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General Methods and Materials 
Synthesis and analytical methods 
For chemical synthesis, solvents were bought from Thermo Fisher Scientific and Millipore Sigma, and reagents 
were used without further purification unless otherwise noted. Anhydrous reactions were performed in oven-
dried glassware under an argon atmosphere. Reactions were monitored via precoated plates thin-layer 
chromatography (TLC, Merck, 60 F254), and visualized via KMnO4 staining solution (1.5 g KMnO4, 10 g K2CO3, 
1.25 mL 10% NaOH in 200 mL water) and with UV at 254 nm, with TLC Rf values rounded to the nearest 0.05. 
Silica gel (Alfa Aesar, 60 (215-400 mesh)) was used to purify products via flash column chromatography, and 
rotary evaporation was used to concentrate samples under reduced pressure. Nuclear magnetic resonance 
(NMR) spectra were obtained using an Avance III HD spectrometer (Bruker) equipped with a BBFO SmartProbe 
at 500 MHz (1H NMR) or 125 MHz (13C NMR) using CDCl3 or D2O as solvents. Chemical shifts for synthetic 
reactions are reported in ppm (d) and referenced either to methanol as an internal standard for D2O (d=4.79 ppm 
for 1H NMR), or the CDCl3 solvent signal (d=7.26 ppm for 1H, d=77.2 ppm for 13C NMR). NMR data are reported 
as follows: s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet, J=coupling constant (Hz). High resolution mass 
spectrometer (HRMS) data were obtained via MALDI-qTOF on a timsTOFfleX (Bruker) in positive mode with a 
laser power of 50%, frequency of 1000 Hz, and 1000 shots per sample. 
 
LCMS method 
General LCMS conditions were followed from a literature reference.1 In summary, assays were measured on an 
Elute UHPLC system (Bruker) coupled to an ESI-ion trap (Bruker) mass spectrometer in positive mode. 
Compound separation was achieved using reversed-phase chromatography using the eluents water+0.1% 
formic acid (Solvent A) and acetonitrile+0.1% formic acid (Solvent B) with a Bruker Intensity Solo C18(2), 2 mm 
– 2 x 100 mm column. The LC method is adapted from a literature reference,1 with the modification of a hold at 
10% B for 4 minutes.  
 
Reagents for D2O assays 
Premade stock solutions of pyridoxal-5′-phosphate (PLP) and K2HPO4 buffer were lyophilized overnight, then 
resuspended in D2O and lyophilized a second time. Solutions were washed and lyophilized in D2O an additional 
time before being stored under Ar gas at -20 °C until needed.  
 
General Marfey’s derivatization for LCMS analysis 
The reaction procedure for Marfey’s derivatization of enzymatic assays was followed from a previous reference.1 
Briefly, saturated sodium bicarbonate (20 µL) was added to the enzyme assay (50 µL). A 1% w/v solution of 
Marfey’s reagent was prepared in acetone, and 100 µL of the Marfey’s solution was added to the crude enzyme 
assay to begin the derivatization reaction. After 90 minutes of incubation at 37 °C, the reaction was neutralized 
with 1N HCl (25 µL). The neutralized reaction was centrifuged at 14,000 x g for 10 minutes, and the supernatant 
was extracted for LCMS analysis. 
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Molecular Biology and Biochemical Methods 
gntC cloning 
gntC C-terminus His6 tag cloning: Cloning of gntC with a C-terminal His6 tag was achieved with the primers listed 
in Table S3 with HiFi Assembly polymerase mix (New England Biolabs Inc.) with the following amplification 
conditions to amplify the gene insert:  
 
Initial denaturation at 98 °C (1:40 minutes), 30 cycles of 98 °C (10 seconds), 60 °C (10 seconds), 72 °C (1:40 
minutes), a final elongation of 72 °C (3 minutes) and hold at 4 °C until removal of product from PCR thermocycler. 
 
To prepare linearized pET28a(+) backbone, a restriction enzyme digest was performed on empty pET28a(+) 
with the restriction enzymes NcoI and XhoI at 37 °C for 30 minutes, then 80 °C for 20 minutes to heat inactivate 
the restriction enzymes. 
 
Once the gene insert and linear pET28a(+) were prepared, a Gibson assembly was performed and incubated at 
55 °C for 30 minutes, and transformed into E. coli DH10b cells. Sequencing of gntC was confirmed via Sanger 
sequencing (Azenta Life Sciences).  
 
gntC mutant cloning: Using the pET28a(+) plasmid of WT gntC as a template, site-directed mutagenesis of gntC 
was achieved by PCR using the primers listed in Table S3 with Q5 polymerase (New England Biolabs Inc.), and 
the following amplification conditions:  
 
General PCR protocol for each primer set: initial denaturation at 98 °C (30 seconds), 35 cycles of 98 °C (5 
seconds), 68 °C (10 seconds),* and 72 °C (1:40 minutes), and a final elongation of 72 °C (1:30 minutes). 
*temperature varied based on melting temperature of primer set, further details listed in Table S3 
 
PCR products were run on a 10% agarose gel to check for amplification prior to reaction with KLD (kinase, ligase, 
DpnI) enzyme reaction mix (New England Biolabs Inc.) to remove parental DNA. After the reaction with the KLD 
mixture, the reaction product was transformed into E. coli DH10b cells. Sequencing of mutants were confirmed 
via Sanger sequencing (Azenta Life Sciences). 
 
Transformation into E. coli 
Transformation protocol was adapted from work previously done in the lab.1 Plasmids used in this study were 
transformed into E. coli DH10b chemically competent cells for plasmid storage and BL21(DE3) cells for plasmid 
expression by heat shock. After thawing cell aliquots from -80 °C storage on ice for 10 minutes, 1.0 µL of plasmid 
was added to cell aliquots and incubated on ice for 30 minutes. Cells were heat shocked at 42 °C for 55 seconds, 
then incubated on ice again for 2 minutes. Aliquots were added to 750 µL of LB media and then incubated at 37 
°C at 200 rpm for 1 hour. Afterword, cells were plated on LB media plates with 50 mg/mL kanamycin and 
incubated at 37 °C overnight, then checked for colony formation the next day.  
 
Plasmid purification 
Plasmid purification was achieved using the QIAprep Spin Miniprep Kit (QIAGEN) with the manufacturer’s 
protocol. DNA concentrations were measured via NanoDrop.  
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GntC heterologous protein expression  
A general method from a literature reference1 was followed for GntC and each GntC mutant. After sequence 
confirmation, purified plasmid was transformed into E. coli DH10b and BL21(DE3) cells. From these cultures, 
glycerol stocks were prepared, and a colony was picked from the E. coli BL21(DE3) plate for protein expression 
starter cultures for the GntC mutants. Starter cultures contained 15 mL LB media, 50 mg/mL kanamycin, and a 
colony of the appropriate GntC mutant, and were incubated overnight at 37 °C at 200 rpm. After overnight 
incubation, 10 mL of the starter culture was inoculated into 1 L of Terrific Broth media containing 50 mg/mL 
kanamycin and was incubated at 37 °C and 200 rpm until the culture reached an OD600 of 0.8. Afterword, the 1 
L culture was cooled to 18 °C with 200 rpm for 1 hour prior to the addition of 100 µM isopropyl-b-D-
thiogalactopyranoside (IPTG) to induce protein expression. Cultures were incubated overnight at 18 °C and 200 
rpm prior to cell harvesting. Cultures were harvested by centrifugation at 2500 x g at 4 °C for 30 minutes, then 
resuspended in 30 mL cell lysis buffer (1 M NaCl, 20 mM Tris-HCl pH 8.0, 20 mM imidazole, 10% glycerol) and 
stored at -80 °C until protein purification.  
 
GntC protein purification 
Protein purification conditions adapted from a literature reference.1 E. coli BL21 (DE3) cell pellets containing 
(His)6-gntC variants were thawed, then sonicated on ice for a total of 6 minutes at 40% amplitude with 15 seconds 
on, and 45 seconds off (FisherBrand Model 505 Sonic Dismembrator, 3.2 mm microtip). The lysate was clarified 
by centrifugation at 15,000 x g for 30 minutes at 4 °C. Proteins were purified at 4 °C using an AKTAGo FPLC 
system with a HisTrap FF (5 mL) column (GE Healthcare Life Sciences) preequilibrated with at least 25 mL 
Buffer A (30 mM Tris pH 8.0, 30 mM imidazole, 300 mM NaCl) at a maximum flow rate of 2 mL/minute. Buffers 
used for FPLC purification were filtered through a 0.22 µM nitrocellulose membrane prior to usage. After loading 
the clarified cell lysate onto the column, the column was rinsed with Buffer A until the UV absorbance returned 
to baseline, then the column was washed with 10% Buffer B (20 mM Tris pH 8.0, 1 M NaCl, and 250 imidazole) 
to remove non-specifically bound proteins using either 25 mL Buffer B or until the UV absorbance returned to 
baseline. His6-GntC was eluted with a linear gradient to 100% B over 60 mL in 30 minutes, while collecting 5 mL 
fractions. The eluate fractions were assessed for purity using a 10% SDS-PAGE gel, and fractions with over 
90% GntC, were combined and concentrated to less than 2.5 mL using by Amicon ultra centrifugal filters (30 
kDa molecular weight cut-off (MWCO), EMD-Millipore). Proteins were buffer exchanged into GF Buffer (50 mM 
HEPES pH 8.0, 300 mM KCl) using a preequilibrated PD-10 column (GE Healthcare Life Sciences). Protein 
concentrations were estimated using the Bradford assay with a bovine serum albumin standard and, if 
necessary, protein was further concentrated with the 30 kDa Amicon ultra centrifugal filter. After obtaining purified 
protein, the protein was aliquoted into 50 µL aliquots and stored at -80 °C.  
 
The following pure protein concentrations were obtained: WT GntC (37 mg/L), GntC N52A (9 mg/L), GntC N52Q 
(16 mg/L), GntC N52D (13 mg/L), GntC T84A (8 mg/L), GntC T84V (6 mg/L), GntC K219A (31 mg/L), GntC 
S25A* (4 mg/L). 
 
*During FPLC elution, protein eluted with the absence of PLP and appeared to aggregate in a concentration-
dependent manner, in which 500 µL of 2.00 mM PLP was added to each fraction to stabilize the enzyme. After 
elution, aggregate was removed via centrifugation at 20,000 x g at 4 °C for 10 minutes to remove aggregates.  
 
Protein oligomerization assessment 
To assess oligomerization of site-directed GntC variants, a Superdex 200 size exclusion column (GE Healthcare 
Life Sciences) was equilibrated with 40 mL of GF buffer. Protein samples were diluted to 4 mg/mL, and 60 µL 
was directly injected to the FPLC. Using a flow rate of 0.20 mL/minute, fractions were eluted, and the main dimer 
peak was collected.  
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GntC buffer exchange for D2O assays 
Enzyme buffer exchange procedures were adapted from a literature reference.2 A 500 µL aliquot of GntC was 
thawed on ice from storage at -80 °C. The aliquot would be pipetted into a 30 kDa MWCO Amicon centrifugal 
filter with 50 mM K2HPO4 at pH 8.0 (5 mL) in D2O and centrifuged at 3,400 x g for 20 minutes. The GntC aliquot 
would be washed with two additional K2HPO4 D2O washes prior to Bradford assay to determine enzyme 
concentration.  
 
GntC apoenzyme preparation 
GntC coelutes with the cofactor PLP during protein purification. To obtain apo-GntC, a 1 mL aliquot of GntC was 
thawed on ice from storage at -80 °C. GntC was added to GF buffer and 5 mM hydroxylamine to a volume of 10 
mL. The solution was incubated on ice for 4 hours prior to adding to a 30 kDa MWCO Amicon centrifugal filter 
with GF buffer and centrifuged at 3,400 x g for 20 minutes. The solution was centrifuged with two additional GF 
buffer washes prior to Bradford assay to determine enzyme concentration. 
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Enzyme Assay Methods 
H2O enzyme assays 
Wild-type (WT) and mutant GntC assays were conducted in a similar manner to previously reported.1 Assays 
were conducted in 50 mM K2HPO4 (pH 8.0), using 1 mM substrate, 100 µM PLP, and 50 µM purified GntC 
enzyme. Total reaction volumes were brought to a total volume of 50 µL using MilliQ water and incubated at 
room temperature overnight. After incubation, reactions were derivatized using the detailed protocol above for 
Marfey’s derivatization, then subjected to LCMS analysis.  
 
Apoenzyme GntC assay 
GntC PLP-stripped assays were conducted in 50 mM K2HPO4 (pH 8.0) using 1 mM substrate, and 50 µM 
apoenzyme GntC. Reaction volumes were brought to 50 µL with MilliQ water and incubated overnight at room 
temperature. Reactions with derivatized with Marfey’s reagent (protocol detailed above) prior to LCMS analysis.  
 
D2O enzyme assays 
GntC deuterium incorporation assays were conducted in 50 mM K2HPO4 (pH 8.0) using 1 mM substrate, 100 
µM PLP, and 38 µM of purified GntC enzyme that was buffer exchanged into D2O and 50 mM K2HPO4. Reaction 
volumes were brought to their total volume of 50 µL with D2O. Assays were incubated at room temperature 
overnight, then derivatized with Marfey’s reagent prior to LCMS analysis.  
 
H2

18O enzyme assays 
To help establish the irreversibility of a step of the GntC mechanism, GntC assays were conducted in 50% H2

18O 
(Cambridge Isotope Laboratories) by using 50 mM K2HPO4 (pH, 8.0), 1 mM substrate, 100 µM PLP, and 50 µM 
GntC. All reagents were stored in MilliQ water, and enzyme assays were diluted to a final volume of 50 µL using 
H2

18O. After 16 hours of incubation at room temperature, the reactions were derivatized with Marfey’s reagent 
for LCMS analysis.  
 
NMR enzyme assays 
GntC NMR assays were conducted in 50 mM K2HPO4 (pH 8.0), 2.6 mM substrate (unless otherwise stated), 100 
µM PLP, and 30 µM purified WT GntC. GntC enzyme was buffer exchanged into D2O using the protocol above. 
Reaction volumes were brought to 500 µL with D2O. Reactions placed into a clean, oven-dried NMR tube and 
analyzed using 1H NMR obtained on a Bruker 500 MHz NMR instrument using the default settings except for 
using 256 scans rather than 16 scans.  
 
Spectroscopy assays 
GntC UV-Vis assays were adapted from a literature reference.3 Assays were conducted in 50 mM K2HPO4 (pH 
8.0), 1 mM substrate, and 40 µM purified WT GntC enzyme. No additional PLP was added to the reaction, and 
reaction volumes were brought to 500 µL using MilliQ water. Assays were analyzed in a 500 µL, 10 mm quartz 
cuvette cell (VWR International, LLC) using an Eppendorf BioSpectrometer between 300 and 550 nm.  
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Protein Crystallography Methods 
Protein expression and purification for crystallography experiments  
For crystallography studies, GntC was expressed and purified in a similar manner above with the following 
changes: A single colony was inoculated into a 10 mL of LB starter culture, grown at 37 °C and 220 rpm shaking 
overnight. The starter culture was then inoculated into 1 L LB media, grown at 37 °C and 220 rpm shaking until 
OD600 reaches 1.0. An hour after the temperature adjustment, the protein expression was induced by IPTG at 1 
mM final concentration. Cells were harvested by centrifugation (8,000 x g, 4 °C, 10 min) 16 hours after induction.  
 
For protein purification the following changes were made from the protocol above: The column was further 
equilibrated with 40 mL of Buffer A (25 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 100 µM PLP). The 
column was eluted with a linear gradient to 100% Buffer B (25 mM Tris pH 8.0, 300 mM NaCl, and 250 mM 
imidazole) over 40 mL volume while collecting 5 mL fractions. The protein was further purified on a Superdex 75 
16/60 size exclusion column (GE Healthcare Life Sciences) in the gel filtration buffer (100 mM MOPS pH 6.7 
and 20 μM PLP). The dimeric peak from gel filtration was collected and concentrated by Amicon ultra centrifugal 
filters (30 kD molecular weight cut-off) to a final concentration of 10.6 mg/mL. The protein was flash-frozen in 25 
μL aliquots and stored in -80 °C freezer. 
 
Crystallization of GntC and cocrystallization of GntC with 1  
GntC was crystallized by hanging drop crystallization at 8 °C. 1.0 µL of 10.6 mg/mL GntC in the gel filtration 
buffer was mixed with 1.0 µL well solution (19% (w/v) PEG 3350, 0.50 M MgCl2, 0.10 M Tris pH 8.5, and 1 mM 
PLP) to make a 2-µL hanging drop in a sealed well with 500 µL well solution. Yellow rod crystals grew overnight. 
The crystals were then transferred to a cryogenic solution (19% (w/v) PEG 3350, 0.50 M MgCl2, 0.10 M Tris pH 
8.5, 1 mM PLP, and 15 % (v/v) ethylene glycol) and flash-cooled in liquid nitrogen. 
 
Purified 1 was dissolved in water and titrated with 1 M NaOH to a final concentration of 100 mM at approximately 
pH 7. GntC with 1 bound was crystallized by sitting drop crystallization at 4 °C. 1.0 µL of 9.6 mg/mL GntC in the 
gel filtration buffer supplemented with 10 mM 1 was mixed with 1.0 µL well solution (24-27% (w/v) PEG 3350, 
0.40-0.44 M MgCl2, 0.10 M Tris pH 8.5, and 1 mM PLP) to make a 2-µL sitting drop in a sealed well with 500 µL 
well solution. Yellow rod crystals grew overnight. The crystals were then transferred to a cryogenic solution (24% 
(w/v) PEG 3350, 0.44 M MgCl2, 0.10 M Tris pH 8.5, and 20% (v/v) ethylene glycol) and flash-cooled in liquid 
nitrogen. 
 
Data collection and processing  
A data set of GntC was collected at Advanced Light Source (Berkeley, California, USA) on beamline 8.2.1 using 
a ADSC Q315R detector at a temperature of 100 K. Resolution cutoffs were chosen based on I/s limit of 2. Data 
were indexed, integrated, and scaled in AutoProc.4  
 
A data set of GntC with 1 bound was collected at Stanford Synchrotron Radiation Lightsource (Menlo Park, 
California, USA) on beamline 12-2 using a Pilatus 6M PAD detector at a temperature of 100 K. Resolution cutoffs 
were chosen as CC1/2 ~ 0.7. Data were indexed, integrated, and scaled in XDS.5 The crystal of GntC with 1 
bound was determined by Phenix6 Xtriage to have merohedral twinning, with a twin law of h, - k, - l. The twin 
fraction was refined in Phenix Refine to 48%, and the structure was refined to account for twinning.  
 
Structure determination and refinement  
The structure of GntC was determined to 2.10-Å resolution by molecular replacement (MR) using MRage7 
implemented in Phenix. A PLP-dependent aminotransferase (ZP_03625122.1) from Streptococcus suis 89/1591 
(PDB ID: 3OP7), which shared 28.9% identity with GntC, was trimmed by Sculptor8 and used as a model for 
molecular replacement. The MR gives one solution containing two GntC dimers per asymmetric unit (ASU) with 
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a log-likelihood gain (LLG) value of 655 and a final translational function Z score (TFZ) of 20.6. The MR solution 
was used as an input for AutoBuild9 implemented in Phenix for initial model building. After the AutoBuild run, the 
atomic coordinates and B-factors were iteratively refined in Phenix Refine with model building and manual 
adjustment of model in Coot.10 TLS parameters were refined in the last few rounds of refinement in which each 
GntC monomer is a TLS group. Water molecules were added manually throughout real space refinements using 
Fo-Fc electron density contoured to 3.0s as criteria. Four-fold non-crystallographic symmetry (NCS) restraints 
were used throughout refinement. Restraints for Lys-PLP adduct were generated from Grade Web Server 
(Global Phasing).  
 
The structure of GntC with 1 bound was determined to 2.04-Å resolution by rigid-body refinement from 2.10-Å 
resolution GntC structure. The atomic coordinates and B-factors was iteratively refined in Phenix Refine with 
model building and manual adjustment of model in Coot. Water molecules were added manually throughout real 
space refinements using Fo-Fc electron density contoured to 3.0σ as criteria. Four-fold non-crystallographic 
symmetry (NCS) restraints were used throughout refinement. Restraints for the PLP-1 adduct were generated 
from Grade Web Server (Global Phasing). A composite-omit electron density map calculated by Phenix 
Composite_omit_map was used to verify the model. Restraints for Lys-PLP adduct were generated from Grade 
Web Server (Global Phasing).   
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Supplementary figures and tables:  
 

 
 
Figure S1: Previously reported in vivo guanitoxin stable isotope labeling results.11 Heavy isotope labeled 1-d6 
was successfully incorporated into guanitoxin when fed to toxin-producing Anabaena flos-aquae 
cyanobacterium. Only three of the original deuterium atoms were retained during this biotransformation as 
depicted in the guanitoxin-d3 structure above. Based on our previous biochemical characterization of GntD, GntE, 
and GntG1 and GntC mechanistic results from this study, we propose the following biosynthetic intermediates 
(beginning with 2-d3), which would rationalize the in vivo re-introduction of the two hydrogen atoms adjacent to 
the dimethylamine moiety within isolated guanitoxin-d3.   
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Figure S2 In vitro GntC PLP dependency assay. To remove the co-purifying PLP cofactor and generate the apo-
enzyme, GntC was treated with hydroxylamine following the procedures above. Enzyme assays with apo-GntC 
(top trace), no enzyme (middle trace), and apo-GntC with 100 µM PLP exogenously added (bottom trace) were 
incubated at room temperature for 16 hours prior to Marfey’s derivatization and UPLC-MS analysis. Relative 
intensities of positive mode extracted ion chromatograms from UPLC-MS traces were extracted for derivatized 
product 2 ([M+H]+ 425.15 ± 0.50 m/z). 
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Figure S3: In vitro GntC pH preference assay. In vitro GntC assays were set up as previously described for 14 
hours under buffered potassium phosphate at pHs 6 - 10. An internal standard of 500 µM glycine was added 
prior to Marfey’s derivatization to correct for any discrepancies during derivatization and for relative product 
conversion measurements via LCMS analysis. Relative intensities of positive mode extracted ion chromatograms 
from UPLC-MS traces were extracted for derivatized 2 and glycine ([M+H]+ 425.15, 328.08 ± 0.50 m/z 
respectively). The 2:glycine peak areas ratios at the 5 pHs tested were compared and identified pH 8 as optimal 
for 2 production.  
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Figure S4: In vitro GntC divalent metal cation preference assay. In vitro GntC assays were set up as previously 
described for 16 hours with the addition of 1 mM EDTA or divalent metal salt (MgCl2 • 6H2O, CaCl2, MnSO4 • 
H2O, FeSO4 • 7H2O, CoBr2, CuSO4 • 5H2O, ZnCl2) following adaption from literature resources.12 An internal 
standard of 1 mM glycine was added prior to Marfey’s derivatization to correct for any discrepancies during 
derivatization and for relative product conversion measurements via LCMS analysis. Relative intensities of 
positive mode extracted ion chromatograms from UPLC-MS traces were extracted for derivatized 2 and glycine 
([M+H]+ 425.15, 328.08 ± 0.50 m/z respectively). The 2:glycine peak area ratios were compared to no added 
metal and showed negligible enhancement of 2 production by GntC.  
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Figure S5: In vitro GntC assays with N- or C-terminally His6-tagged enzyme. In vitro enzyme assays were set up 
as previously described over 16 hours without enzyme (top trace), N-terminally His6-tagged GntC (middle trace), 
and C-terminally tagged GntC (bottom trace). Relative intensities of positive mode extracted ion chromatograms 
from UPLC-MS traces were extracted for derivatized 1 and 2 ([M+H]+ 443.16, 425.15 ± 0.50 m/z respectively). 
Both versions of the enzyme successfully produced 2 in vitro, showing the negligible impact of the His6-tag on 
GntC catalysis.   
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Figure S6. UV-Vis spectra of GntC assays with substrate 1 and diastereomer 1′. In vitro enzyme assays were 
incubated at room temperature for up to 5 hours with 1 mM substrate, 40 µM GntC and 50 mM K2HPO4 buffer 
(pH 8.0) and no additional PLP. UV-Vis absorption spectra were taken prior to the addition of substrate 1 (left) 
or 1′ (right) and then at the time points listed. 
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Figure S7: In vitro 1H NMR GntC assay with substrate 1 in H2O and D2O. In vitro enzyme assays were set up in 
a ~100:1 substrate 1:GntC molar ratio and analyzed using 500 MHz 1H NMR. In comparison to no enzyme 
controls with substrate 1 (top trace) and product 2 (bottom trace), characteristic signals for 1 and 2 are present 
after prolonged incubation with GntC in H2O buffer (second trace). As depicted by the red and blue boxes, a- 
and b- hydrogen signals for both 1 and 2 are substantially diminished under buffered D2O conditions (third trace).  
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Figure S8: In vitro 1H NMR GntC assay with substrate diastereomer 1′ in D2O. In vitro enzyme assays were set 
up in a ~50:1 substrate diastereomer 1′:GntC molar ratio in buffered D2O and analyzed using 500 MHz 1H NMR. 
Following a 20 hour incubation of substrate diastereomer 1′ without (top trace) and with GntC (bottom trace), a 
substantial decrease in a- and b-hydrogen signals for 1′ were observed without any obvious cyclic or alternative 
products.  
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Figure S9: In vitro GntC assay with product L-enduracididine (2) in D2O. In vitro incubation of 2 for 16 hours 
without (top) and with GntC (bottom) in the presence of in D2O conditions. Following Marfey’s derivatization and 
UPLC-MS analysis, up to three 3 deuterium incorporations occur in the product (2-d3) based on the mass 
spectrometry envelope.  
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Figure S10: In vitro GntC assay to assess overall reaction reversibility.  In vitro enzyme assays were set up with 
product 2 and incubated for 14 hours under buffered K2HPO4 in D2O. Relative intensities of positive mode 
extracted ion chromatograms from UPLC-MS traces were extracted for all reasonably deuterated isotopologs of 
derivatized 2, 1, and L-arginine (425.15, 426.15, 427.16, 428.16, 443.16, 444.16, 445.16 ± 0.50 m/z). No obvious 
differences were observed in the presence (top trace) or absence (second trace) of GntC incubation, indicating 
that the overall GntC reaction is not reversible in in vitro conditions.   
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Figure S11: In vitro GntC assay in 50% H2

18O to assess dehydration reversibility. In vitro enzyme assays were 
set up as previously described in 50% H2

18O buffered conditions. Following Marfey’s derivatization and UPLC-
MS analysis, no difference in isotopic mass distribution was observed for starting material 1 when comparing the 
no enzyme (top left) and with GntC (bottom left) experiments. This indicates that the dehydration step is not 
reversible under in vitro GntC assay conditions.  
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Figure S12: Sequence alignment of GntC to PLP-dependent capreomycidine cyclases. Enzymes listed are GntC 
(PDB ID: 8FFT), VioD, and OrfR (PDB ID: 4M2M, Chain A). Alignment was generated using Clustal Omega and 
viewed using ESPript 3.0. Sequence numbering follows the GntC sequence, and highlighted residues are orange 
with a triangle underneath them. Conserved residues include a glutamate residue towards the N-terminus of the 
sequences (GntC E9), a serine residue conserved amongst GntC, OrfR, and VioD (GntC S25), and a lysine 
residue (GntC K219). NCBI accession numbers for all sequences are listed in Table S1. 
 

                          1       10         20        30   

GntC                                  LE W              S V                                                      L       FT  ..........................MKIQPAL  M LSE.YERVPYN GE S DN  LG

VioD                                  LE W              S V                                                      I       YT  ..........MTGP.......LGAGPQALPAAP  D LRERYFQAKTD SS G HN  FG

OrfR                                  LE W              S V                                                      I       YS  MGSSHHHHHHSSGLVPRGSHMSSLRPRREDPPV  E YRRHLGPDIHD SS G HP  FA

     40           50        60        70        80        90

GntC E             LD          G    R A A             T G  EA     L  L            L      T     L   I           IL    TT  I I   LN TGD...RDA  Q SLMNND H SLR  E   SLDKSVSPDD  V A      L Y

VioD E             LD          G    R A A             T G  EA     L  L            L      S     L   V           VM    SS  L L   RA DPALLGTRE  Q MFRDGP L DER  A   ARVRPGPGHV  T H      Y A

OrfR E             LD          G    R A A             T G  EA     I  V            V      S     V   I           VL    SS  I L   RD C..RIPAAD  A VMDDSV Q GEG  R   DRYAGGDADR  V H      A T

       100       110       120       130       140       150

GntC        G  VVV     H L       G        R       D   L       T    V  R         P F         L   V                    LV     VFK RY S AN   PV T  V YETPAF  YE RYLQL AENGFRI PQE AK  DDN E 

VioD        G  VVV     H L       G        R       D   L       T    A  R         P Y         A   L                    VL     LFA LV P DE   AT A  S SGLATA  AS RPWPL PENGFAP LDD RA  SDR R 

OrfR        G  VVV     H L       G        R       D   L       T    A  H         G Y         A   V                    LV     ALN LL R DR   QE I  S GHYPRA  CD AVLPG AVRDGEI PDV AG  TPG A 

       160       170       180       190       200       210

GntC    N P NP G                   A    D       H       P        IVL      S V         I E        IL       L       I              T Q     VCSETEIQS I IAEKHN E  A EHYRF P DQDTE L SLYGLSPK

VioD    N P NP G                   A    D       H       P        VVV      S A         L D        LL       L       A              F H     CVDPRGRTE L LVANSQ V  W GAFTD V DHPPL E S..QDLDR

OrfR    N P NP G                   A    D       H       P        VIV      T V         L E        LV       I       A              F H     TLSPQGLRA K RTAATG V  W AATAE A RWEVL D G..ADGGD

       220       230       240       250       260       270

GntC   S G   K  G  GLR GW               D  T     L    A     H     I   S    F      I   I   EII      K      V    D I   VL     II  L  TG C  CI      L GNP   KACHFF  YT HT CV N Y  AG  L KGK 

VioD   S G   K  G  GLR GW               D  T     L    A     H     L   T    Y      V   V   DLV      R      L    E V   AV     LV  F  LS A  LP      C VPQ   SELVRI  YL LS SP V R  AV  E ADA 

OrfR   S G   K  G  GLR GW               D  T     L    A     H     V   T    F      V   V   ELL      R      L    E V   AV     LT  Y  LS T  LP      A APK   TATFPL  RT LF SP V L  ER  R ADE 

       280       290       300       310             320    

GntC          HN                   P  G  A P F                   L      I         FI     LI                                   PRYRQM Q  IQQFET  KQQRG  DWVK EA TI F F TDPNI......NSKIVAKR

VioD          HN                   P  G  A P F                   I      A         WA     AI                                   TPRLTE R  RRRVLE  AASEG  DCPV RG VT F R TAH.......TDVTDLCER

OrfR          HN                   P  G  A P F                   I      A         WM     LV                                   GARAAE R  LAHLTG  AAHEE  RWTP EG VC L V RELERAAAGPQEVERFCLE

   330       340       350       360       370              

GntC L   H  L  PG  F      R             L                         V      LL   A        I               L   I                   ED GV     E  DRPSHF  ALGVEPSLFQYA EK AIV ETS.........     

VioD L   H  L  PG  F      R             L                         L      VV   V        I               I   L                   AR GV     R  GQADRM  GFSCPRPELERG AA SEE GTHARGRRRGTG     

OrfR L   H  L  PG  F      R             L                         L      LV   A        L               L   L                   ER RT     T  GAPHGA  GFGGPQEDFRAG DG SRF RERAAGR.....     
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Figure S13: Sequence alignment of GntC to PLP-dependent intermolecular g-substitution enzymes and 
aspartate aminotransferase AspC. The sequences were aligned in Clustal Omega and visualized in ESPript 3.0. 
Residues of interest are highlighted in orange, and the sequence numbering follows GntC. GntC shares minimal 
sequence homology to other g-substitution enzymes, such as PLP-specific residues D186 which allows for 
deprotonation of the nitrogen in the pyridoxal ring of PLP, and K219, which keeps PLP in the enzyme active site. 
NCBI accession numbers for all sequences are listed in Table S1.  

                      1                              10     

 1 GntC ......................MKIQPALL.......................EMWLSEY
 2 CGS                 M                     D      V              ................ TRK......QATIAVRSGLND EQYGCV PPI.....HLSSTY
 3 Fgm3                 V                     D      V              .....MSS.SSFSIEN RSQFPA.LEK......RQIFG NAGGSQ LGTVAKR.QLSPIT
 4 LolC                 V                     D      V              MTVDTITS.TSNGNQD PKEFLP.IEFETQLLHLGRFP ILGSCA P.V.....YSSAAF
 5 AspC                 L                     D      V              .MFENITAAPADPILG ADLFRADERPGKINLGIGVYK ETGKTP LTSVKKAEQYLLEN

   20        30        40            50          60         

 1 GntC E                             AL       M         L L         RVPYNLGESSVDNFTLGELLNLTGDR..D  ..DQLSL ..NNDTHGS R REAIASLD
 2 CGS                               VV       L     G   V          NFTGFN........EPRAHDYSRRGNPTRD  QRA.... AELEG AGA LT........
 3 Fgm3 E                             I        A     G   I I         YL.......IETNVQLGASYKTSTQST.A FDNAYKAA KYINA IDE V ........
 4 LolC E                             VL       L     G     V         FNSVAHGARLLNLTQFGNIYSRFTNPTVN  QNR.... AGLEG VAACA ........
 5 AspC E                             AL             G   L V         TTKNYLGIDGIPEFGRCTQELLFGKG..S  INDKRARTAQTPG TGA R AA..DFLA

70        80         90       100           110       120    

 1 GntC                 A   I   V    G  VV       PTF                KSVSPDDILVTAGTTE I.L YFK RYRS AN  ....VPV   HVLYETPAFLGYEVRY
 2 CGS                 I   L   V    G  LV       GSY                ..........NTGMSA ..H VTT FLKP DL  APHDCYG   RLFDSLAKRGCYR...
 3 Fgm3                 V   L   L    G  LI        N                 ..........GASTTQ FRN AAA KLQP DE  LTNVDHES IDPWLHYAALNNATIKW
 4 LolC                 V   V   A    G   V       GTF                ..........ASGSAA ..V TVM LAGV DNF SSFHVHA   HQFESLAKQMGIE...
 5 AspC                                 V        PSW                KN.........................TSVKR W....VSN   PNHKSVFNSAGLEVRE

   130       140          150       160       170       180 

 1 GntC            D                        N                                      L  LV D      VI     Q P   V     I     I      LQLRAENGFRI PQE AK  D ...NTE  VLNTP   SGV CSETE QSIIE AEKHNA
 2 CGS            D                        N                                      L  AL E      LV     S P   V  I  I     L    G ....VLFVDQG EQA RA  A ...KPK  LVESP   LLR VD AK CH... AREV .
 3 Fgm3            D                        N                                      L  LL        LV     S     I  I  I     V    P WTPSDLNNPKL PEQ RS  TN...KTR  ACTHC  ILGT NN KA AD... VHEI G
 4 LolC            D                        N                                         AI D       V     S P   I  L  V     V    G ....CRFVKSR PADFAA  D ...KTKF WLETI   GNV LD EA ST... CHTK .
 5 AspC            D                        N                                      L   L E      VL       P      L        L    G YAYYDAENHTL FDA INS N AQAGDV  FHGCCH  TGIDPT EQWQTLAQ SVEK W

      190         200       210       220       230         

 1 GntC                                     S                         LA E               L          I L    K  G     I           EI  D HYRFLP..HDQDTEI PSLYGLSPKI S G TG CF CIGLR GWLI...GN..
 2 CGS                                     S                       A  V D               L          L L             V    I       VS V NTFLSP..ALQNPLA ......G.AD V H CTXYLNGHSDV AGVV AKDP..
 3 Fgm3                                     S                       A LA D               L            A    K  G     L    A       L  V GVAYAPH.RAIDVKE ......G.ADFY F WY VY PHISL YGSK AQA...
 4 LolC                                     S                       I LI D                          I V    K  G     V    V       P  C NTFGCAG.YFCRPIDH......G.VD V H AT WI GHGTT GGII DGGTFD
 5 AspC                                     S                       L L                  L          I A    K  G     V    L       P FDFAYQGFARGLEEDAEG RAFAAMHKEL V S YS NF LYNER GACT VAAD..

       240                250       260                 270 

 1 GntC                                                    L             E                                              L     IL....P IIKA.CH........FFKDYTTHTVCVLNDYIAA.......G..V  .HKGK  
 2 CGS                                                    L             D                                              L     LV..... VVT......ELAWWANN................IGVTGGAFDSYL  RGLRT  
 3 Fgm3                                                    L                                                            M     AA...................................QLSSLGHFFNPDG..S  DKLEL  
 4 LolC                                                    L             D                                              L     LAWGQHP RFPQ.VHDPRTRLWERFSRRAFAVRCQFEILRDTGSTFSAPAAQQ  VGLES  
 5 AspC                                                    L             E                                                     L....S TVDRAFSQMKAAIRANYSNPPAHGASVVATILSN.......D..A RAIWEQE 

      280       290         300       310       320         

 1 GntC        Q  I     FI          WV            T         A  L    PRYRQMI HN QQFET  KQQRG..LID  KPEAGTIAFPFF DPNINSKIV KR VEDH
 2 CGS        Q  A     YL   P       L            S         A       PRME.LA RN QAIVK  QTQ L...VKK Y.........HP LPENQGHEI ARQQKGF
 3 Fgm3        T  I     Y    P      W             Q         I  L    ASYE.L. QA IPLTA FGEN K...QT DAIAE......HE KLQT...RL EY VSKP
 4 LolC           A     WL   P      WV            N         L  L    VRCE.RHAQN AKIAD  REH L...VA  SYVG......HP HPDHQGA.. KY KRGF
 5 AspC        Q         L   G      FI            T         V  L    TDMRQRI RMRQLFVNT QEK ANRDFS  IKQNGMFSFSGL KE......Q LR REEF

330       340                                  350       360  

 1 GntC G LL                                           GV            V  LPGEAFDRP...........................SHFRIAL  EPSLFQYALEK
 2 CGS G ML                                           GM     A      A  SFELDGDEQTLRRFLGGLSLFTLAESLGGVESLISHAATMTHA  APEAR A....
 3 Fgm3   I                                            GM     V     .Q TVYGETSTDK......................AVRVPTVSFTVE  SSQSV EAVEA
 4 LolC G VI                                                  A      S  CFGLRGGFEAGALFCDALKMVITTTNLGDAKTLILHPASTTHEHFSSEHR E....
 5 AspC G  A                                           GM     A      VY VASGRVN..................................VA  TPDNM PLCEA

                                                 370        

 1 GntC                                              AI IE          L............................................  V  TS........
 2 CGS                                              IA LE          ....................AGISET.LLRIS....TGIEDGEDL  D  NGFRAANKG.
 3 Fgm3                                              IV LE          VSHAGIRWGHFFSKRLVGSILGLSDDGVVRVSLVHYNTVEEVDQI  A  MVL.......
 4 LolC                                               A  E          ....................AGVTDD.MIRLS....VGIEQIKDIK DF QAFKQVLLGK
 5 AspC                                              VA L           I............................................  V ...........
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Fig. S14. Structural comparison of GntC with PLP and PLP-1 substrates. (A) Structural comparison of GntC with 
bound PLP (gray, PDB ID: 8FFT) and with bound PLP-1 ligand (green, PDB ID: 8FFU). Full view of GntC crystal 
structure dimers reveal minimal differences in quaternary structure except for an additional ordered a-helix 
(orange) at the N-terminus of GntC with bound PLP-1. GntC (8FFU) crystallized with two states of PLP: the 
internal (middle column, colored purple) and external aldimine (right column, colored yellow) intermediates. (B) 
Zoomed in view of GntC active site reveals PLP remains in similar positions in GntC and the additional a-helix 
in GntC (8FFU) helps shape the active site. (C) Overlay of the PLP internal aldimine with PLP-1 (the external 
aldimine) reveals a 30° change in orientation between the two species, with the ncAA component of 1 positioned 
closer to this ordered a-helical region. (D) Detailed view of GntC active site with hydrogen bonding distances 
between residues proposed to interact with PLP-1. Residues from the other monomer (colored teal) are denoted 
with an asterisk. (E) Additional 180° rotation of the GntC active site from depiction D to highlight residues that 
interact with the PLP cofactor, including F108, N158, D186, H188, Y189 and R346. 
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Figure S15: Active site comparison of PLP-1 GntC to aspartate aminotransferase.  Structure alignment of GntC 
(green) to aspartate aminotransferase (gray, PDB ID: 1ARS). Conserved residues between GntC and an 
aminotransferase include the canonical lysine residue needed for the internal aldimine (K219 in GntC). Some 
differences include a tryptophan residue that resides below the PLP in aspartate aminotransferase (W140) 
versus phenylalanine (GntC F108).  
 
 
  

R386
R346

N194
N158

T109
T84 W140

F108

R266

R227

K258

K219

D222

D186

GntC PDB ID: 8FFU
Aspartate aminotransferase PDB ID: 1ARS

PLP – 1
PLP



25 

 
 

Figure S16: Active site comparison of PLP-1 GntC and VioD AlphaFold model. Structure alignments of GntC 
(green, PDB ID: 8FFU) and modeled VioD (gray, structure generated with AlphaFold 2.0).  Structural alignments 
indicate a lysine residue is conserved (GntC K219) for external aldimine formation of the two PLP-dependent 
enzymes. Both structures also conserve two arginine residues (GntC R346 and GntC R227), and a histidine 
residue (GntC H108) that sits farther away from the pyridoxal ring of PLP. Intriguingly, GntC utilizes F108 to p 
stack with the PLP cofactor, whereas this residue is replaced with a tyrosine residue (Y121) in VioD. A glutamate 
residue (GntC E9) is conserved between both structures, which is also conserved in PLP-dependent OrfR and 
revealed in the sequence alignments (Figure S12). An aromatic residue is also present which is a tyrosine 
residue (Y189) in GntC, and a phenylalanine residue (F202) in VioD. GntC Y189 is 3 Å from the hydroxyl group 
of PLP in the PLP-1 adduct and is 2.3 Å from the same hydroxyl group when PLP is present as an internal 
aldimine. 
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Figure S17: Active site comparison of PLP-1 GntC and Fgm3 AlphaFold model. Structure alignments of GntC 
(green, PDB ID: 8FFU) and Fgm3 (gray, generated using AlphaFold 2.0).14 Structural alignments indicate a lysine 
residue (GntC K219) for internal aldimine formation, threonine residue (GntC T84) for coordinating to the 
substrate guanidine group, and histidine residue (GntC H109) are conserved. Although both enzymes utilize 1 
as a substrate, the Fgm3 structure contains a tyrosine residue (Y225) that could coordinate with the g-hydroxy 
group of the substrate that GntC does not contain to putatively participate in retro-aldolase activity.  
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Figure S18. Analytical size exclusion chromatograms of wild-type GntC and mutants. GntC and variants were 
expressed and purified using the protocol detailed in the Methods and Materials section. Samples were diluted 
to 4 mg/mL before injection onto an analytical size exclusion column. No obvious retention time difference was 
observed between GntC and its site-directed mutants, suggesting similar homodimeric forms. 
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Figure S19. Proposed rationale for how GntC N52* enhances g-hydroxy elimination. (A) Putative role of N52 on 
directly (or through a coordinated water molecule not depicted) facilitating the elimination of the g-hydroxy group 
through a hydrogen bond interaction. The absence of a hydrogen bond (N52A) or presence of an anionic residue 
(N52D) would theoretically decrease the dehydration step. (B) Product conversion of GntC N52* mutants 
compared to GntC were assessed via LCMS analysis with a 500 µM internal glycine standard and performed in 
triplicate. The N52Q rescue of activity supports the significance of an amide side chain at this position for efficient 
production of 2. 
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Figure S20. PLP-dependent OrfR capreomycidine cyclase is mechanistically distinct from GntC.15 A similar 
external aldimine and a-hydrogen deprotonation occur (intermediate I), however the quinonoid intermediate II is 
proposed to eliminate the b-hydroxy group. This generates extensively conjugated intermediate III and restores 
aromaticity within the PLP-cofactor. A diastereoselective nucleophilic addition of the E15-deprotonated 
guanidine moiety at the b-position is controlled by OrfR to generate the capreomycidine six-membered ring 
(intermediate IV), which is then reprotonated at the a-position and external aldimine V has its ncAA moiety 
released from the enzyme through the action of active site K225. 
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Figure S21. PLP-dependent intermolecular g-substitution reactions from diverse biosynthetic pathways are 
functionally similar to the intramolecular GntC reaction. A) General PLP-dependent intermolecular g-substitution 
reaction scheme. An activated g-functionalized amino acid (blue) is enzymatically converted to a convergent vinyl 
glycine ketimine intermediate. An intermolecular nucleophile (red) adds to the g-position via a Michael addition, 
eventually generating a g-substituted ncAA product. B) Literature examples of intermolecular g-substitution 
enzymes from diverse biosynthetic pathways that have been functionally characterized or putatively would occur 
through this mechanism.12,16–21 C) Comparison of the intramolecular g-substitution strategy adapted by GntC in 
the production of 2. 
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Table S1: NCBI accession codes for protein sequences used in this study.  
 Organism NCBI Accession Number 
GntC Sphaerospermopsis torques-reginae ITEP-024 QYX30483.1 
VioD Streptomyces vinaceus AAO66428.1 
OrfR Streptomyces lavendulae WP_030227708.1 
CGS Escherichia coli (strain K12) WP_001417137.1 
Fgm3 Fusarium graminearum PH-1 A0A1C3YKE0.1 
LolC Neotyphodium sp. PauTG-1 ABQ57528.1 
AspC Escherichia coli WP_000462687 
CndF Penicillium citrinum DSM1997 From literature reference15 
Aminotransferase Streptomyces suis 89-1591 ZP_03625122.1 
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Table S2: Data collection and refinement statistics of GntC 

 GntC 
 

GntC with 1 bound 
PDB ID 8FFT 8FFU 
Beamline ALS 8.2.1 SSRL 12-2 
Wavelength (Å) 0.99992 0.97946 
Space Group P21 P21 

Cell dimensions (Å) a = 60.86, b = 158.16, c = 73.23,  
β = 90.01° 

a = 61.06, b = 158.49, c = 73.60,  
β = 90.02° 

Resolution 73.2-2.10 (2.11-2.10) 40.0-2.04 (2.16-2.04) 
# unique reflections 75093 (778) 87584 (14110) 
Completeness (%) 93.1 (97.3) 98.6 (98.8) 
Redundancy 5.2 (4.6) 5.8 (5.9) 
<I/sigI> 10.9 (2.2) 13.6 (1.9) 
Rsym 0.115 (0.706) 0.094 (0.786) 
CC1/2 (0.57) (0.71) 
   
   
Resolution 73.23-2.10 36.80-2.04 
# unique reflections 75,048 87,583 
Rwork (%) / Rfree (%) 22.0/24.2 18.0/21.1 
RMS bond length (Å) 0.020 0.004 
RMS bond angles (Å) 0.744 0.727 
# of atoms   
    Protein Atoms  10975 11231 
    Lysine-PLP 96 96 
    PLP-(S)-4-hydroxy-arginine - 56 
    Water molecules 103 163 
    Mg2+ 5 4 
Average B-factor (Å2)   
    Protein Atoms  32.8 31 
    Lysine-PLP 29.1 27.3 
    PLP-(S)-4-hydroxy-arginine - 27.1 
    Water molecules 26.4 27.1 
    Mg2+ 30.4 29.7 
Ramachandran plot   
    Favored (%) 97.52 97.73 
    Allowed (%) 2.41 2.27 
    Outliers (%) 0.07 0.00 
Rotamer outliers (%) 0.75 0.57 
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Table S3: Residues modeled in each chain of GntC (residues 1-370) 
 GntC GntC with 1 bound 

Chain A 18-194, 200-369,  
K219 is covalently bound with PLP  

6-194, 198-369, K219 is covalently 
bound with PLP (20% occupancy), PLP 
with 1 bound (80% occupancy) 

Chain B 17-194, 198-369,  
K219 is covalently bound with PLP 

17-369, K219 is covalently bound with 
PLP (100% occupancy) 

Chain C 19-194, 200-369,  
K219 is covalently bound with PLP 

6-194, 198-367, K219 is covalently 
bound with PLP (20% occupancy), PLP 
with 1 bound (80% occupancy) 

Chain D 18-369,  
K219 is covalently bound with PLP 

17-369, K219 is covalently bound with 
PLP (100% occupancy) 
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Table S4: Primers used in this study  

Name Primer sequence 

GntC-6xHis-Cterm-F CTTTAAGAAGGAGATATACCATGAAGATCCAGCCGGCG 

GntC-6xHis-Cterm-R GGTGGTGGTGGTGCTCGAGGCTGGTTTCAATAACGATCGCCAG 

GntC-N52A-F GAGCCTGATGGCCAACGATACCCATGG 

GntC-N52Q-F GAGCCTGATGCAGAACGATACCCATG 

GntC-N52D-F GAGCCTGATGGACAACGATACCC 

GntC-N52X-R AGTTGGTCCAGCGCATCA 

GntC-T84A-F CGCGGGTACCGCCGAAGCGATCC 

GntC-T84A-R GTAACCAGGATATCGTCCGGGCTCACGCTCTTATCCAGG 

GntC-T84S-F CGCGGGTACCTCCGAAGCGATCC 

GntC-T84S-R GTAACCAGGATATCGTCCGGGCTCACGC 

GntC-T84V-F CGCGGGTACCGTCGAAGCGATCC 

GntC-T84V-R GTAACCAGGATATCGTCCGGGCTCACG 

GntC-K219A-F TAGCACCGGCGCATGCTTTGGTT 

GntC-K219A-R CCCAGGCTAATGATCTTC 

GntC-S25A-F CCTGGGCGAGGCCAGCGTTGACA 

GntC-S25A-R TTATACGGCACACGTTCG 

GntC-E9A-F GCGCTGCTGGCGATGTGGCTG  

GntC-E9A-R CGGCTGGATCTTCATATGGCTGCCGCG 

GntC-E9D-F CGCTGCTGGATATGTGGCTGA 

GntC-E9D-R CCGGCTGGATCTTCATATGGCTG 

GntC-E9Q-F GGCGCTGCTGCAGATGTGGCT 

GntC-E9Q-R GGCTGGATCTTCATATGGCTGCCGC 

GntC-H250A-F CTACACCACCGCCACCGTTTGCG 

GntC-H250A-R TCTTTAAAGAAGTGGCAC 
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Chemical Synthesis 
Synthesis of g-deuterated substrate 1-dg 

 

 
 

The procedure to synthesize SI-1 was adapted from literature references.1,22  Boc-L-Asp-OtBu (1.002 g, 3.46 
mmol) was dried and concentrated with toluene (15 mL) in vacuo to remove residual water. Nitromethane (20 
mL) and 1,1′-carbonyldiimidazole (0.582 g, 3.59 mmol) were added sequentially and stirred at room temperature 
for 45 minutes under Ar gas. Potassium tert-butoxide (0.783 g, 6.98 mmol) was added and stirred at room 
temperature for an additional 3 hours. The reaction mixture was quenched by the addition of 50% glacial acetic 
acid (50 mL), then extracted using ethyl acetate (3 x 50 mL). Pooled organic layers were washed with water (50 
mL), saturated sodium bicarbonate (50 mL), water again (50 mL), then brine (50 mL). The organic layers were 
dried over MgSO4, filtered, then concentrated in vacuo. The crude product was dried twice with toluene co-
evaporations, then resuspended in methanol (10 mL). Sodium borodeuteride (0.1499 g, 3.58 mmol) was added 
portion wise at 0 °C and let reach room temperature over the course of 25 hours. The reaction was quenched 
with 1 N HCl until the pH was 3-4. The reaction was concentrated in vacuo, resuspended in water (20 mL), then 
extracted with ethyl acetate (3 x 25 mL). The organic layers were pooled, washed with brine (20 mL), dried over 
MgSO4, filtered, then concentrated in vacuo. The crude product was purified via a silica flash column with a 4-
6% diethyl ether:dichloromethane eluent system to separate the product diastereomers. A second column with 
a 90:5:5 toluene:THF:ethyl acetate eluent system was used to separate the diastereomer products from 
impurities that co-eluted from the initial column to give a white solid (0.343 g, 30%). 1H NMR (500 MHz, CDCl3) 
d 5.42 (d, J = 7.9 Hz, 1H), 4.70 (s, 1H), 4.49 (d, J = 12.4 Hz, 1H), 4.45 – 4.37 (m, 1H), 4.33 (d, J = 12.5 Hz, 1H), 
1.95 (dd, J = 13.4, 3.1 Hz, 1H), 1.59 (d, J = 7.0 Hz, 1H), 1.53 (d, J = 12.5 Hz, 1H), 1.47 (d, J = 1.4 Hz, 9H), 1.46 
(d, J = 1.4 Hz, 10H). 13C NMR (126 MHz, CDCl3) d 171.12, 157.32, 83.22, 81.35, 79.97, 79.89, 65.03 (J = 21.3 
Hz), 50.71, 38.65, 28.36, 28.11; HRMS (MALDI) Calculated for C14H25DN2O7Na 358.1695, found 358.1701 
(M+Na)+. 
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This reaction was adapted from a literature reference.1 An aliquot of SI-1 (0.327 g, 0.98 mmol) was suspended 
in methanol (15 mL) and acetic acid (0.056 mL, 0.976 mmol). This solution had 10% Pd/C (0.117 g, 1.10 mmol) 
added to it, and was flushed with Ar gas, then was left under a H2 atmosphere for 16 hours. The reaction mixture 
was filtered through a Celite pad then concentrated in vacuo. The crude mixture was resuspended in toluene 
(20 mL) and N,N′-di-Boc-1H-pyrazole-1-carboxamidine (0.310 g, 1.00 mmol) and triethylamine (0.68 mL, 4.88 
mmol) added sequentially. This solution was heated to 55 °C and stirred for 20 hours. The reaction was quenched 
with saturated aqueous NH4Cl (25 mL), and the organic components were extracted with ethyl acetate (3 x 25 
mL), then dried over magnesium sulfate, and filtered prior to concentrating in vacuo. The crude reaction was 
purified with silica flash chromatography using an eluent of 4:1 hexanes:ethyl acetate + 0.1% triethylamine. 
Fractions were pooled, then concentrated in vacuo to yield the desired product as a white solid (0.297 g, 56%). 
1H NMR (499 MHz, CDCl3) d11.45 (s, 1H), 8.72 (s, 1H), 5.46 (d, J = 7.8 Hz, 1H), 4.88 (s, 1H), 4.36 (t, J = 9.2 Hz, 
1H), 3.70 (dd, J = 13.9, 6.5 Hz, 1H), 3.27 (d, J = 13.9 Hz, 1H), 1.88 (dt, J = 13.6, 3.2 Hz, 1H), 1.57 (d, J = 12.3 
Hz, 2H), 1.49 (q, J = 4.3, 3.8 Hz, 20H), 1.46 (s,  9H), 1.44 (s, 9H). 13C NMR (126 MHz, CDCl3) d 171.78, 163.37, 
156.84, 153.06, 83.33, 82.55, 80.52, 79.51, 66.62 (J = 20.0 Hz), 51.30, 46.45, 38.89, 28.41, 28.19, 28.12, 27.97; 
HRMS (MALDI) Calculated for C25H45DN4O9 548.3401, found 548.3409 (M+H)+. 
 
 

 
 

A solution of 1 N HCl (10 mL) was added to SI-2 (0.107 g, 0.195 mmol). The reaction was stirred for 2 hours, 
then concentrated in vacuo. The crude reaction mixture was resuspended in water (10 mL) and NaOH (0.039 g, 
0.98 mmol), then 1 N HCl was added dropwise to the reaction until the pH reached 7, then lyophilized overnight 
to give a white solid (0.112 g, quantitative). 1H NMR (500 MHz, D2O + 0.1% MeOH) d 4.13 (s, 1H), 3.59 – 3.47 
(m, 2H), 3.42 (d, J = 14.7 Hz, 1H), 2.22 (s, 2H).13C NMR (126 MHz, D2O + 0.1% MeOH) d 174.01, 157.42, 66.71 
(J = 21.3 Hz), 52.62, 49.00, 46.97, 46.88, 33.29; HRMS (MALDI) Calculated for C6H13DN4O3 192.1202, found 
192.1207 (M+H)+. 
 
 
 
 
 
 
 
 
 
 

OtBu

O

NHBoc
N
H OH

BocHN

NBoc

D

SI-2

OH

O

NH2
N
H OH

H2N

NH

D

1-dγ



38 

NMR and Compound Characterization 
SI-1: 
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SI-2: 
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1-dg : 
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