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Abstract

Metformin is the most commonly prescribed treatment for Type II diabetes and related disorders, 

however molecular insights into its mode(s) of action have been limited by an absence of structural 

data. Structural considerations along with an increasing body of literature demonstrating its effects 

on one-carbon metabolism suggest the possibility of folate mimicry and anti-folate activity. 

Motivated by increasing recognition that anti-diabetic biguanides may act directly upon the gut 

microbiome, we have determined structures of the complexes formed between the anti-diabetic 

biguanides: phenformin, buformin, and metformin and E. coli dihydrofolate reductase (ecDHFR) 

based on NMR, crystallographic and molecular modeling studies. Inter-ligand Overhauser effects 

indicate that metformin can form ternary complexes with p-aminobenzoyl-L-glutamate (pABG) as 

well as other ligands that occupy the region of the folate binding site that interacts with pABG, 

however DHFR inhibition is not cooperative. The biguanides inhibit the activity of ecDHFR 

competitively, with the phenformin inhibition constant 100-fold lower than that of metformin. This 

inhibition may be significant at concentrations present in the gut of treated individuals, and 

inhibition of DHFR in intestinal mucosal cells may also occur if accumulated levels are sufficient. 

Perturbation of folate homeostasis can alter the pyridine nucleotide redox ratios that are important 

regulators of cellular metabolism.
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Introduction

Metformin (MFM) is the most widely prescribed antihyperglycemic drug for treatment of 

type 2 diabetes (T2D) and related conditions including polycystic ovary syndrome and 

metabolic syndrome 1–3. It is currently undergoing extensive evaluation for treatment of 

some cancers and other illnesses 4, 5. Extensive physiological and biochemical studies have 

identified a large number of indirect targets, including AMP-activated kinase 6, the LKB1 

master kinase7, and mTOR 8 that are influenced by a relatively limited number of direct 

targets. The primary direct targets of metformin that have been identified are mitochondrial: 

complex I of the respiratory chain 9, 10 as well as more recently identified targets including 

hexokinase II 11 and glycerophosphate dehydrogenase 12. Directly-targeted non-

mitochondrial enzymes include AMP deaminase13, and other structures such as the cell 

membrane14 have also been proposed. Increasing evidence identifies the gut microbiome, 

and more generally the gastrointestinal tract, as important mediators of biguanide 

effects 15–17. Not only do these targets experience the highest concentrations of 

metformin 18, 19, but oral/intestinal treatment of metformin results in a greater drop of blood 

glucose than IV or even portal treatment 20. Further, growing bacteria are characterized by 

large, negative membrane potentials21, somewhat analogous to mitochondria for which 

membrane potential-dependent MFM accumulation appears essential to reach inhibitory 

concentrations9, 22.

Although the possibility that metformin and other biguanides could target folate 

metabolizing enzymes is supported by structural relationships 23–26, most reviews covering 

metformin activity have given little consideration to the impact that direct interference with 

folate metabolism would have on the cell 27, 28. Summarizing some of the evidence for 

folate pathway-mediated effects: 1) Elevated homocysteine levels have been observed in 

patients undergoing biguanide treatment 29, 30 that have been reversed with supplemental 

folate treatment 31. 2) Parallels between the responses to biguanides and anti-folate drugs 

such as methotrexate have often been noted 32, 33. 3) Conversely, metabolomic analyses of 

patients receiving anti-folate drugs such as methotrexate (MTX) exhibit a response 

consistent with activation of AMP-activated kinase (AMPK), considered a major indirect 
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target of metformin 34. Inhibition of nucleotide synthesis by methotrexate can lead to the 

accumulation of biosynthetic intermediates that activate AMPK 35, 36. 4) Recent studies of 

E. coli-fed C. elegans demonstrated that both metformin and the bacterially-targeted DHFR 

inhibitor trimethoprim (TMP) can extend the lifespan of C. elegans, and it was concluded 

that MFM and TMP exhibit a shared mechanism of action 37. 5) Like methotrexate, 

metformin treatment is associated with reduced incidence and improved prognosis of certain 

cancers 5, as well as anti-inflamatory effects resulting in efficacy against rheumatoid arthritis 

and other illnesses related to chronic inflammation 38–40. 6) Teratogenic effects similar to 

those resulting from folate deficiency have been observed in mice treated with biguanides 41.

Based on these considerations and the complete absence of structural data for a metformin-

target complex, we have investigated the interaction of metformin and related biguanides 

phenformin and buformin with E. coli dihydrofolate reductase (DHFR). Although the 

biguanides could target multiple folate-dependent enzymes, bacterial DHFR was selected for 

initial studies based on the extensive structural and functional database available, and the 

recent evidence for a microbiome-based pathway of activity.

MATERIALS AND METHODS

Expression and purification of unlabeled and labeled ecDHFR

Expression—The E. coli DHFR sequence used in these studies corresponds to UniProt 

P0ABQ4 that contains Asn37. The gene was synthesized by Genscript and has an additional 

C-terminal His tag (GGGGHHHHHH). The gene was cloned into a pET-21a vector. BL21-

DE3-RIL cells were transformed for protein expression. Unlabeled protein was expressed in 

E. coli grown on 2XYT media to an OD ~0.7, induced with 1 mM IPTG, then allowed to 

express overnight at 20°C. Cells expressing 15N-labeled DHFR were grown on M9 media 

supplemented with 15NH4Cl (CIL) M9 salts and 2.5 ml/L of (15N)-Celtone base powder 

(CIL). Cells expressing 13C/15N-labeled DHFR were grown on M9 media supplemented 

with 2g/L of U-[13C6]-D-glucose (CIL), 15NH4Cl M9 salts and 2.5 ml/L of (13C/15N) 

Celtone base powder (CIL). Cells expressing δ-13C isoleucine-labeled [13CH3-Ile]ecDHFR 

were grown on M9 media, to which 60 mg/L 2-ketobutyric acid-methyl-13C-3,3-d2 (CIL) 

was added 30 m prior to induction. Cells were grown to OD~0.7, induced with 1 mM IPTG, 

then allowed to express overnight at 20°C.

A second, C-terminal His-tagged construct contained an additional N-terminal methionine 

residue (M0). A third, untagged construct was used in one of the crystal structures. An N-

terminal His tag with a TEV cleavage site was added to the ecDHFR by PCR. Removal of 

the tag resulted in an M1G residue substitution. Additionally, a point mutation C152S was 

introduced using QuickChange II kit (Agilent), eliminating a residue that is highly prone to 

oxidation.

Purification—Cells were lysed by sonication in the presence of protease inhibitor cocktail 

(Roche), and the supernatant collected following centrifugation. Protein was purified by 

immobilized metal affinity chromatography (IMAC), followed by a Superdex S75 GL sizing 

column. Samples were then dialyzed into the appropriate buffer. To obtain the untagged 

construct, the His-tagged protein was first dialyzed into buffer containing 50mM Tris (pH 
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7.8), 50 mM maltose, 0.4 mM DTT, 0.25 mM EDTA, 2% ethanol. TEV protease (1mg) was 

added, then gently rocked at room temperature for 3 days. Approximately half the resulting 

protein had the tag removed by this procedure. Cleaved/uncleaved protein was then 

separated by IMAC chromatography, and the cleaved portion was then further purified on a 

Superdex S75 column and dialyzed.

Ligand Kd determinations—Kd values were determined based on NMR measurements 

of [13CH3-Ile]ecDHFR or isothermal titration calorimetry, as described below.

Isothermal Titration Calorimetry (ITC)—ITC binding studies were carried out on a 

MicroCal VP-ITC calorimeter. Samples were prepared in MTA polybuffer (100 mM Tris, 50 

mM MES, 50 mM Acetic acid) containing 1 mM EDTA and 5 mM β–mercaptoethanol, pH 

7.0. Titrations consisted of 75 injections of 3 μL at 25 °C with 240 seconds between each 

injection. Two types of experiments were performed to examine MFM binding to ecDHFR. 

In the first experiment, 30–40 mM MFM (syringe concentration) was titrated into 110–120 

μM ecDHFR in the apo form, or with 120 μM NADPH bound. Similar titrations were 

performed for phenformin binding to ecDHFR. A second experiment indirectly determined 

MFM binding by using competitive displacement 42 of MFM from ecDHFR by DHF. 150–

400 μM DHF was titrated into 10–12 μM ecDHFR in buffer containing 200 μM NADP+ and 

20 mM MFM. Control experiments of 450–500 μM DHF titrated into 10–12 μM EcDHFR 

with 200 μM NADP+ were also performed. Similar experiments were performed for R67 

DHFR, a non-homologous homotetramer with a single active site pore. R67 DHFR was 

purified as previously described 43.

Data were analyzed in Origin 7.0 supplied by MicroCal and were globally fit in 

SEDPHAT 44. For competitive displacement experiments, the data for DHF binding to 

ecDHFR in the presence and absence of MFM were globally fit to the “Competing B and C 

for A” model to obtain a Kd for MFM 45.

NMR Kd determinations

Studies to determine the position and binding affinity of MFM utilized [13CH3-Ile]ecDHFR. 

The 2D 1H-13C HMQC experiments were performed on an Agilent 800 MHz DD2 

spectrometer equipped with a cryogenic triple resonance probe, using the BioPack (Agilent 

Inc., Santa Clara, CA) gChmqc pulse sequence. The 2D experiments were acquired with 14 

ppm and 10 ppm sweep widths in the direct 1H and indirect 13C dimensions, respectively, 

with acquisition times of 92 and 63 ms and a 1 s relaxation delay. The residual water and 

metformin resonances were suppressed using a WET sequence applied during the relaxation 

period. Various ligands were titrated into 0.1 – 0. 2 mM labeled ecDHFR in a buffer 

containing 20 mM Tris-HCl, pH = 7.2 (uncorrected), 120 mM NaCl, 1 mM TCEP, 0.5 mM 

EDTA, 0.25 mM NaN3, in D2O. The shifts of the labeled Ile resonances were monitored as a 

function of ligand concentration. Shift data were fit assuming a single binding site using a 

Mathematica program (version 9, Wolfram Research).
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Enzyme Inhibition

A Ki value as well as the mode of inhibition were determined based on initial rate 

measurements of ecDHFR activity. Kinetics were determined at 30 °C using pH 7.0 MTA 

buffer containing 1 mM EDTA and 5 mM β-mercaptoethanol. Enzyme and NADPH (70 

μM) were preincubated for 2 minutes to avoid any hysteresis associated with the presence of 

two apo enzyme conformers 46, 47. The reaction was initiated by addition of enzyme and 

NADPH to a mixture of DHF and the inhibitor. Final concentrations ranged from 2 to 90 μM 

DHF, 20 to 200 mM MFM, or 0.25 to 5 mM PFM or 1 to 20 mM pABG. As the enzyme is 

quite active, low concentrations were used in the assay (0.5 to 1 nM ecDHFR). To maintain 

enzyme stability over the course of the assays, bovine serum albumin was added to the 

enzyme stock (37 μM) for a final BSA concentration in the assay of 125 to 375 nM. Data 

were initially analyzed by Lineweaver-Burk (LWB) plots 48. Ki values were determined by 

plotting the slope from the LWB plot vs. the inhibitor concentration and/or by a non-linear 

fit of all the data 49.

To determine the cooperativity between MFM and pABG, constant concentrations of DHF 

(7.5 μM) and NADPH (70 μM) were used, while the inhibitor concentrations were varied. 

Data were analyzed using the following equation from Segel:

(1)

where v is the velocity, kcat is the catalytic rate constant, [S], [I] and [X] are the substrate, 

inhibitor I and inhibitor X concentrations respectively, Km is the Michaelis constant, Ki and 

Kx are the inhibition constants for I and X respectively, and α describes the cooperativity 

between inhibitors I and X. Data were plotted as Dixon plots as per 48, with α > 1 indicating 

negative cooperativity.

NMR Spectroscopy

ILOE experiments—Formation of ternary complexes formed by pairs of ligands that 

interact with the pteridine- and pABG-binding subsites of the folate binding site of ecDHFR 

was evaluated using inter-ligand Overhauser effect (ILOE) studies 50–52. Samples contained 

0.1 mM ecDHFR, and 5 mM of each ligand, unless otherwise indicated, in the screening 

buffer: 25 mM phosphate, pH 6.8 (uncorrected), 100 mM NaCl, 1 mM TCEP, 0.25 mM 

NaN3 in D2O. Samples were run at 25 °C. Due to the poor solubility of Fenbufen, samples 

were limited to 2 mM and also contained 2 % dimethylformamide-d7. ILOE screening 

utilized either 1D or 2D NOE experiments as described below.

Initial 2D ILOE NOESY experiments were carried out either on a Varian INOVA 500 MHz 

NMR spectrometer equipped with a gradient triple resonance probe or an Agilent DD2 800 

MHz spectrometer equipped with a cryogenic triple resonance probe, using the BioPack 

(Agilent Inc., Santa Clara CA) tnnoesy pulse sequence. The 2D NOESY experiments were 

acquired with a 700 ms mixing time, 14 ppm sweep widths in both dimensions, acquisition 

times of 256 and 36 ms in the directly and indirectly detected dimensions, and a 1 s 
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relaxation delay. The residual water peak was suppressed using presaturation during the 

relaxation delay and the mixing time. The 2D spectra were processed using NMRPipe 53 and 

analyzed using NMRViewJ 54. The 2D spectra often produced weak ILOE cross-peaks with 

interference from F1 apodization noise due to intense methyl resonance from metformin and 

some of the other ligands at the high concentrations (~5 mM) used in these studies. 

Improved signal-to-noise and artifact free spectra were obtained using 1D ILOE 

experiments 55 obtained using an Agilent 800 MHz NMR spectrometer equipped with a 

cryogenic triple resonance probe. The 1D ILOE experiments were carried out using the 

ChemPack (Agilent Inc, Santa Clara CA) NOESY1D experiment. The 1D NOESY 

experiments were usually acquired with a 700 ms mixing time, 14 ppm sweep width, 

acquisition time of 1 s with 2 s relaxation delay. In some cases, buildup curves of the ILOE 

peaks were obtained by acquiring a series of experiments with 100, 300, 500 and 700 ms. 

The spectra were usually acquired with 1024 scans or 4096 scans to improve signal-to-noise. 

The metformin methyl resonance was inverted using 0.02 ppm Gaussian pulses. Zero 

quantum filtering was employed using a 50 ms/10204.8 Hz WURST2 inversion pulse 56 

during the mixing time. The 1D spectra were processed and analyzed using Agilent VnmrJ 

4.2 software. In many cases, ILOE cross peaks were verified by complementary studies in 

which the resonances of the ligand occupying the pABG subsite were inverted. Additional 

control studies were performed in the absence of DHFR to verify that no ILOE resonances 

that might involve aggregated species were present.

ecDHFR isoleucine methyl assignments—Isoleucine methyl resonances of ecDHFR 

were assigned for a ternary complex containing 750 μM U-[13C,15N]ecDHFR in the 

presence of 50 mM pABG, 5 mM NADP+, and 100 mM MFM in a buffer containing 25mM 

Tris (pH 7.0), 0.5mM EDTA, 1mm TCEP, 0.25mM azide, 0.1% Triton X-100 in 10% D2O. 

The ternary complex produced very heterogeneous 1H-15N HSQC and HNCO spectra that 

were not suitable for backbone resonance assignments. The heterogeneity of the amide-

detected spectra may result from intermediate exchange broadening due to fluctuations of 

the Met20 loop. Due to this heterogeneity, the 3D methyl-methyl NOESY experiment was 

used to assign the methyl groups based on a 3D 13C,13C methyl NOESY experiment 57, that 

was acquired using a pulse sequence obtained from the Lewis Kay group (University of 

Toronto, Department of Chemistry). The single constant time version of the experiment was 

acquired on an Agilent DD2 600 MHz spectrometer equipped with a cryogenic triple 

resonance probe with a 100 ms mixing time. The experiment was obtained with sweep width 

of 14 ppm in the directly detected 1H dimension (F3) and sweep widths of 21.22 ppm in 

each of the indirectly detected 13C dimensions (F1 and F2). The acquisition times in each of 

the three dimensions were 24.3 ms, 9.4 ms and 84 ms in the F1, F2, and F3 dimensions 

respectively. The isoleucine methyl resonances were assigned by mapping their methyl-

methyl NOEs onto a crystal structure (1RX2, 58) of ecDHFR in complex with folate and 

NADP+. The 3D spectrum was processed using NMRPipe 53 and analyzed using 

NMRViewJ 54.

Summary of Screened compounds

Hippurate analogs of two types were studied: the first included various substitutions on the 

benzoyl ring, and the second included benzoyl propionate analogs in which the amide NH 
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group of glycine is replaced with a methylene group. The latter were used to extend the 

measurements to hippurate analogs that were not commercially available. Analogs in group 

1 included 4-methylhippurate, 3,4-dimethoxyhippurate, 3,4,5-trimethoxyhippurate, 2-

bromohippurate, 4-bromohippurate, and 4-nitrohippurate. Analogs in the second group 

included 3-(2,4-dimethylbenozyl)propionate (DMBP), 3-(2,3,4,5-

tetramethylbenozyl)propionate (TMBP), 3-(4-isopropylbenozyl)propionate (IPBP), and 3-

(2,4,5-trimethoxybenozyl)propionate. We also looked more broadly at several NSAIDs, 

conjugated fatty acids, glutathione derivatives, and peptides. The examples discussed in the 

manuscript and the supplementary materials generally gave the most significant ILOE 

results.

Protein crystallization/data collection and refinement

Ternary crystals of His-tagged ecDHFR construct in complex with phenformin and NADP+ 

were obtained at room temperature in space group p21 using the sitting drop vapor diffusion 

technique with 250 nl of protein solution at 20 mg/ml concentration in 10mM Tris pH 7.4, 

40 mM NaCl, 0.25 mM sodium azide, 1.15 mM NADP+ and 5 mM phenformin mixed with 

250nl of the reservoir solution consisting of 10mM trisodium citrate and 33% PEG 6K. For 

data collection, a cryosolution consisting of 500nl of a 10% ethylene glycol, 9 mM 

trisodium citrate and 29.7% PEG 6K solution was added directly to the crystal drop. The 

crystal was harvested and flash frozen in liquid nitrogen. Original diffraction of the crystal 

was poor, but a 5 second anneal of the crystal improved diffraction to 1.65 Å resolution.

Crystals of the quaternary complex of His-tagged ecDHFR construct in the presence of 

NADP+, 2,4-diaminopyrimidine (DAP), and N-(4aminobenzoyl)-L-glutamate (pABG) were 

obtained at room temperature in space group p212121 using sitting drop vapor diffusion by 

mixing 250 nl of protein solution consisting of 40mg/ml protein in 10mM Tris pH 7.4, 5mM 

BME, 40mM NaCl, 0.25mM sodium azide, 2mM NADP+, 10mM DAP and 50mM pABG 

with 250 nl of a reservoir solution consisting of 200mM magnesium formate and 20 % PEG 

3350. For data collection 1μl of a cryo solution consisting of 17% ethylene glycol, 166mM 

magnesium formate and 16.6 % PEG 3350 was added to the drop. The crystal was harvested 

and flash frozen in liquid nitrogen. Crystals diffracted to a resolution of 1.93 Å resolution.

A second quaternary complex using an untagged ecDHFR(C152S) construct was obtained at 

room temperature in space group P1 using the sitting drop vapor diffusion technique by 

mixing 1μl of ecDHFR(C152S) at 30mg/ml in 10mM Tris pH 7.4, 40mM NaCl, 0.25mM 

sodium azide, 2mM NADP+, 10mM DAP and 50mM pABG with 1ul of the reservoir 

solution consisting of 47.5mM MES pH 6.5, 76mM magnesium acetate and 28.5 % PEG 

4K. For data collection 1μl of a cryo solution consisting of 10% ethylene glycol, 43mM 

MES pH 6.5, 68mM magnesium acetate, and 25.6% PEG 4K was added directly to the drop. 

The crystal was harvested and flash frozen in liquid nitrogen. Crystals diffracted to a 

resolution of 1.90 Å.

A ternary complex of DHFR with buformin and NADP+ was obtained using the sitting drop 

vapor diffusion technique by mixing 250 nl of 40 mg/ml of the untagged ecDHFR(C152S) 

construct in 10mM Tris pH 7.4, 40mM NaCl, 0.25 mM sodium azide, 2mM NADP+ and 

10mM buformin with 250nl of the reservoir solution consisting of 100mM HEPES pH 7.5, 

Gabel et al. Page 7

Biochemistry. Author manuscript; available in PMC 2017 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



200mM CaCl2, and 30% PEG400. For data collection, 1ml of the cryo solution consisting of 

85% reservoir and 15% ethylene glycol was added to the drop followed by direct transfer to 

100% cryo-solution and subsequent flash freezing in liquid nitrogen. Data were collected to 

1.35 Å resolution.

Data for all four crystals were collected on a Rigaku MicroMax007HF generator equipped 

with VariMaxHF mirrors and a Saturn92 (PFM complex + P1 quaternary complex) or a 

Saturn944 detector. Data were processed using either HKL2000 (Saturn92) or HKL3000 

(Saturn944) 59. Molecular replacement using Phaser 60 in Phenix 61 using modified 

coordinates from pdbcode:1RC4 was used as the starting model for the ternary phenformin 

complex. Molecular replacement was carried out in a similar fashion for the P212121 and P1 

quaternary complexes using modified coordinates from pdbcode:1RX2 and 1RA3, 

respectively. The PFM model provided the starting coordinates for the BFM data set 

molecular replacement. All structures were refined with iterative cycles of refinement in 

Phenix and manual model building in Coot 62. The phenformin ternary complex structure 

contains one molecule of ecDHFR in the asymmetric unit with bound phenformin and 

NADP+ in an inactive conformation. The P212121 quaternary data set contains five ecDHFR 

molecules in the asymmetric unit with three molecules (A, C, E) containing DAP, pABG and 

NADP+ in an inactive conformation (nicotinamide ring outside the active site), one molecule 

(D) containing DAP, pABG and NADP+ in an active conformation and the fifth (B) 

containing only bound DAP. The P1 quaternary structure contains two molecules of 

ecDHFR in the asymmetric unit with both molecules containing DAP and pABG with the 

NADP+ found in the inactive conformation. The C2 BFM crystal structure contains one 

molecule in the asymmetric unit, and the NADP+ nicotinamide out of the active site. All data 

collection and refinement statistics are found in Supplementary Table S1.

Metformin modeling

Metformin was modeled into the active site of ecDHFR starting from the complex 

containing DAP, pABG, and NADP+. Due to the complexity of biguanide conformations and 

potential environmental influences on the geometry, the model of metformin with pABG 

was optimized in the binding pocket using the hybrid QM/MM potential with the 

ONIOM(MO:MM) framework 63 in Gaussian-09-E1 64. The QM region was defined by 

metformin, pABG, the carboxyl group of Asp27, and the guanidino groups of Arg51 and 

Arg56, and was treated using B3LYP exchange-correlation function and 6–31g* basis set. 

The MM environment consisted of residues 2–57 and 91–115, with coordinates constrained 

except for Leu28 and Phe31. The glutamate carboxyl of pABG was protonated and 

constrained in refinement to reduce bias from calculations in a vacuum.

Results

Crystal structures of phenformin and buformin complexes with ecDHFR

Initial studies targeted the phenformin (PFM) and buformin (BFM) ecDHFR complexes in 

the expectation that the aryl and alkyl groups would enhance binding affinity by interacting 

with hydrophobic residues in the active site that normally recognize the p-

aminobenzoylglutamate (pABG) moiety. Isothermal titration calorimetry and NMR studies 
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indicated that phenformin (PFM) has modest, sub-millimolar affinity for this enzyme, and 

further revealed significant binding cooperativity in the presence of NADP+ and NADPH 

(Table 1) which proved sufficient to obtain a crystal structure of the complex. The crystal 

structures of ternary complexes of ecDHFR-NADP+ with both phenformin and buformin 

show that the biguanide forms a salt bridge with the Asp27 “folate hook” residue, as well as 

additional H-bonds with the carbonyl groups of Ile5 and Ile94, and, more weakly, with 

Tyr100 (Figure 1A,B).

Surprisingly, the alkyl substitution patterns in the two inhibitors influence binding 

differently. In the buformin complex, the N1-substituted nitrogen does not interact directly 

with Asp27, allowing the N1-butyl group to stack against the Phe31 sidechain. In the 

phenformin complex, the N1-subsituted nitrogen interacts directly with Asp27, positioning 

the phenethyl sidechain for interactions with Leu28 and, more weakly, with Phe31 and 

Ile50. The binding site orientation in the buformin complex is more similar to related 

structures previously reported (pdb: 2ANQ65 ; pdb: 3DGA25). The PFM complex also 

exhibits a uniquely positioned Met20 loop, in which Met16 is recruited into the active site 

where it interacts with the phenyl ring of the inhibitor (Figure S1). Overall, the H-bonding 

pattern of both inhibitors is similar to that seen with various amino-substituted folate analogs 

such as methotrexate (MTX) (Figure 1C). Similar to MTX, both PFM and BFM form H-

bonds with Ile94 - an interaction that cannot form with either oxidized or reduced folate. In 

contrast with MTX, both biguanide structures are non-planar, exhibiting a relative tilt 

between the two guanidino groups of ~ 42° for PFM, and ~ 25° for BFM that reduces 

intramolecular steric conflict (Figure S1).

Interaction of metformin with ecDHFR

The affinity of metformin (MFM) for ecDHFR was expected to be significantly weaker than 

the affinity of phenformin due to its more limited ability to interact with hydrophobic 

residues of the active site. NMR generally provides a useful approach for the identification 

of ligand binding sites and determination of the dissociation constants for weak to moderate 

affinity ligands. For ecDHFR, the 1H-15N HSQC spectrum is rather poor, characterized by 

uneven peak intensities and limited resolution, presumably as a consequence of the dynamic 

characteristics of the enzyme (e.g. 66). Additionally, metformin represents a challenging 

ligand for study, lacking aromatic groups that can produce significant shift perturbations, as 

well as H-bond accepting groups that more directly perturb amide resonances. Following 

unsuccessful attempts to evaluate the interaction using the 15N labeled enzyme, we used 

[13CH3-Ile]ecDHFR in order to detect the effect of binding on the isoleucine residues, 

several of which are located near the presumed metformin binding site. This strategy proved 

viable, with small shifts observed for several Ile residues. Of these, the Ile5 resonance was 

most readily analyzed due to its spectral isolation. NMR titration data are shown in Figure 2, 

and the results of various Kd determinations are in Table 1. Analysis of the MFM Kd using 

ITC also proved challenging; a Kd value was ultimately estimated based on a displacement 

assay 67 in which bound MFM was replaced by higher affinity dihydrofolate (DHF). These 

studies gave similar values, with a mean Kd of 17.9 mM (Figure 2; Table 1).
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As in the case of PFM (Table 1), it was anticipated that MFM would also be subject to 

cooperative binding effects with the pyridine nucleotide cofactor. However, an additional 

cooperative binding contribution is potentially available for metformin involving another 

ligand that occupies the remainder of the folate binding site. Birdsall et al. 68 have observed 

very strong cooperativity between a pair of ligands, 2,4-diaminopyrimidine (DAP) and p-

aminobenzoyl-L-glutamate (pABG) corresponding to methotrexate fragments, that occupy 

the pteridine and pABG binding subsites of L. casei DHFR (Figure 3A; Figure S2).

In contrast with the results for the L. casei enzyme, the E. coli DHFR exhibits substantially 

lower affinity for pABG (Kd = 7.9 mM; Figure S3), and the fraction of bound pABG is 

insufficient to produce transferred NOE signals. However, when both ligands are present, the 

pABG aromatic protons do exhibit intra-ligand transferred NOE signals, as well as inter-

ligand Overhauser effect (ILOE) signals, with the strongest connecting the DAP H-5 and 

pABG H-3,5 protons. In this case, the higher affinity DAP is able to function as a recruiter 

ligand for pABG due to the large cooperative binding effect, so that the fraction of bound 

pABG is increased and the bound NOE exchange-transferred to the free pABG.

Determination of inhibition constants

Inhibition of the DHFR-dependent reduction of dihydrofolate (DHF) to tetrahydrofolate 

(THF) was determined using steady state kinetics based on the change in absorption at 340 

nm (see Methods). The DHF concentration was varied for a series of MFM concentrations 

up to 200 mM, and a double reciprocal plot demonstrated competitive binding with a Ki = 

24 ± 7 mM (Figure 4). A global fit of the data using SAS software gave a somewhat lower 

value: Ki = 17.9 ± 3.5 mM (Figure S4) (Table 1). These values are in good agreement with 

the Kd values summarized in Table 1. Similarly, inhibition constants were obtained for 

pABG and PFM (Figure 4, Table 1). The Ki for pABG was 1.8 ± 0.3 mM. The Kd/Ki ratio 

for pABG of 4.4 reflects the presence of NADPH in the assay, and is very similar to the Kd 

ratio of 4.5 reported for binding of pABG to L. casei DHFR in the absence and presence of 

NADPH 68. For PFM, the Ki (0.17 ± 0.02 mM), was intermediate between the Kd values 

measured in the presence of NADP+ and NADPH (Table 1). The global fitting procedure 

noted above yielded Ki values of 1.3 ± 0.2 mM and 0.21 ± 0.02 mM for pABG and PFM, 

respectively.

ILOE screening for ternary complexes containing Metformin

Measurements of inter-ligand Overhauser effects (ILOEs) 50–52 provide an extremely useful 

basis for identifying and characterizing the ternary complexes formed by metformin and 

additional ligands that interact with the pABG binding subsite of DHFR. Remarkably, 

although neither metformin nor pABG exhibits transferred NOE signals under our standard 

experimental conditions (see Methods), ILOE signals connecting the MFM methyl 

resonances with the pABG aromatic resonances were present. The affinity of the ecDHFR 

for MFM is ~ 20-fold weaker than for DAP, so that metformin is not as effective as DAP for 

recruitment of pABG. The dependence of the ILOE signals on the mixing time was obtained 

using a 1D NOE experiment (Figure 5A). The observation of significant ILOE peaks in the 

absence of transferred NOE peaks can occur for two reasons 51: 1) immobilization of the 

ligands is much greater in the ternary compared with the binary complex, so that they more 
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effectively sense the slow rotational correlation time of the macromolecule, and/or 2) 

averaged NOE contributions from the free (positive) and bound (negative) ligand become 

dominated by the positive contributions from the uncomplexed ligand due to low affinity 

binding, while the uncomplexed ligands do not contribute to the ILOE. Loss of transferred 

NOE information due to the second effect, which we believe provides the main explanation 

for the data obtained in these studies, is a general characteristic of studies involving low 

affinity ligands. The ILOE spectra in Figure 5 confirm the cobinding of the two ligands, as 

well as providing information on the relative orientation. Thus, the metformin methyls are 

positioned closest to the 3,5-protons on the p-aminophenyl ring, and a bit further from the 

2,6-protons. Due to averaging of the contributions from the two methyl groups and the 

equivalent p-aminophenyl protons, no further quantitation was attempted.

Due to its low cellular concentration, pABG is unlikely to be a significant ligand for the 

pABG subsite under typical physiological conditions 69, although polyglutamylated analogs 

might have sufficient affinity for the human enzyme to become significant 70. A more 

common metabolite, hippurate (N-benzoylglycine), is a structurally similar metabolic end 

product often observed in metabolomic studies, and substituted hippurate molecules can be 

formed from substituted benzoic acid 71. We therefore screened various hippurate analogs as 

well as other structurally related compounds in the presence of metformin. Although neither 

transferred NOE nor ILOE MFM-hippurate cross peaks were observed, ILOE signals were 

obtained for metformin and 4-methylhippurate, and stronger ILOE signals were obtained 

with analogs containing additional hydrophobic substituents, including 2,4-dimethyl, 

2,3,4,5-tetramethyl, and 4-isopropyl analogs. As shown in Figure 5B, ILOE signals are 

readily observed connecting the MFM methyl protons with the 2-CH3, H-3, and 4-CH3 

groups of the 2,4-dimethyl analog, while weaker signals are observed for H-5 and H-6. This 

pattern is consistent with the expected orientation of the substituted benzoyl group, resulting 

from a hydrophobic interaction of the 2-CH3 protons with the DHFR Leu28 and Phe31 

sidechains. 3,4-Dimethoxyhippurate exhibited weak ILOE cross peaks with metformin, 

while 3,4,5-trimethoxhippurate did not, consistent with the conclusion that this more highly 

substituted analog defines the transition from cooperative to competitive binding. In this 

case, one of the methoxy groups probably intrudes into the space occupied by the MFM 

methyl group(s). Illustrative ILOE build-up curves are shown in Figure 5, and additional 

examples are included as Figure S5. Consistent data were obtained in studies involving 

irradiation of the hippurate resonances instead of the metformin methyls.

Efforts to develop DHFR inhibitors targeting infective microorganisms have revealed that 

the pABG subsites of the corresponding enzymes can accommodate a wide range of 

structural variation. These structural results further suggest that the low affinity of pABG 

itself results from its inability to effectively fill this subsite. Based on DHFR complexes that 

contain biphenyl groups in the pABG subsite 72, we identified several NSAIDs as binding 

candidates. Both Diflunisal and Fenbufen exhibited transferred NOE signals consistent with 

binding, and strong metformin-Fenbufen ILOE signals were observed (Figure 5C). As a 

result of its limited solubility, an approximate Kd value of 460 μM was obtained for 

Fenbufen, ~20-fold below the pABG value.
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pABG analogs that inhibit dihydropteroate synthase target a different step in folate 

biosynthesis, but can also occupy the pABG subsite of DHFR. NMR studies of Bowden et 

al.73 showed that benzenesulfonamides can bind cooperatively with DAP to L. casei DHFR. 

ILOE data for the ecDHFR – MFM – sulfamethoxazole system yielded cross peaks with 

both aromatic rings, suggesting that the sulfamethoxazole can bind in either of two 

orientations (Figure S5). Modeling of the alternate conformation is consistent with the 

conclusion that binding affinity is mainly dependent on hydrophobic interactions and the 

main specific interaction between the sulfonyl oxygens and Arg52 can be present in either 

orientation.

The studies summarized above demonstrate co-binding of MFM and pABG analogs, and 

provide insight into the relative orientations of these molecules in ternary complexes with 

ecDHFR.

Structure of related quaternary complexes and the modeled metformin position

In an effort to better understand the basis of the cooperativity between ligands that bind to 

the two folate subsites and to have a structure more directly useful for modeling the 

metformin position, crystal structures were determined for ecDHFR in the presence of DAP, 

pABG, and NADP+ (Figure 6A). Two crystal forms were obtained, one containing two 

equivalent molecules in the unit cell with the nicotinamide ring of NADP+ occupying a non-

productive position out of the active site, and a second containing five molecules in the unit 

cell in various ligation states and conformations. The relative orientation of the DAP and 

pABG molecules is similar in all of the structures containing both ligands, and the distances 

between the DAP C-5 and the closer pABG meta carbon are 3.8–4.0 Å. The corresponding 

separation in bound methotrexate (pdb: 1RA3) is 4.7 Å. The quaternary complexes in which 

the nicotinamide ring is in (molecule D) or out of the active site (molecule A) both 

correspond to closed conformations of the Met20 loop, although the loop conformations are 

not identical (Figure S6).

To better understand how MFM might bind to DHFR, modeling of MFM to DHFR was 

carried out using a Gaussian analysis with the starting position based on three observations: 

1) the structural analogies with the buformin and DAP-pABG complexes; 2) the selective 

perturbation of Ile δ-CH3 resonances positioned near the binding site, and 3) the extensive 

ILOE observations that connect the metformin methyl groups with ligands occupying the 

pABG subsite. The challenge in positioning metformin in the pteridine subsite of DHFR 

involves optimizing both the metformin conformation and its active site interactions. The 

result of a Gaussian analysis of metformin in the DHFR active site is shown in Figure 6B. 

Our model adopts a torsion between the guanidino planes that is larger than that observed in 

the BFM structure, and in the opposite sense characterizing the PFM structure (Figures 6C, 

6D). In order to accommodate the MFM methyl groups, the p-aminophenyl group of the 

pABG moves away from Ile50 and toward Leu28 on the opposite site of the binding cavity. 

The MFM shows the same set of favorable H-bond interactions that is observed for the BFM 

and PFM complexes, and the two methyl carbon atoms are positioned 4.2 Å and 4.8 Å from 

the closer pABG meta carbon. Thus, the distance of the closer methyl group is similar to the 

closest distance in the DAP – pABG structure. Based on this structure, the two methyl 
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groups of the 2,4-dimethyl hippurate analog bracket the closer MFM methyl group, 

consistent with the structural relationships indicated by the ILOE data.

Binding cooperativity

Attempts to quantify the cooperative nature of MFM and pABG binding revealed additional 

conformational complexities of the ecDHFR-ligand system. The NMR spectra of [13CH3-

Ile]ecDHFR exhibit additional minor resonances, that are most readily resolved for Ile50 

and Ile61 (Figure S3). Titration of the sample with pABG indicates that the major and minor 

resonances exhibit similar pABG-dependent shift behavior. However, subsequent titration of 

the ecDHFR-pABG complex with MFM indicates that only one set of resonances shifts, 

while the second set is not affected by the addition of MFM (Figure S7). The Kd values 

obtained from measurements of the MFM-sensitive resonances are lower than those obtained 

in the absence of pABG, consistent with cooperative binding (Table 1), however the 

cooperativity is much smaller than reported for DAP and pABG 68. In the fully ligated 

sample used for NMR assignments (see Methods), only one set of methyl resonances was 

observed, and the Ile50 shift corresponded to the titration-sensitive Ile50 resonance (Figure 

S7). Thus, this form is apparently favored in the presence of high ligand concentrations.

The basis for the conformational heterogeneity is unclear, however one possibility is that 

pABG recruits the Met20 loop to a position that blocks the pteridine-binding subsite (Figure 

3). Some support for this interpretation was obtained from a preliminary low resolution 

crystallographic study of the ecDHFR-pABG complex. Although density for many of the 

loop sidechains is not observed, it appears that Glu17 on the Met20 loop extends into the 

pteridine-binding subsite (Figure S6). Since there are substantial sequence differences 

among the loops of DHFR from different species, these results are likely to be specific for 

ecDHFR. In summary, in the E. coli enzyme, pABG exerts both positive cooperativity as 

well as an indirect, enzyme-mediated negative cooperativity on metformin binding. 

Consistent with contributions from both effects, positive cooperativity of MFM and pABG 

in DHFR inhibition studies was not observed.

Cooperative inhibition for pABG and MFM was also evaluated using steady state kinetics 

(data not shown). Dixon plots showing the effect of pABG and MFM on the other’s 

inhibition indicated that the two ligands bind to separate sites on ecDHFR. The nature of the 

interaction between the two inhibitors can be determined from the x-value at which all the 

lines intersect 74. The resulting α value, which describes the cooperative inhibition by MFM 

and pABG, was 3.3 ± 1.3. An α value greater than 1 indicates a net antagonistic interaction 

between pABG and MFM, although binding is not mutually exclusive – as also 

demonstrated by the ILOE studies. This is qualitatively consistent with the NMR data 

summarized above and in Figures S6, showing both pABG-enhanced binding and pABG-

insensitive binding for the resolved Ile50 and Ile61 resonances in response to MFM.

Similar co-binding behavior was observed for MFM and 3-(2,4-dimethylbenzoyl)propionate 

(DMBP), and in this case, the spectra were simpler (Figure S7). The Kd values from serial 

titration studies with DMBP and then MFM in the presence of 75 mM DMBP were 5.4 mM 

(DMBP) and 7.0 mM (MFM). In this example, the cooperative effect is very clear, but the 

reduction in Kd is only about 2.3.
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Discussion

Despite years of intense study, the mechanisms underlying the complex physiological effects 

of biguanides remain poorly understood. Recent evidence has accumulated implicating the 

gut microbiome as a significant target of these drugs 16, 18. The microbiome represents an 

attractive target for a weakly interactive drug from two points of view: 1) Metformin dosages 

are typically large, 0.5–2.5 g/day, and gut concentrations are correspondingly elevated, and 

2) similar to evolutionarily-related mitochondria, gut microbes typically exhibit high, 

negative membrane potentials, supporting accumulation of cationic compounds. According 

to Bot and Prodan 21, E. coli cells in suspension exhibit a membrane potential of −220 mV 

in early exponential phase, falling to −140 in late exponential phase. These membrane 

potentials correspond to intra/extracellular ratios of ~ 5,000 and 225, for monocationic 

species that are distributed according to a Nernst equilibrium. It consequently becomes 

much more reasonable to achieve millimolar intracellular concentrations in these cells. 

Membrane potential-dependent biguanide accumulation in both cells and mitochondria has 

been demonstrated in many studies9, 22, 75, although the ratios generally do not approach the 

values that would correspond to a true Nernst equilibrium. In the present study, we have 

investigated the obvious and apparently neglected target of folate-dependent enzymes, 

selecting E. coli DHFR as a representative target of a gut enzyme. The structural 

information, binding affinities and inhibition constants for the E. coli DHFR are by far the 

most extensive data available for interaction of biguanides with any proposed biguanide 

target. The likely variation of biguanide-DHFR Ki values for different species of gut bacteria 

provides one possible basis for species selection in metformin-treated patients 16, 17. Indeed, 

the first, A–B loop in DHFR derived from different species shows extreme sequence 

variability, and as discussed above, the binding affinity for pABG differs substantially 

between the E. coli and L. casei enzymes. Another effect mediated by gut bacteria is based 

on observations that these microorganisms provide a portion of the vitamins utilized by their 

host 76, 77. Perturbation of folate metabolism in these organisms by biguanides may directly 

impact the composition of the available folate pool, and indirectly influence the availability 

of other nutrients.

The study of E. coli-fed C. elegans by Cabreiro et al. 37 demonstrating that both metformin 

and the bacterially-targeted DHFR inhibitor trimethoprim (TMP) extend the lifespan of C. 
elegans, utilized MFM concentrations in the 50–100 mM range, 2.5–5-fold above the MFM 

Ki value for ecDHFR. Although other effects may also contribute to the effect on lifespan, 

the Ki values determined here indicate that significant DHFR inhibition will occur at these 

concentrations.

Binding promiscuity is a characteristic of both folate substrates and anti-folate drugs. Folate 

itself is both a poor substrate and an inhibitor of DHFR 78, dihydrofolate is a potent inhibitor 

of folylpoly-γ-glutamate synthetase69, and dihydrobiopterin is an alternate substrate for 

DHFR 79. Methotrexate has been reported to target 17 different proteins 80–82. As shown 

here, biguanides behave as pteridine fragments, and as such may interact with a broad range 

of pterin-dependent enzymes with low binding affinity. This behavior also introduces the 

possibility of cumulative metabolic perturbations resulting from weak, multi-enzyme 

inhibition. In addition, the small size of these drugs allows interactions with co-binding 
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ligands that occupy the remainder of the folate-binding site, as demonstrated for ecDHFR in 

the present study. Although it is not possible to draw further inferences at this time, the 

present results support further investigation of interactions with other pterin-binding 

proteins, particularly those that bind reduced pterins that are mimicked by the 

diaminopyrimidine and biguanide structures.

In addition to effects mediated by the microbiome, the gut mucosal cells of the host 

organism are exposed to the high gut levels of these drugs, and multiple studies indicate 

significant accumulations of metformin 18, 19, 83, 84 and phenformin 85, 86. Further, these 

cells are reported to have limited ability to reduce folate 87. Although it is unclear whether 

inhibitory concentrations can be reached, biguanide accumulation in these cells will thus 

target a weak step in folate reduction, possibly increasing the blood levels of oxidized/

reduced folates if there is significant DHFR inhibition. An increased ratio of oxidized/

reduced folates may then impact hepatic metabolism, since human liver DHFR has been 

reported to exhibit low and variable activity and to be inhibited by folate 78. As noted above, 

accumulated DHF can then inhibit folylpoly-γ-glutamate synthetase, resulting in further 

dysregulation of the folate co-enzyme pool, which plays a central role in regulating pyridine 

nucleotide homeostasis. Perturbation of the ratios of oxidized/reduced pyridine nucleotide 

pools have been frequently noted in the metformin literature and attributed to effects on 

other targets 12, 88, 89.

The high MFM concentration required to inhibit DHFR raises the possibility that additional, 

weaker-binding targets may come into play that do not contribute to the response at 

physiological doses. Although an imperfect solution, comparative evaluations using different 

biguanides provide one approach to address this question, based on the proposition that 

lower concentrations of high affinity phenformin provide a reasonable mimic of high 

metformin concentration. Although there are differences in metabolism, uptake and export 

pathways, there appear to be few if any qualitative differences in the responses to these two 

biguanides 89. Thus, concentrations of phenformin that more closely approach physiological 

values appear to be having similar effects, supporting the validity of metformin studies at 

higher concentration. These results support a common target(s) for MFM and PFM with 

differing affinity such as ecDHFR. Alternate explanations of differential metformin/

phenformin sensitivity have been advanced for other targets, but data supporting these 

analyses are limited and generally rely on unsupported assumptions.

The pervasive effects of biguanides on cellular function and the complex network of 

metabolite interactions make identification of cause and effect relationships difficult to 

unravel. MFM and the other anti-diabetic biguanides can act directly upon DHFR, and 

probably other pterin-dependent enzymes. The studies presented here on the interaction of 

biguanides with ecDHFR provide a point of reference for further evaluation of the anti-folate 

effects of these drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BFM buformin

DMBP 3-(2,4-dimethylbenozyl)propionate

ecDHFR E. coli dihydrofolate reductase

IPBP 3-(4-isopropylbenozyl)propionate

MFM metformin

pABG p-aminobenzoyl-L-gltuamate

PFM phenformin

TMBP 3-(2,3,4,5-tetramethylbenozyl)propionate
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Figure 1. Structures of ecDHFR complexed with phenformin and buformin
A) Ribbon diagram showing the active site of the ecDHFR-phenformin complex. Major 

sidechain interactions with PFM are indicated. B) Ribbon diagram showing a similar 

complex with buformin. C) Ribbon diagram illustrating the analogous interactions with 

bound methotrexate (pdb: 1RA3). Hydrogen bonds are indicated with black dashed lines.
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Figure 2. NMR and ITC Metformin binding data
A) NMR titration of the Ile5 1H resonance as a function of [MFM] in a sample containing 

0.2 mM [13CH3-Ile]ecDHFR. B) 1H NMR shift for Ile50 as a function of [MFM] in a 

sample of labeled enzyme also containing 50 mM pABG; C) 1H NMR shift of Ile50 as a 

function of [MFM] in a sample of labeled enzyme also containing 75 mM hippurate analog 

DMBP. Data in the center and lower panels correspond to the MFM-sensitive Ile50 

resonance. D) As direct titration of MFM into ecDHFR did not provide an enthalpic signal, a 

displacement assay was used (see Methods). The raw ITC thermogram showing the change 

in power (ΔP) versus time for 153 μM DHF titrated into 9.4 μM ecDHFR complexed with 

NADP+ (200 μM in the solution) in MTA buffer including 1 mM EDTA, 5 mM β - 

mercaptoethanol, pH 7.0 buffer at 25 °C is shown. E) The fit of the integrated ITC 

thermogram, along with the fit residuals. F) The ITC thermogram for the titration of 254 μM 

DHF into 11 μM ecDHFR complexed with NADP+ and MFM (200 μM and 20 mM present 

in solution, respectively). G) The fit of the thermogram and the residuals for the individual 

fit. A global fit of duplicate titrations of DHF into the ecDHFR-NADP+ binary complex and 

DHF into MFM bound to ecDHFR-NADP+ were analyzed in SEDPHAT (see Methods) to 

obtain the binding parameters for MFM. Allowing the enthalpy of binding to float in the 

fitting procedure resulted in an error exceeded 100%. Due to this problem as well as the 

absence of an enthalpic signal in the MFM titration study, ΔH was set = 0, resulting in a Kd 

of 18 ± 9 mM and a stoichiometry of 0.65±0.01 from the global fit.
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Figure 3. Schematic illustrating the pteridine- and pABG-binding subsites of the DHFR folate 
binding site
The panels illustrate how the subsites are occupied by (A) folate; (B) 2,4-diaminopyrimidine 

(DAP) and pABG; (C) metformin (MFM) and pABG; (D) MFM and a 4-methyl-substituted 

hippurate; (E) MFM and the NSAID Fenbufen. Double-headed arrows indicate ILOE 

interactions.
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Figure 4. Determination of metformin inhibition constant for ecDHFR
A) Lineweaver-Burk plot for the inhibition of ecDHFR with Metformin (MFM). All of the 

lines intersect at the same point on the y-axis indicating competitive inhibition of MFM with 

DHF. The inset shows the slopes plotted versus [MFM]. Error bars from fits of the slopes are 

shown. A fit of the data (R2 = 0.970) yields a Ki of 24 ± 7 mM for MFM. A non-linear fit of 

all of the data yielded a Ki = 17.9 ± 3.5 mM. B) Lineweaver-Burk plot of PFM inhibition of 

ecDHFR. The pattern of intersecting lines indicates competitive inhibition. The slopes are 

plotted versus [PFM] in the inset plot. Error bars for the slopes are shown. A fit of the data 

(R2 = 0.992) yields a Ki of 0.17 ± 0.02 mM.
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Figure 5. ILOE build-up data for MFM and ligands bound to the pABG subsite
A) A series of 1D NOE spectra obtained at the indicated mixing times by irradiating the 

MFM methyl resonance at 3.04 ppm and observing the pABG aromatic resonances. The 

corresponding interacting nuclei are shown on the right hand side. B) 1D ILOE build up data 

for a sample containing 5 mM MFM + 5 mM hippurate analog DMBP. C) 1D ILOE build up 

data for a sample containing 5 mM MFM + 2 mM Fenbufen. Samples for A and B contained 

the 0.1 mM ecDHFR, 5 mM of the ligands under evaluation, in the standard screening 

buffer: 25 mM phosphate, pH 6.8 (uncorrected electrode reading), 100 mM NaCl, 1 mM 

TCEP, 0.25 mM NaN3 in D2O. Sample for C also contained 2% DMF to improve the 

solubility of Fenbufen. Spectra were run at 25 °C. Double-headed arrows indicate ILOE 

interactions.
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Figure 6. Structures of DHFR quaternary complexes
A) Active site of crystal structure corresponding to the ecDHFR-NADP+-DAP-pABG 

complex. B) Gaussian-generated model of the active site containing MFM and pABG. 

Hydrogen bonds are indicated with black dashed lines and the red arrows indicate ILOE 

interactions. Lower panels show overlaid structures for modeled MFM with bound PFM (C) 

or bound BFM (D). Intramolecular steric conflict is reduced by relative rotation of the 

planes containing the two guanidine groups. The PFM and MFM rotation is in the opposite 

sense, while the angles for MFM and BFM are more similar.
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Table 1

Summary of Kd and Ki values.

Ligand Kd (mM) Ligand2a (pABGsubsite) Ligand3 (cofactor) Method/Info

I: Dissociation constants

Phenformin 0.716±.045 - ITCb

0.188±0.018 NADP+ ITCb

0.098±0.007 NADPH ITCb

pABG 7.64±0.53 NMRc; Ile50

8.09±0.52 NMRc; Ile61

8.00±0.37 NMRc; Ile94

(Mean 7.91)

Metformin 14.8±6.2 NMRc; Ile5

15.9±2.0 NMRc; Ile5

17.9±8.9d - NADP+ ITCb; ΔH = 0 kcal/mol)

Metformin 6.89±0.56 50 mM pABG NMRe; Ile50′

5.36±1.15 50 mM pABG NMRe; Ile61′

5.27±0.71 50 mM pABG 2 mM NADP+ NMRe; Ile50′

7.0±0.16 75 mM DMBP NMR; Ile50

II: Inhibition constants (Ki) in mM

Metformin 24±7f NADPH Steady state kinetics

Phenformin 0.17±0.02 NADPH Steady state kinetics

pABG 1.8 ± 0.3 NADPH Steady state kinetics

a
Additional ligand bound to the pABG subsite.

b
Buffer: 100 mM TrisHCl, 50 mM MES, 50 mM Acetic Acid, 1 mM EDTA, 5 mM BME, pH 7.0; 25° C

c
Buffer: 20 mM Tris-HCl, pH = 7.2 (uncorrected), 120 mM NaCl, 1 mM TCEP, 0.5 mM EDTA, 0.25 mM NaN3, in D2O.

d
An initial fit with variable ΔH gave a Kd = 26.7±11.0 mM, ΔH = −1.1±3.2 kcal/mol; the large error in ΔH prompted an alternate fit with ΔH set = 

0.

e
Ile50 and Ile61 each exhibit two resonances, only one of which titrates upon MFM addition.

f
A non-linear, global fit of all the data gives a Ki of 17.9 ±3.5 mM.
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