD 

fragmentation method; monoisotopic precursor ions; precursor mass range 150-6000 and initial 

fragment tolerance at 600 p.p.m.; C-terminal enzyme cleavage specificity at lysine and arginine 

residues with 2 missed cleavage sites permitted; primary scoring type by XCorr and secondary by 

Zscore; minimum peptide length of 3 (as known peptides of this length were present after double 

digestion) with a candidate peptide threshold of 500. A minimum of one peptide per protein and 

half-tryptic peptide specificity were required. Starting statistics were performed with a Δmass 

cutoff = 15 p.p.m. with modstat, and trypstat settings. False-discovery rates were set initially to 

1%, however actual FDRs across all runs and searches was 0, and Δmass of precursor ions was 

below 5 p.p.m.. Differential modification searches to identify carbene-modified residues were 

performed with the settings above and allowing for up to two total differential modification sites 

per peptide, including oxidized methionines (+15.9949), and methyl 2-(4-methoxyphenyl)acetate-

modified residues (+178.063). Differential modification searches were performed by parallel 

searches of each residue individually (i.e. one search of W for 178.063 adducts, one search of F 

for 178.063 adducts etc.). Residue localization on larger peptides was accomplished by manual 

inspection of fragment spectra for characteristic fragment ions as well as overall spectral match 
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statistics (Xcorr and DeltCN). The modified FWK peptide was first observed by Q-TOF analysis 

and was too short for detection by standard ProLuCID searches. Therefore, this peptide and its 

modified variant were validated by manual inspection and assignment of chromatograms and mass 

spectra. Relative modification levels were calculated by comparing the extracted ion intensity area 

for the unmodified peptide of interest between control and reaction scaffolds; these ratios were 

further normalized for potential fluctuation between runs by normalizing to extracted ion intensity 

area ratios of high abundance peptides observed in all runs.  

 

Supplementary Table 7. Nucleotide sequences for the primers used to mutate residues identified 

as sites of carbene insertion to alanine (see main text). 
 

# Primer name Primer sequence 

1 W142A for 5'- CCG TCC ATT GCG AAC ATC ACC TTC CTG -3' 

2 W142A rev 5'- CAG GAA GGT GAT GTT CGC AAT GGA CGG -3' 

3 W175A for 5'- GCA CGT ATG TTT GCG AAA GAC CGT GAA GGC -3' 

4 W175A rev 5'- GCC TTC ACG GTC TTT CGC AAA CAT ACG TGC -3' 
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Supplementary Figure 12. LC-MS/MS detection and quantification of substrate-modified 

POP variants. a) Extracted ion chromatograms of the unmodified (top) and modified (middle) 

peptide containing the modified W175 from the 1-NAGS scaffold. Annotated fragment spectra 

(bottom) of the (mod)-FWK peptide revealed characteristic fragments localizing the site of 

modification to tryptophan. Identified fragment ions are labeled on the spectrum as well as the 

peptide sequence (top). Amino acids separated by a period (.) represent the N- and C-terminal 
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cleavage sites, which in the case of FWK, resulted from CNBr and trypsin digestion. b) Data-

dependent analysis and differential modification searches identified a modification at W142 in the 

1-NAGS and 3-VRVH proteins. Extracted ion chromatograms of the unmodified (top) and 

modified (middle) tryptic peptides are shown, as is a representative annotated fragment spectrum 

(bottom) for the modified tryptic peptide. c-e) The extent of substrate modification at distinct sites 

is shown for W175 in 1-NAGS (c), W142 in 1-NAGS (d) and W142 in 3-VRVH (e). These data 

support minimal modification at position 175 relative to more significant levels (~30-60%) at 

position W142. Data shown represent mean ± s.e.m. from triplicate measurements. *, p < 0.05; **, 

p < 0.01. 
 

 

Supplementary Figure 13. Reaction profile of alanine mutants. Reactions performed as described 

in the Hits Purification and Verification section, vide supra (22 mM olefin, 4.4 mM 

aryldiazoacetate, 44 µM (1 mol%) POP-Rh2 shaking at 750 rpm at 4 °C, quenched by addition of 

internal standard and ethyl acetate at the specified time point).  Plot of %ee is of the mean ± 

standard deviation (n=3). 
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