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Histag numbering 
1                           11                         21                         31                     41                     51    
MRGSHHHHHH GMASMTGGQQ MGRDLYDDDD KDPSSNEVSN PVAGNFVFPS NATFGMGDRV 
                                                                                        MIRSSNEVSN PVAGNFVFPS NATFGMGDRV  
Wt R67 numbering                                                      1                       11                     21                        
61                         71                     81                     91                   101 
RKKSGAAWQG QIVGWYCTNL TPEGYAVESE AHPGSVQIYP VAALERIN 
RKKSGAAWQG QIVGWYCTNL TPEGYAVESE AHPGSVQIYP VAALERIN 
31                         41                      51                   61                     71 
 
 
 
Figure S1.  A comparison of the protein sequence for wt R67 DHFR (black) with the 
Histagged variant (red).  The lysines that are available for reaction with EDC are 
highlighted in yellow. 
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Figure S2.   Structures and atom labels for the pterin ring of protonated dihydrofolate and 
the nicotinamide ring of NADPH. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3.  Proton NMR of the bis-(1-(2-aminoethyl)amide)-folate-(α,γ) adduct in D2O. 
Peaks at 3.29, 3.07, 3.01, 2.73 and 2.54 arise from the conjugated ethylene diamines 
(EDA).  Overlap of the DMSO-d peak with the EDA peaks precluded performing the 
NMR in DMSO-d.  1H NMR (500 MHz, D2O):  8.63 (s, 1H, C7-H); 7.70 (m, 2H, 
C2’/C6’-H); 6.88 (m, 2H, C3’/C5’-H); 4.64 (s, 2H, C9-H); 4.4 (m, 1H, Cα-H); 3.29 (t, 
2H, EDA); 3.07 (m, 1H, EDA); 3.01 (m, 1H, EDA); 2.73 (t, 2H, EDA); 2.54 (t, 2H, 
EDA); 2.37 (m, 2H, Cγ-H); 2.10 (m, 2H, Cβ-H).  Similar NMR assignments have been 
previously made for conjugated folates.(1)



 
 
 
 

 
 
 
Figure S4.  Steady state kinetic analysis of the I68A:3 mutation in Quad3.  The SAS fits 
employed an equation describing a bisubstrate reaction showing substrate inhibition.(2, 3)  
Best fit values are given in Table 1 of the main text. The predicted values are shown by 
the grid lines while the data points are given by stars.  Solid and hollow stars lie above 
and below the fit values, respectively.   
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Figure S5.  The concentration of discrete species, or c(s), calculated from analysis of 
sedimentation velocity data.  Using a continuous c(s) distribution model in Sedfit(4), s 
values can be calculated and then converted to molecular masses. The data for the 
truncated R67 DHFR control are shown by the dashed line.  The main species has an s 
value of 2.99, corresponding to a tetramer of mass 28,500 daltons; a small peak with an s 
value of 1.99 corresponds to a dimer of mass 15,800 daltons. The data describing the 
crosslinked sample (folate plus truncated R67 DHFR) are shown by a solid line. The peak 
describes a species with an s value of 3.15 and a mass of 29,920 Da.  
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Figure S6.   Mass spectra of truncated R67 DHFR crosslinked with folate and EDC.  The 
black spectrum describes a reaction using a low folate concentration (72µM) which had 
~25% activity remaining.  While dimer peaks were also noted, this analysis focuses on 
the monomer. The prominent peak at a m/z of 6729 corresponds to the unmodified 
truncated protein while the folate adduct appears at 7155.  The gray spectrum 
corresponds to a reaction run at a higher folate concentration (150µM) which had <10% 
activity remaining.  The peak for unmodified, truncated protein is greatly diminished 
while the folate adduct peaks are much more prominent.  The peak at 7308 likely 
corresponds to a species containing both folate and EDC adducts.  The peak near 7576 is 
consistent with a species with 2 crosslinked folates per monomer. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S7.  Molecular dynamics analysis of the hydride transfer reaction catalyzed by 
R67 DHFR.  A weak restraint between the carbon atom of the DHF γ-carboxylate and the 
Nε atom of the K32:3 side-chain was applied to tether the substrate near the lysine (see 
main manuscript for details).  Two independent simulations were performed and named 
EVB1 (left panel) and EVB2 (right panel). Solid lines indicate MD simulations with 
restraints.  For comparison, fluctuations from simulation with the free tail (without any 
restraints) are shown as dashed lines.  The top image colors the sections of protonated 
dihydrofolate that were monitored (pterin ring, black; C9-N10-phenyl, red and O=C-
glutamate, green) and the bottom images show the averaged atomic fluctuations along the 
collective reaction coordinate, color coded according to the moiety monitored. 
 
 
 
 
 
 
 
 
 
 
 



pKa calculations While K32 occurs on the edge of the active site pore and is exposed to 
solvent, it is also near a positively charged patch of amino acids, including R29, R31, 
K33, and R76.  While counter charges also occur nearby (D28, E58, E60 and E75), a 
positively charged electrostatic potential has been proposed to facilitate binding of the 
negatively charged ligands.(5)  To gain some insight into whether the pKa for K32 might 
be altered by its environment, Macrodox was used to calculate pKa values based on a 
Tanford-Kirkwood continuum electrostatic model.(6-8)  The calculated pKa for K32 in the 
apo enzyme is 10.4, indicating no large effect on the pKa value.  Macrodox calculates the 
pKa for K33 as 10.5 and the pKa for the N-terminus at Pro19 in the 1VIE crystal structure 
as 8.19. 
 
SDS-PAGE experiments As mentioned in the manuscript, SDS-PAGE of folate 
crosslinked protein showed the predominant species was monomeric, however higher 
order oligomers were also seen.  One possibility is that a specific crosslink occurs 
between one of the carboxylates in folate and K32, followed by reaction of the remaining 
folate carboxylate with one of the N-termini in the tetramer.  This option seems likely as 
the N-terminus might be expected to be more reactive than any remaining lysine 
sidechains due to its lower pKa.  Also, as the 17 N-terminal  amino acids are disordered in 
the dimer crystal structure, (9) the flexibility of the N-terminus could transiently position it 
near the remaining folate carboxylate group. 
 
To determine if the N-terminus is involved in the intermolecular crosslinking event(s), 
R67 DHFR was truncated using chymotrypsin.(10, 11)  Truncated R67 DHFR is fully active 
and the new N-terminus at V17 is not close enough to bound folate to form a crosslink.  
Analysis of the crosslinked species via SDS-PAGE showed both monomers and dimers.  
While the intensity of the dimer band was clearly decreased, it was not eliminated, 
suggesting the N-terminus is only partly responsible for the intermolecular reaction.   
 
Another possibility explaining formation of intermolecular crosslinks is that EDC allows 
bond formation between carboxylates in one R67 DHFR monomer (E7, D28, E53, E58, 
E60, E75) and amines in another monomer.  This hypothesis was investigated by 
incubating truncated R67 DHFR with only EDC.  Dimer bands in SDS-PAGE were noted 
after overnight incubation, consistent with EDC being able to cause non-folate dependent 
intermolecular crosslinks.   

 
Reduction of the tethered folate was observed.  Was this event intramolecular or 
intermolecular?  While it is possible that the crosslinked folate from one R67 DHFR 
molecule could be reduced by a second R67 DHFR tetramer, this seems unlikely as not 
all the crosslinked folate was reduced.  Also folate crosslinking stabilizes the tetramer 
(see Figure 3), suggesting additional contacts between the ligand and the protein.  This 
scenario supports a species where folate is docked in the active site rather than being 
accessible in solution to another R67 molecule. Additionally, a Km effect for folate-R67 
to bind to a second R67 molecule would be expected if an intermolecular reduction 
reaction occurred.  For this case, it seems likely that the bulky protein appendage would 
greatly weaken binding of crosslinked folate to a second R67 by a steric effect. 
 



Figure S8. The R67 DHFR 
structure presented as a cartoon. A 
slice through the central pore of 
R67 DHFR is shown with the same 
orientation as in Figure 1B in the 
main manuscript and the color 
code as in Figure 1A.  The residues 
lining the active site pore are 
labeled in black as is each 
monomer (1-4).  The pore is 
depicted by the lighter color.  The 
predicted positions of the 
asymmetric mutations are 
indicated in white font. For 
example, the K32M:1+2 mutations 
at the top of the figure lie on 
opposite sides of the pore and in a 
diagonal position to each other. 
The K32M:1+4 mutations also lie 
on opposite sides of the pore, but 
on the same side of the inter-
domain β-barrel structure.  The 
K32M:1+3 double mutant has both 
mutations on one side of the pore.  
The other side of the pore has 2 
wildtype K32 residues. 
 

Asymmetric K32M mutants We have previously constructed asymmetric K32M 
mutations in a tandem array of four fused R67 DHFR genes.(12, 13)  Double mutants have 
3 possible configurations, K32M:1+2, K32M:1+3 and K32M:1+4. The below cartoon 
shows the K32M:1+2 and K32M:1+4 double mutants have K32M mutations on both 
sides of the active site pore but with different relative positions.  The K32M:1+3 double 
mutant places both substitutions in the same half pore. As NADPH prefers to bind first 
and to form two salt bridges, it likely binds to the wt half pore in the K32M:1+3 mutant.  
This forces DHF to enter the mutant half pore.  DHF Km values for these mutants are 
listed in supplemental Table S1 below. 
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Supplemental Table S1 for Ki and Km values plotted in Figure 6 of the manuscript 
 

 

a Ki values from Jackson et al., reference (14) 
b Km values from Feng et al. and Hicks et al. references (12, 13) 
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