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1. Evolutionary analysis 

1.1. Comparison between human and E. coli. DHFR. E. coli DHFR has 26% identity 
(alignment below) as compared to human DHFR. In view of the trillions of generations that E. 
coli has undergone since its divergence with human, the 26% identity may represent a floor to 
the divergence possible with retention of function. The 26% identity is a mix of strictly invariant 
residues important to the fold or active site, probabilistic agreement at reduced alphabet wobble 
positions, and accidental agreement at unconstrained positions. This level of divergence was 
reached long ago (as implied by reconstructed Cambrian human ancestral DHFR) and 
is consistent with a steadfast core role in thymidylate biosynthesis (1).  

Another measure of conservation relevant here is root-mean-square spatial comparison of 
E. coli and human folds. Using 3F8Y (PDB) for human, the DaliLite server (2

 
 

) aligns the 1DDS 
structure of E. coli to a root mean-square difference of 2.0 angstroms and found 38% similarity. 
Structural alignment will not be in complete agreement with homological alignment due to 
differences in handling gaps.  
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1.2. Sequence analysis. The 233 dihydrofolate reductase sequences provided here are hand-
curated for greater accuracy, necessary when DHFR proteins are implicit in genome project 
assemblies but not provided as such at GenBank. As predicted by unsupervised bioinformatics 
algorithms, gene models can be unacceptably inaccurate (modelled without use of synergistic 
homological data and carrying erroneous start codons, skipped or diverged exons, retained short 
introns, homopolymer run frameshift errors, translations by inappropriate genetic code, and 
confusion with paralogs and pseudogenes). Such errors would obscure evaluation of evolutionary 
change in conserved features; hence the need for manual curation of each protein sequence. 
 
The method of curation used here begins with a seed set of thoroughly studied experimental 
sequences in model species where there is no doubt about the completeness of the sequence, nor 
its accuracy. Using the four main divisions of GenBank (nr, ESTs, transcriptome projects, whole 
genome assemblies) and pre-calculated whole genome alignments of vertebrates at University of 
California, Santa Cruz, the seed set is slowly expanded in closely related species by orthologous 
representatives sharing homology, syntenic location and exon pattern. 
 
The build-out of the reference sequence collection improves recursively in accuracy because of 
four independent tools: an ever-growing custom blast classifier (3), a phylogenetically aware 
sequence multi-aligner (4), a pre-computed best-blast phylogenetic overview of neighboring 
genes (5) and a 46-species whole genome alignment based gene predictions (6,7

The blast classifier allows homologs extracted from raw DNA contigs and 46-way gene models 
to be assigned to the appropriate sequence class. The multi-aligner highlights anomalies in the 
sequence collection that required additional curational focus (such as incorrect exon boundaries 
and regions temporarily out of reading phase). The synteny browser sorts out segmental and 
whole genome duplications of DHFR. However synteny dissipates fairly rapidly with 

). 
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phylogenetic distance, so the much deeper conservation of intron position and phase becomes 
critical to refining gene models and retaining orthology. 
 
Despite these improvements, the set of sequences below will still be imperfect because of initial 
errors in GenBank data (sequencing lab contamination, systemic errors in read technology, mis-
assembled contigs, gaps in coverage, premature truncation of contigs, high levels of 
polymorphism, inadvertantly studied hybrids, endoparasites and commensals, taxonomic 
misclassification, a single animal sequenced unrepresentative of its species for this gene, lineage 
sorting, horizontal gene transfer, and inevitable data handling errors). Some clades, such as 
tunicates and nematodes, evolve so rapidly that their sequences seem implausible; even if valid, 
these DHFR are not informative to comparative genomics. Re-sequencing questionable gene 
models was beyond the scope of the project here.  
 
The DHFR sequence set is not intended to be exhaustive; indeed close to 3,000 could be 
recovered from bacterial genome projects alone. Instead, the intensity of curational effort sought 
to evenly sample each of the phylogenetic divergence nodes separating human from its last 
common ancestor with bacteria, subject to data availability which for some nodes is limited by 
too few extant species. This allows inference of ancestral states by parsimony. For example when 
a given residue is conserved over two or more consecutive divergences, we take that residue 
value as ancestral over the internodal time period. 
 
The topology of the phylogenetic tree is largely agreed-upon today, though controversy persists 
over some internal node arrangements. How residual issues are eventually resolved is not 
relevant here because the analysis of featured sites here is completely robust to commonly 
proposed tree alternatives. Single gene trees are not reliable; we do not infer a tree from DHFR 
data but instead subordinate it to the generally accepted tree derived from multi-gene 
concatenation. Divergence nodes on the phylogenetic tree are also reliably dated for the most 
part by relaxed molecular clock methods and the fossil record; only approximate dates are 
needed here to estimate summed branch length.  
 
We assume a given residue can be conserved for orders of magnitude longer than a neutral 
residue only when it is maintained by selective pressure. Neutral sites in processed pseudogenes 
(including those of DHFR) decay over million-year time scales; the branch lengths supporting 
conserved residues here sum to billions. Despite clade-specific variations in the tempo and mode 
of evolution, such disproportionate persistence implies that mutational changes at these 
conserved sites are not fixed because they are maladaptive to DHFR functionality. 
 
Representative alignment DHFR from 233 species is shown below (the complete sequence 
alignment and the full genus-species abbreviations are provided at ref. (8

7

); 
http://genomewiki.ucsc.edu/index.php/DHFR_dihydrofolate) in modified fasta format (ie. 
headers structured as small flat-file databases). The fields are 6 letter genus-species acronym; full 
genus, species, common name, GenBank accession number; PDB structural accession; GenBank 
overall taxonomy; PubMed identifiers; and comment field. When no suitable GenBank accession 
was available, the sequence was derived from a blast or blat ( ) query to a genome project. 
Genomic contig accession numbers are not provided because they are unstable to assembly 
iterations; to validate a given sequence, it is best to re-blast against the latest GenBank data set.  
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The fasta header lines are simple space-delimited databases showing first gene name, then genus, 
species, common name, accession number if not a simple genomic blat or whole genome 
alignment output, PubMed accession if specifically studied in a journal article, followed by an 
unstructured comment field. The headers and exons are reformatted into a spreadsheet by 
replacing spaces and paragraph returns with tabs. 
 
The sequences are provided in phylogenetic order relative to human. For subclades (e.g. 
rodents), the sequences are phylogenetically ordered relative to the most intensively sequenced 
species (thus mouse). It is important that the alignment tool used be capable of retaining input 
order. Some sequences are incomplete and others are evolving rapidly, throwing off the natural 
order if the tool derives a gene tree and re-orders accordingly. Here the species tree is already 
fixed from broader considerations and the DHFR gene tree is clamped to it. 
 
The representative (up to the first 90 residues) sequence alignment shown below covers the 
region of interest in this study. Human DHFR is at the very top and E. coli DHFR is near the 
bottom of the alignment list. The numbering at the top of the alignment accommodates 
sequences with insertions, such as DHFR_milFar or DHFR_natPel and so does not correspond to 
either human or E. coli numbering.    
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1.3. PCE analysis. The criteria for identifying PCEs from sequence alignment are briefly 
summarized in the main text. The systematic way to identify PCEs is through a difference 
alignment as illustrated below. As mentioned in the main text, phylogenetically coherent events 
(PCEs) are defined as changes at a long-conserved amino acid position at which both the newly 
‘altered residue’ and the unaltered ‘ancestral residue’ remain invariant over subsequent 
geological time in all (studied) speciation lineages. Such events have only become identifiable in 
the large-scale genomic era (9

Identification of PCEs involves ordering the sequences according to initial phylogenetic bias (as 
shown below, taking human first leads to the ordering of primates, rodents, laurasiatheres; taking 
opossum first would lead to another order), using the alignment tool, Mulalin (

) because of the large number of species required to establish pre- 
and post-invariance with adequate confidence (i.e. with summed branch lengthyears supporting 
the event orders of magnitude longer than neutral drift decay) A strongly supported PCE seems 
to require positive (possibly differently driven) Darwinian selection to be operative at the PCE 
site in both descendent lineages.  
 

4), which retains 
input order. Unsupported idiosyncratic features from low-coverage species are interpreted as 
distracting sequence error and corrected in the alignment (through retained in the fasta set). It 
was not a given that DHFR would have any PCEs. Thus the PCEs that it has are worthy of 
special experimental attention. While we have sufficient taxon sampling density here to be 
confident in PCE identification, DHFR remains un-sequenced in many thousands of species. 
Thus by claiming certain events as PCEs, we are in effect predicting that, as additional DHFR 
are sequenced they will continue to strengthen support for our PCE classification. However 
limitations on extant species (and sequencing of paleo DNA) mean that relatively little additional 
branch length is available for some nodes (e. g. coelocanth).  
 
Below the DHFR sequences (same sequences as in previous pages) are re-oriented to human 
DHFR (homSap), with dots representing same residue at the same site in other species. The 
numbering system is consistent with the aligned sequences in previous pages. For example, in 
the region of interest, DHFR_gorGor has the same amino acid sequence as DHFR_homSap 
except at position 33 (V in DHFR_gorGor instead of D in DHFR_homSap). Scanning through 
the phylogenetically ordered alignment of 233 species, a PCE can be picked out visually as a 
column of dots over a residual column of a fixed letter. PCEs not relative to human can also be 
found as columns of a fixed letter over a residual column of a different fixed letter. Gaps can be 
treated as an amino acid for this purpose: columns of dots or a fixed letter over columns of gaps 
(and vice versa) are taken as PCEs. It is important that the columns of dots or fixed letters stay 
constant over a long period (i.e. in many species) both before and after the divergence event. In 
the alignment below, dots represent differences relative to human, dashes represent gaps.  
 
 
The three PCEs studied here are highlighted in blue (PWPPLRNEF region in human) and yellow 
(PEKN).  
 
 
PWPP: 
As shown below, the evolutionary sequence of events in vertebrates and earlier deuterostomes 
shows an interesting deletional/insertional history at the PWPPLRNEF position. 
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1) PWPPLR--NEF turned into PWHPKRLSNEF as illustrated by a column of dots at the end of 
PWP (position 37) shifting into a column of H residue around DHFR_latCha. Also, there are 
columns of dots at positions 41 and 42, which turned into L and S/N respectively.   
 
2) PWHPKRLSNEF turned into PWRLP KEMKYFKR around DHFR_cioInt. This is illustrated 
by the appearance of a gap, which persisted from DHFR_cioInt all the way to the end of the 
alignment (DHFR_natPha).  
  
We interpret these changes as somehow advantageous to the altered clade because each has been 
fixed for hundreds of millions of years of summed branch length, inconsistent with functionally 
deleterious, or even neutral, changes. Note the deletions are occurring at the end of exon 1, not in 
the second exon which begins NEF. 
 
L28 in E. coli to F32 in human: 
 
This PCE is shown as a column of dots (at position 45 in the alignment below), which turned 
into a column of mostly L or M. The wobbling between L and M as well as the rarity of L → F 
mutation are explained in the next section. 
 
PEKN:  
 
The P residue at position 78 in the alignment below stays as a column of dots (except a handful 
of rare cases, which are not significant) all the way back to DHFR_escCol. After that the 
sequence length stays constant from DHFR_escCol to DHFR_natPha. Positions 79 and 80 vary 
throughout most analyzed species but both turn into two gaps at DHFR_escCol too. Again, the 
chance for G or P residue to change is discussed in the next section.  
 
The PCE analysis performed here is restricted to deuterostomes. It should also be noted that there 
might be other PCEs and we did not look for all possible PCEs. We mainly focused on PCEs 
around the enzyme active site to increase the chance of producing experimentally detectable 
changes in enzyme activity due to PCE-guided mutagenesis studies.    
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1.4. Sequence variability test. An internal control was performed to show the evolution of 
certain conserved motifs in DHFR. Being within DHFR, this is perhaps a better guideline for 
conservation than discussing the neutral rate of evolution in junk DNA or pseudogenes. 

We pulled out the 7 positions between the ultra-conserved GIG and PW regions (shown 
below; positions 29 to 35 in all of the above alignments) into separate spreadsheet columns (In 
the table below, they are in the first 7 columns right after the species names). There are no 
deletions or insertions between them, always 7 intervening residues so no alignment ambiguity. 
Next, each column is sorted alphabetically (the last 7 columns in the table below) in turn and 
scored with the summary report function of the spreadsheet: how many different amino acids 
were acceptable in at least one species? and, was the 225 count spread evenly among these? The 
analysis reports are given immediate after the table below. This process discards phylogenetic 
information to look at how rapidly change can get fixed at residues that are simply placeholders. 
Side chain properties such as bulk or charge don't matter at all (note these residues could still be 
contributing backbone hydrogen bonds, etc.). The G and P residues in this region represent the 
opposite extremes. G and P are completely invariant up to sequencing error and mutation. So we 
are seeing that our featured PCEs (G51PEKN and N23PP in ecDHFR) are very special in their 
conservation: their change is clade-coherent, it does not wobble randomly or within a reduced 
alphabet with preferences. The occurrence of L to F mutation is also rare.   
 
 
The first block of sequence shows as is, the second block each residue column has been sorted 
alphabetically (which loses species association). 
      
                                                 Alphabetically rearrangement  
                       Residues in the analysis                              of the residues in the analysis  

1 DHFR_homSap  G K N G D L P  G A A E A F P 
2 DHFR_panTro  G K N G D L P  G A A E A F P 
3 DHFR_gorGor  G K N G V L P  G C A G A F P 
4 DHFR_ponAbe  G K N G D L P  G D D G A I P 
5 DHFR_nomLeu  G K N G D L P  G D D G A I P 
6 DHFR_macMul  G K N G D L P  G D D G A I P 
7 DHFR_papAnu  G K N G D L P  G D D G A I P 
8 DHFR_calJac  G K N G E L P  G D D G A I P 
9 DHFR_saiBol  G K N G D L P  G F D G A I P 

10 DHFR_tarSyr  G K D G T L P  G F D G D I P 
11 DHFR_otogar  G K N G D L P  G F D G D I P 
12 DHF1_micMur  G K N G D L P  G F D G D I P 
13 DHFR_tupBel  G K N G D L P  G F D G D I P 
14 DHFR_musMus  G K N G D L P  G F D G D I P 
15 DHFR_ratNor  G K N G D L P  G F D G D I P 
16 DHFR_criGri  G K N G D F P  G H D G D I P 
17 DHFR_perMan  G K N G D L P  G H D G D I P 
18 DHFR_perPol  G K N G D L P  G H D G D I P 
19 DHFR_dipOrd  G K N G D L P  G H D G D I P 
20 DHFR_speTri  G K N G D L P  G H D G D I P 
21 DHFR_cavPor  G K N G D L P  G I D G D I P 
22 DHFR_oryCun  G K N G D L P  G I D G D I P 
23 DHFR_ochPri  G R N G D L P  G I D G D I P 
24 DHFR_felCat  G K N G D L P  G I D G D I P 
25 DHFR_canFam  G R N G D L P  G I D G D I P 
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26 DHFR_vulVul  G R N G T V P  G I D G D L P 
27 DHFR_musPut  G K N G D L P  G I D G D L P 
28 DHFR_ailMel  G K N G D L P  G I D G D L P 
29 DHFR_equCab  G K N G D L P  G I D G D L P 
30 DHFR_vicPac  G K N G D L P  G I D G D L P 
31 DHFR_susScr  G K N G D L P  G I D G D L P 
32 DHFR_turTru  G K N G D L P  G I D G D L P 
33 DHFR_oviAri  G K N G N L P  G I D G D L P 
34 DHFR_capHir  G K N G N L P  G I D G D L P 
35 DHFR_bosTau  G K N G N L P  G I D G D L P 
36 DHFR_myoLuc  G K N G D L P  G I D G D L P 
37 DHFR_pteVam  G K N G D L P  G I E G D L P 
38 DHFR_eriEur  G K N G E L P  G I E G D L P 
39 DHFR_sorAra  G K N G E L P  G I E G D L P 
40 DHFR_loxAfr  G K N G D L P  G I E G D L P 
41 DHFR_proCap  G K N G D L P  G I E G D L P 
42 DHFR_dasNov  G K N G D M P  G I E G D L P 
43 DHFR_monDom  G K D G D L P  G I E G D L P 
44 DHFR_macEug  G K N G D L P  G I G G D L P 
45 DHFR_sarHar  G K N G D L P  G I G G D L P 
46 DHFR_triVul  G K N G D L P  G I G G D L P 
47 DHFR_ornAna  G N K G D L P  G I G G D L P 
48 DHFR_tacAcu  G N K G D L P  G I G G D L P 
49 DHFR_galGal  G K D G N L P  G I G G D L P 
50 DHFR_lagLag  G K D G N L P  G I G G D L P 
51 DHFR_anaPla  G K D G N L P  G I G G D L P 
52 DHFR_taegut  G K D G R L P  G I G G D L P 
53 DHFR_ficHyp  G K D G R L P  G K G G D L P 
54 DHFR_melUnd  G K D G S L P  G K G G D L P 
55 DHFR_allMis  G K N G T L P  G K G G D L P 
56 DHFR_croPor  G K N G T L P  G K G G D L P 
57 DHFR_chrPic  G K N G D L P  G K G G D L P 
58 DHFR_anoCar  G K N G Q L P  G K G G D L P 
59 DHFR_pytMol  G K D G K L P  G K H G D L P 
60 DHFR_ambMex  G K D G N L P  G K H G D L P 
61 DHFR_xenTro  G K E G S L P  G K H G D L P 
62 DHFR_xenLae  G K G G S L P  G K K G D L P 
63 DHFR_latCha  G K D G N L P  G K K G D L P 
64 DHFR_lepOcu  G H N G N L P  G K K G D L P 
65 DHFR_gadMor  G Y K G D L P  G K K G D L P 
66 DHFR_tetNig  G R N G D L P  G K K G D L P 
67 DHFR_hipHip  G N R G N L P  G K K G D L P 
68 DHFR_solSen  G M T G N L P  G K K G D L P 
69 DHFR_oreNil  G N K G N L P  G K K G D L P 
70 DHFR_dicLab  G M N G N L P  G K K G D L P 
71 DHFR_perFla  G N N G N L P  G K K G D L P 
72 DHFR_spaAur  G N N G N L P  G K K G D L P 
73 DHFR_gasAcu  G C H G N L P  G K K G D L P 
74 DHFR_oryLat  G K G G N L P  G K K G D L P 
75 DHFR_anoFim  G R N G D L P  G K K G D L P 
76 DHFR_esoLuc  G N K G N L P  G K K G D L P 
77 DHFR_salSal  G N N G N L P  G K K G D L P 
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78 DHFR_oncMyk  G N N G N L P  G K K G D L P 
79 DHFR_danRer  G K N G N L P  G K K G D L P 
80 DHFR_cteIde  G R K G N L P  G K K G D L P 
81 DHFR_cypCar  G K N G N L P  G K K G D L P 
82 DHFR_ictPun  G R N G N L P  G K K G D L P 
83 DHFR_leuEri  G N N G N F P  G K K G D L P 
84 DHFR_squAca  G K D G N F P  G K K G D L P 
85 DHFR_eptBur  G W K G G L P  G K K G D L P 
86 DHFR_cioInt  G F K G R L P  G K K G E L P 
87 DHFR_cioSav  G N K G R L P  G K K G E L P 
88 DHFR_oikDio  G L R N D L P  G K K G E L P 
89 DHFR_braFlo  G V D G K I P  G K K G E L P 
90 DHFR_sacKow  G K N G D L P  G K K G E L P 
91 DHFR_balCla  G K N G N L P  G K K G E L P 
92 DHFR_strPur  G I N G N L P  G K K G E L P 
93 DHFR_parLiv  G I N G N L P  G K K G E L P 
94 DHFR_lytVar  G I N G N L P  G K K G E L P 
95 DHFR_patPec  G I N G T I P  G K K G E L P 
96 DHFR_droMel  G I R G D L P  G K K G G L P 
97 DHFR_gloMor  G L K G G L P  G K K G G L P 
98 DHFR_haeIrr  G I K G D L P  G K K G G L P 
99 DHFR_sarCra  G I K G D L P  G K K G G L P 

100 DHFR_culQui  G I K G D L P  G K K G G L P 
101 DHFR_anoGam  G I N G D L P  G K L G G L P 
102 DHFR_aedAlb  G I K G D L P  G K N G G L P 
103 DHFR_aedAeg  G I K G D L P  G K N G G L P 
104 DHFR_armSub  G I K G D L P  G K N G G L P 
105 DHFR_danPle  G S N G S L P  G K N G G L P 
106 DHFR_bomMor  G I N G T L P  G K N G G L P 
107 DHFR_helVir  G V N G A L P  G K N G H L P 
108 DHFR_triCas  G K N N D L P  G K N G H L P 
109 DHFR_denPon  G K N G T L P  G K N G I L P 
110 DHFR_apiMel  G I K G T L P  G K N G K L P 
111 DHFR_bomImp  G V K G T L P  G K N G K L P 
112 DHFR_eugCor  G V K G S L P  G K N G K L P 
113 DHFR_nasVit  G V N G D L P  G K N G K L P 
114 DHFR_copFlo  G I N G D L P  G K N G K L P 
115 DHFR_attCep  G V N G N L P  G K N G K L P 
116 DHFR_camFlo  G I N G G L P  G K N G K L P 
117 DHFR_harSal  G I K G D L P  G K N G K L P 
118 DHFR_linHum  G N N G A L P  G K N G K L P 
119 DHFR_pogBar  G I N G D L P  G K N G K L P 
120 DHFR_solInv  G V N G D L P  G K N G K L P 
121 DHFR_bemTab  G F K N S L P  G K N G K L P 
122 DHFR_acyPis  G Y K G N L P  G K N G K L P 
123 DHFR_blaGer  G L N G D L P  G K N G K L P 
124 DHFR_pedHum  G Y K G N L P  G K N G K L P 
125 DHFR_onyArc  G Y K N D L P  G K N G K L P 
126 DHFRcalCle   G K D N D L P  G K N G K L P 
127 DHFR_lepSal  G K N N T L P  G K N G K L P 
128 DHFR_litVan  G I N G E L P  G K N G K L P 
129 DHFR_celPug  G K G G E L P  G K N G K L P 
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130 DHFR_dapPul  G F Q G T I P  G K N G K L P 
131 DHFR_ixoSca  G V L N T L P  G K N G K L P 
132 DHFR_ambMac  G F K N A L P  G K N G N L P 
133 DHFR_perSed  G I G G E L P  G K N G N L P 
134 DHFR_milTar  G I R G D L P  G K N G N L P 
135 DHFR_triSpi  G K K N S L P  G K N G N L P 
136 DHFR_xipInd  G H G N E L P  G K N G N L P 
137 DHFR_caeEle  G K N G V L P  G K N G N L P 
138 DHFR_melInc  G K N N S L P  G K N G N L P 
139 DHFR_ascSuu  G K N G A L P  G K N G N L P 
140 DHFR_schMed  G K N G K L P  G K N G N L P 
141 DHFR_schMan  G K G G G L P  G K N G N L P 
142 DHFR_taeSol  G K E N K L P  G K N G N L P 
143 DHFR_aplCal  G I E G R L P  G K N G N L P 
144 DHFR_lotGig  G V N G S I P  G K N G N L P 
145 DHFR_phyAcu  G I E G R L P  G K N G N L P 
146 DHFR_pinMax  G I D G Q L P  G K N G N L P 
147 DHFR_mytCal  G I N G K L P  G K N G N L P 
148 DHFR_dreRos  G I N G S L P  G K N G N L P 
149 DHFR_alvPom  G I Q G K L P  G L N G N L P 
150 DHFR_helRob  G L N N S I P  G L N G N L P 
151 DHFR_nemVec  G K N N D L P  G L N G N L P 
152 DHFR_acrMil  G K E N R L P  G L N G N L P 
153 DHFR_hydMag  G L K G K L P  G L N G N L P 
154 DHFR_mneLei  G K N N N L P  G L N G N L P 
155 DHFR_triAdh  G Y K N D L P  G L N G N L P 
156 DHFR_subDom  G N K G K I P  G L N G N L P 
157 DHFR_monBre  G H Q G Q L P  G L N G N L P 
158 DHFR_canAlb  G Y K G K M P  G L N G N L P 
159 DHFR_canGla  G F Q G N L P  G M N G N L P 
160 DHFR_pneCar  G R S N S L P  G M N G N L P 
161 DHFR_schSti  G F Q G K M P  G M N G N L P 
162 DHFR_spaPas  G Y Q G K M P  G N N G N L P 
163 DHFR_lodElo  G N K G K L P  G N N G N L P 
164 DHFR_debHan  G I K G K M P  G N N G N L P 
165 DHFR_meyGui  G F G G A L P  G N N G N L P 
166 DHFR_milFar  G L K G K M P  G N N G N L P 
167 DHFR_claLus  G A Q G K L P  G N N G N L P 
168 DHFR_komPas  G L K G K L P  G N N G N L P 
169 DHFR_ogaPar  G Y K G Q L P  G N N G Q L P 
170 DHFR_rhiDel  G R K G D L P  G N N G Q L P 
171 DHFR_encHel  G K N N R L P  G N N G Q L P 
172 DHFR_encRom  G R A N R L P  G N N G Q L P 
173 DHFR_encCun  G N A N A L P  G N N G Q L P 
174 DHFR_encInt  G R H G K L P  G N N G Q L P 
175 DHFR_harCan  G N K G G L P  G N N G Q L P 
176 DHFR_polPal  G K D G G I P  G N N G Q L P 
177 DHFR_dicDis  G T A G D I P  G N N G Q L P 
178 DHFR_araTha  G K D G K L P  G N N G R L P 
179 DHFR_popTri  G K D G K L P  G N N G R L P 
180 DHFR_phyPat  G K Q G H L P  G N N G R L P 
181 DHFR_selMoe  G K E G K L P  G N N G R L P 
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182 DHFR_ostTau  G K D N G L P  G N N G R L P 
183 DHFR_micPus  G Y Q G G L P  G R N G R L P 
184 DHFR_chlVar  G K G G S L P  G R N G R L P 
185 DHFR_volCar  G K N G T L P  G R N G R L P 
186 DHFR_chlRei  G K N G K L P  G R N G R L P 
187 DHFR_phyInf  G L R Q H I P  G R N G R L P 
188 DHFR_albLai  G W R Q S I P  G R N K R L P 
189 DHFR_blaHom  G L N G G L P  G R N N S L P 
190 DHFR_aurAno  G K D G T L P  G R N N S L P 
191 DHFR_phaTri  G Y Q G S L P  G R N N S L P 
192 DHFR_thaPse  G H Q G K L P  G R N N S L P 
193 DHFR_perMar  G K D G Q L P  G R N N S L P 
194 DHFR_tetThe  G Y K N S L P  G R N N S L P 
195 DHFR_cryHom  G I N G Q L P  G R N N S L P 
196 DHFR_tryCru  G D G R S I P  G R N N S L P 
197 DHFR_leiTro  G D G E S I P  G R N N S L P 
198 DHFR_criFas  G D G E T I P  G R N N S L P 
199 DHFR_ectSil  G K N G A L P  G R N N S L P 
200 DHFR_toxGon  G I N N G L P  G R N N S L P 
201 DHFR_plaFal  G N K G V L P  G S N N S L P 
202 DHFR_babBov  G H Q N Q I P  G T N N S L P 
203 DHFR_thePar  G I S N G L P  G T N N S L P 
204 DHFR_naeGru  G L N G N L P  G V N N S L P 
205 DHFR_escCol  G M E N A M P  G V Q N S L P 
206 DHFR_breLat  G R D N Q L P  G V Q N S L P 
207 DHFR_marPos  G I N N S L P  G V Q N S L P 
208 DHFR_salEnt  G N G P D I P  G V Q N T M P 
209 DHFR_klePne  G N G P D I P  G V Q N T M P 
210 DHFR_halNea  G N G S N I P  G V Q N T M P 
211 DHFR_pseAla  G D H G R I P  G V Q N T M P 
212 DHFR_macCas  G K D K D I P  G V Q N T M P 
213 DHFR_cloCel  G N N G I I P  G W Q N T M P 
214 DHFR_geoUra  G R N N A I P  G W Q N T M P 
215 DHFR_oxaFor  G K D G Q M P  G Y Q N T M P 
216 DHFR_nocSpp  G D G P D I P  G Y Q N T M P 
217 DHFR_halPau  G R D G D M P  G Y R N T M P 
218 DHFR_natPel  G R D G D M P  G Y R N T M P 
219 DHFR_halXan  G K D G D M P  G Y R P T M P 
220 DHFR_natMag  G K D G D M P  G Y R P T M P 
221 DHFR_halLac  G A D G E M P  G Y R P T M P 
222 DHFR_halWal  G R D G E M P  G Y R Q T M P 
223 DHFR_halBor  G R D G R M P  G Y S Q V M P 
224 DHFR_halMed  G R D G D M P  G Y S R V M P 
225 DHFR_natPha  G T D G E M P  G Y T S V V P 
 
 
 
Analysis Summary:  
 
G: completely invariant up to sequencing error and mutation 
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K: 16 different amnio acids occur there (see distribution table below); most common ones do not 
share side chain attributes. Our 225 sequences are overweighted to vertebrates; K is common 
especially in tetrapods where it may have acquired some importance. I is the second most 
common amino acid (32 times) and N is the third most common one (21 times). 
 

K 96 
I 32 
N 21 
R 18 
Y 11 
L 10 
V 9 
F 7 
D 5 
H 5 
M 3 
A 2 
T 2 
W 2 
C 1 
S 1 

 
N: 12 different amno acids but predominantly a reduced alphabet of N (103 cases), K (39 cases), 
and D (33 cases).  

N 103 
K 39 
D 33 
G 15 
Q 12 
E 7 
R 6 
A 3 
H 3 
S 2 
L 1 
T 1 

 
G: 8 amino acids but overwhelmingly G with a few N. Looking at phylogenetic coherence, there 
is none: the N's are just sprinkled in. Classical reduced alphabet situation with preference for G 
(185 cases), acceptability of N (30 cases). 

G 185 
N 30 
P 3 
E 2 
Q 2 
K 1 
R 1 
S 1 
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D: 13 amino acids of which 10 are above sequence quality level. There is a preference for D and 
N. K, S, and T are ok. GREDAQ not show-stoppers as substitutions. There is little phylogenetic 
conservation within mammals even, despite the "inertia" that keeps a residue fixed over short 
time intervals even when no selective pressure supports it. 

D 76 
N 37 
K 22 
S 19 
T 15 
G 11 
R 11 
E 10 
A 9 
Q 9 
V 3 
H 2 
I 1 

 
L: classical first column of genetic code: L preferred (182 occurrences), I (22 occurrences) and 
M (17 occurrences) are not as good but ok. F (3 cases) and V (1 case) are really marginal. 

L 182 
I 22 

M 17 
F 3 
V 1 

 
P: completely invariant up to sequencing error and mutation. 
 

2. Kinetics and pH/rate profiles.  
 

Both the pre-steady-state and steady-state kinetic experiments were performed using an 
Applied Photophysics stopped-flow spectrophotometer at 25 oC. The reactions were carried out 
in MTEN buffer (composed of 50 mM MES, 25 mM Tris, 25 mM ethanolamine, and 100 mM 
NaCl) following the published procedures . One of the syringes in the stopped-flow analyzer was 
loaded with 20 µM enzyme, 250 μM NADPH, 2 mM DTT, and 50 mM MTEM buffer 
(according to [MES]). The other syringe contained 200 μM DHF, 2mM DTT, and 50mM MTEM 
buffer. After combining DHFR and NADPH as described above, the mixtures were incubated on 
ice for 5 minutes prior to the onset of the chemical reaction. The other syringe contained 200 μM 
DHF, 2mM DTT, and 50 mM MTEM buffer. Upon mixing, the final concentrations of the 
individual species in the reaction chamber were halved (10 µM enzyme, 125 μM NADPH, 100 
μM DHF, 2 mM DTT, and 50 mM MTEM buffer). For the pre-steady-state kinetics, the progress 
of the DHFR-catalyzed hydride transfer reaction was monitored by the loss of fluorescence 
resonance energy transfer from the enzyme to NADPH under single turnover conditions. The 
reaction mixture was excited at 290 nm and the emission was measured using a 400 nm cut-off 
output filter. The measure of absorbance vs. time trace (of burst phase) was fit to standard single 
exponential decay to obtain the hydride transfer rate (khyd). To construct the pH/rate profiles, at 
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least 5 separate kinetic runs were performed at each pH condition and the averaged khyd values 
were used for the analysis. Steady-state kinetics experiments were performed following similar 
experimental conditions as described above with the exception that the reaction progress was 
monitored at 340 nm. Kinetic isotope effect (KIE) experiments were conducted according to the 
concentrations and conditions listed above. Parallel experiments were performed using NADPH 
or NADPD.  

The binding affinity of DHF to the binary E:NADPH complex was examined under pre-
steady-state conditions. For the binding experiments, the final concentrations of DHFR, DTT, 
MTEM and NADPH in the stopped-flow reaction chamber were 5 μM, 2 mM, 50 mM, and 100 
μM, respectively. The [DHF] varied from 100 nM to 100 μM, while the khyd values stayed 
constant. The dissociation constants of E:NADPH:DHF into E:NADPH and DHF were estimated 
through iterations of mathematical fitting as described in section 3.  

The pH/rate profiles for both the pre-steady-state hydride transfer step (khyd) and the 
steady-state turnover process (kcat) were constructed for each mutant, and the data can be fitted 
into eq. 1, which is derived from the mechanistic scheme (10,11

10

) illustrated in Fig. S1. The kobs 
values in the pH/rate profiles (Fig. S2) are averages of at least 5 separate kinetic runs. The 
reaction mechanism (Fig. S1) involves one ionization event in the observable rate constants. The 
kinetic pKa values measured for the hydride transfer reaction are comparable between mutants, 
and with the wild-type enzyme ( ). When the observed rate constants are similar, the kinetic 
pKa value determined from the steady-state kinetics is different from the value obtained from 
pre-steady-state kinetics. This is consistent with earlier report (10) showing that in higher pH 
domains, the steady-state rate constant is contaminated with the hydride transfer process, which 
becomes rate-limiting. The scheme in Fig. S1 assumes that upon deprotonation of the ES or EP 
complexes (at higher pH), the forward reactions associated with the deprotonated complexes are 
either significantly slower than those observed for the active species (at low pH) or zero (within 
experimental errors). This assumption is supported by the pH/rate profile fits. It should be noted 
that the kinetic data reported in the human DHFR study (12

 
Figure S1. Proposed mechanistic scheme with representative kinetic data (at 298K) for the 
N23PP/G51PEKN ecDHFR mutant shown in red. The scheme involves a simplified reaction 
pathway with K1, khyd

1, and kcat
1 values. KaT and KaP1 are the acid dissociation constants for the 

ternary E:NADPH:DHF (ES) complex and the product E:NADP+:THF (EP) complex, 
respectively.   

) can also be analyzed with a slight 
modification to the scheme in Fig. S1 by increasing the contribution from the lower parallel 
pathway.  
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In eq. (1), kobs is the apparent observed rate constant (either khyd or kcat). Ka is the kinetic acid 
dissociation constant determined from the pH/rate profiles. k1 and k2 are the unimolecular rate 
constants (of either khyd or kcat) for the active and the ‘inactive’ complexes, respectively. Eq. (1) 
is derived from considering mass balance on all kinetically relevant species. It is important to 
point out that eq. (1) is a universal expression that can be applied to both pre-steady-state and 
steady-state analysis. Since the pre-steady-state and steady-state kinetics involved different 
observables, they were monitored separately. For the pre-steady-state analysis, the k1, k2, and Ka 
terms in eq. (1) represent the khyd

1, khyd
2, and Ka

T terms in Fig. S1. Since the observable was the 
conversion of ES to EP, the subsequent steps after EP are irrelevant to the observed rate 
constants. Similarly, for the steady-state turnover experiments the unimolecular disappearance of 
EP (likely the release of THF from the product complex as mentioned in the main text) was 
monitored, meaning that the the k1, k2, and Ka terms in eq. (1) represent the kcat

1, kcat
2, and Ka

p1 
terms in Fig. S1. In this case, the steps prior to EP in the scheme were not captured 
spectrophotometrically, and they are not part of the observed rate constants. In all cases, only the 
more reactive species (khyd

1 and kcat
1) were used for data analysis since we are interested in how 

the various mutations would affect the optimized kinetic rates. However it should be noted that 
all the pH/rate profiles were fit to eq. (1) without setting the k2 value to zero. The presence of 
another plateau at higher pH is suggestive of a two reactive DHFR ternary complexes that are 
separated by one ionizable group. Our lab has began to probe the nature of the second plateau, 
and the results from that study should be made available in due time.        
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Figure S2. pH/rate profiles for the various ecDHFR variants studied: (A) Plot of averaged pre-
steady-state kobs values vs. pH for the G51PEKN ecDHFR-catalyzed hydride transfer reaction 
with 10 μM of enzyme, 125 μM of NADPH, and 100 μM of DHF in 50 mM of aqueous MTEM 
buffer at 25 oC. The data were fit into eq. (1) to yield maximum khyd value of (1100 ± 80) s-1, pKa 
value of 6.77 ± 0.07, and k2 = (64 ± 4) s-1. (B) Plot of averaged steady-state kobs values vs. pH for 
the G51PEKN ecDHFR-catalyzed hydride transfer reaction with 10 μM of enzyme, 125 μM of 
NADPH, and 100 μM of DHF in 50 mM of aqueous MTEM buffer at 25 oC. The data were fit 
into eq. (1) to yield maximum kcat value of (8.9 ± 0.4) s-1 and pKa value of 9.49 ± 0.05. (C) Plot 
of averaged pre-steady-state kobs values vs. pH for the N23PP/G51PEKN ecDHFR-catalyzed 
hydride transfer reaction with 10 μM of enzyme, 125 μM of NADPH, and 100 μM of DHF in 50 
mM of aqueous MTEM buffer at 25 oC. The data were fit into eq. (1) to yield maximum khyd 
value of (1100 ± 100) s-1, pKa value of 6.20 ± 0.06, and k2 = (0.027 ± 0.003) s-1. (D) Plot of 
averaged steady-state kobs values vs. pH for the N23PP/G51PEKN ecDHFR-catalyzed hydride 
transfer reaction with 10 μM of enzyme, 125 μM of NADPH, and 100 μM of DHF in 50 mM of 
aqueous MTEM buffer at 25 oC. The data were fit into eq. (1) to yield maximum kcat value of 
(26.9 ± 1.6) s-1, pKa value of 6.85 ± 0.09, and k2 = (2.7 ± 0.3) s-1. (E) Plot of averaged pre-
steady-state kobs values vs. pH for the N23PP/L28F/G51PEKN ecDHFR-catalyzed hydride 
transfer reaction with 10 μM of enzyme, 125 μM of NADPH, and 100 μM of DHF in 50 mM of 
aqueous MTEM buffer at 25 oC. The data were fit into eq. (1) to yield maximum khyd value of 
(5100 ± 1200) s-1, pKa value of 5.9 ± 0.1, and k2 = (5.9 ± 0.1) s-1. The datum point (▲) at pH 6 
was not included in the fit because it is outside of the stopped-flow detection capability. (E) Plot 
of averaged steady-state kobs values vs. pH for the N23PP/L28F/G51PEKN ecDHFR-catalyzed 
hydride transfer reaction with 10 μM of enzyme, 125 μM of NADPH, and 100 μM of DHF in 50 
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mM of aqueous MTEM buffer at 25 oC. The data were fit into eq. (1) to yield maximum kcat 
value of (17.6 ± 5.1) s-1, pKa value of 6.1 ± 0.2, and k2 = (3.5 ± 0.2) s-1. 
 
 
 
3. Thermodynamic binding of ecDHFR mutants. The affinity of DHF to the binary E:NADPH 
complex was probed using pre-steady-state kinetic analysis for all ecDHFR mutants studied here. 
Figure S3 shows a representative pre-steady-state kinetics graph for the N23PP/L28F/G51PEKN 
ecDHFR mutant. 5 μM of the enzyme was mixed with excess (100 μM) NADPH, and the 
mixture was incubated on ice for at least five minutes prior to the introduction of DHF. The 
observed hydride transfer rate constant remained the same between 5 μM to 0.1 μM of [DHF]. 
The hydride transfer rate in Fig. S3 is also comparable with the value in Fig. S2, where [DHF] is 
100 μM. This suggests that the dissociation constant, Kd, for E:NADPH:DHF into E:NADPH + 
DHF is at least 10-7 M. As seem in Fig. S3, fitting the kinetic data (open circles) to a standard 
one-site binding expression (solid line) results in a sharp break immediately after the left-most 
datum point due to the strength of binding. This also means that meaningful binding constant 
cannot be extracted simply from the fitted expression. Instead, manual guesses for the hydride 
transfer rate constant at 5 x 10-8 M of DHF were made in stepwise fashion (decreasing value 
from the plateau value of ~180 s-1) to approximate the dissociation constant. An estimated 
dissociation constant was made when the inserted guess produced significant deviation (Fig. S3, 
dotted line) from the fitted curve (Fig. S3, solid line). All together, the dissociation constant, Kd, 
for E:NADPH:DHF into E:NADPH + DHF was estimated to be ~10-7 – 10-8 M, which are 
similar to the wild-type value (10).   
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Figure S3. Plot of averaged pre-steady-state kobs (open circles) vs. [DHF] for the 
N23PP/L28F/G51PEKN ecDHFR mutant-catalyzed hydride transfer reaction with 5 μM of 
enzyme and 100 μM of NADPH in 50 mM of aqueous MTEM buffer at pH 7.3 and 25 oC. The 
data were fit (solid line) into a standard one-site binding model but the strength of the binding 
prevents accurate determination of the binding constant. A guess (●) of kobs 160 s-1 at [DHF] = 5 
x 10-8 M starts to generate noticeable deviation of the fitted line (dotted line). The dotted line 
yields a Kd value of ~10-8.4 M.  
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4. Kinetic Isotope Effect. The KIE data for the ecDHFR mutants are summarized in Table S1. 
In low pH conditions where the hydride transfer reaction is well separated (much faster) from the 
turnover process, normal primary KIE was found for the pre-steady-state kinetics while unity 
KIE was observed for the steady-state kinetics. Under basic conditions (pH 11), the steady-state 
rates showed KIE values of between 2.07 – 1.98. This is because at higher pH the hydride 
transfer rate becomes more rate-limiting (10).    
 
 
Table S1. Kinetic isotope effect data for the pre-steady-state and the steady-state kinetics 
obtained for the ecDHFR mutants. The KIE values given below are determined from the 
averages of at least 4 kinetic runs with either NADPH or NADPD as the substrate. The reactions 
were performed with 10 μM of enzyme, 125 μM of NADPH, and 100 μM of DHF in 50 mM of 
aqueous MTEM buffer at 25 oC.   
 

)(
)(

NADPDk
NADPHk

hyd

hyd  
)(
)(

NADPDk
NADPHk

hyd

hyd  
)(
)(

NADPDk
NADPHk

cat

cat  

G51PEKN 2.7 ± 0.4 (pH 6.0) 2.8 ± 0.4 (pH 8.6) 1.14 ± 0.1 (pH 5.5) 
N23PP/G51PEKN 2.7 ± 0.3 (pH 5.5) 2.7 ± 0.4 (pH 11) 1.14 ± 0.2 (pH 5.5) 
N23PP/L28F/G51PEKN 2.1 ± 0.2 (pH 6.7) 2.7 ± 0.4 (pH 10) 0.93 ± 0.1 (pH 5.5) 

 
 
5. Crystallization 
 
5.1. Crystallization and data collection. Crystallization was performed by the hanging-drop 
vapor diffusion method at 20°C. Drops were set up using approximately 25 mg/mL protein in 10 
mM Tris, pH 7.5 containing 1 mM methotrexate and 1 mM NADPH. Crystals formed after 3 – 4 
days in 100 mM calcium acetate, 36% Peg 400 and 100 mM Hepes, pH 7.0. Crystals were 
harvested, briefly soaked in a solution of 100 mM calcium acetate, 36% Peg 400 and 100 mM 
Hepes containing 1 mM methotrexate and 1 mM NADPH (freshly made), and flash frozen in 
liquid nitrogen. Data were collected at 100 K at the A1 beamline of the Cornell High Energy 
Synchrotron Source (CHESS). Data were collected over 180° with a 1° oscillation range and 
extended to approximately 1.8 Å. Data collection statistics are provided in Table S2.  
. 
5.2. Data processing, structure determination and refinement. The data were indexed, 
integrated and scaled using HKL2000 (13). The crystals contained two molecules per 
asymmetric unit and had an approximate solvent content of 54%. Molecular replacement was 
employed for phasing, using MOLREP (14) with the structure of E. coli DHFR (PDB code 
1RH3) as the search model. The resulting structure was refined using alternating cycles of 
refinement using REFMAC5 (15) and manual model building with Coot (16). The addition of 
water molecules took place only after the refinement converged and was followed by an 
additional round of refinement. The ligands were placed into difference density using the models 
available from the PDB (MTX and NADPH) and were included in the model for a final round of 
refinement. Data refinement statistics are provided in Table S3. 
.  
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Table S2. Data Collection Statistics. 

 N23PP/G51PEKN 

DHFR 

resolution (Å) 50.0 – 1.85  

wavelength (Å) 0.987 

beam line CHESS A1 

space group P21 

a (Å) 52.25 

b (Å) 62.77 

c (Å) 62.44 

β (°) 106.8 

no. of reflections 83,707 

unique reflections 31,876 

average I/σ 12.1 (2.2) 

redundancy 2.6 (2.6) 

completeness (%) 95.2 (80.5) 

Rsym
a (%) 7.8 (32.7) 

Numbers in parentheses correspond to the highest resolution shell 
a , where  is the mean intensity of the N reflections with intensities Ii 

and common indices h, k, l  

 

 

 

 

 

 

 

IIIR i Σ−ΣΣ= /isym I
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Table S3. Data Refinement Statistics. 

 N23PP/G51PEKN 

DHFR 

resolution (Å) 50.0 – 1.85 

no. of protein atoms 2544 

no. of ligand atoms 165 

no. of water atoms 169 

no. of reflections in working set 30,241 

no. of reflections in test set 1,631 (5.1 %) 

R factora (%) 20.3 

Rfree
b (%) 25.4 

rmsd bonds (Å) 0.018 

rmsd angles (o) 1.8 

mean B factor (Å2) 22.3 

Ramachandran plot  

   most favored (%) 98.1 

   additionally allowed (%) 1.9 

   generously allowed (%) 0.0 

   disallowed (%) 0.0 
a R factor ∑−Σ=

hkl obscalcobshkl FFkF / , where Fobs and Fcalc are observed and calculated 
structure factors respectively.  
b For Rfree, the sum is extended over a subset of reflections (5.1 %) excluded from all stages of 

refinement. 
 
 
 



S34 
 

6. Empirical Valence Bond Molecular Dynamics Simulations. Empirical valence bond (EVB) 
molecular dynamics (MD) simulations were performed for four systems: wild-type ecDHFR, 
N23PP ecDHFR, N23PP/G51PEKN ecDHFR, and wild-type hsDHFR. The initial configuration 
for the WT ecDHFR simulations was the crystal structure of WT ecDHFR in the closed state 
with bound NADP+ and folate (PDB: 3QL3) (11). For consistency, the Asp37Asn point mutation 
contained in this structure was reverted to Asp37 using the utility Profix (17). The initial 
configuration for the N23PP simulations was the crystal structure of N23PP/S148A DHFR with 
bound NADP+ and folate (PDB: 3QL0) (11). The S148A mutation was removed using the utility 
Profix (17). Since the MD simulations for the N23PP/G51PEKN mutant were performed prior to 
obtaining the crystal structure published herein, the N23PP/G51PEKN mutant was modeled by 
local minimization of the RMSD of the backbone Cα atoms in the preceding and proceeding four 
residues about position 51 in the initial structure of the N23PP ecDHFR simulations with the 
corresponding residues in the hsDHFR crystal structure (PDB: 2W3M) (18

The empirical valence bond method and the mapping potential approach, as well as our 
application to hydride transfer in dihydrofolate reductase, have been described in detail 
previously (e.g., Refs. 

). This modeled 
structure agrees well with the crystal structure of ecDHFR N23PP/G51PEKN (PDB: 4GH8) with 
a Cα RMSD of 0.84 Å. The validity of this model is further supported by the similarity of the 
N23PP/G51PEKN ecDHFR crystal structure and the WT hsDHFR crystal structure, as shown in 
the main text. The initial structure for the hsDHFR simulations was the crystal structure of 
hsDHFR complexed with NADPH and folate (PDB: 2W3M). Protons were added using AMBER 
leap. In each system, His45 was protonated at the epsilon position, and all remaining histidines 
were doubly protonated. Each system was embedded in a truncated octahedral periodic box with 
8199 water molecules and 11 sodium counter-ions. 

19,20,21). The EVB potential consists of a 2×2 matrix, where the 
diagonal elements, V11 and V22, are the potential energies of the reactant and product diabatic 
states, respectively. The diabatic states are represented by the AMBER99SB force field for the 
protein (22,23), the TIP3P water model (24), NADPH and NADP+ parameters from Ref. (25), 
and DHF-H+ and THF charges calculated using the restrained electrostatic potential (RESP) 
method (26) with parameters from the generalized AMBER force field (GAFF) (27). To improve 
the determination of the ESP for each species and to localize charge differences upon reduction 
to the pterin ring, charges were calculated using three fragments: both the reduced and oxidized 
forms of the pterin, capping the C9-N10 bond with a proton, and the para-
aminobenzoylglutamate (pABG) moiety, capping the C9-C6 bond with a proton. To obtain an 
integral charge for each species (DHF-H+ or THF), the charges on the C9 protons were averaged 
between the relevant pterin fragment and the pABG fragment, and the remaining charge was 
assigned to the C9 carbon. Gaussian 03 (28

Using classical MD in the pure reactant state, first the solvent and ions were equilibrated 
for 500 ps at constant NPT using the Berendsen (

) was used for the electronic structure calculations 
required for the RESP method. The atom types and partial charges used for these species are 
provided in Table S4. 

29) thermostat and barostat with harmonic 
restraints on protein and ligand atoms of 100 kcal/molÅ2. (Note that the Berendsen thermostat 
was used only for the initial equilibration and not for data collection.) Next the solvent and ions 
were energy minimized, followed by minimization of the full system using the conjugate 
gradient algorithm. The full system was then annealed from 50 K to 300 K in increments of 50 
K, holding the temperature constant at each temperature for 100 ps at constant NPT. The full 
system was then equilibrated for 1 ns at constant NPT and 5-20 ns at constant NVT. A 10 Å real 
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space non-bonded cut-off with Particle Mesh Ewald (PME) (30) for long-range electrostatics 
was used in all calculations. All bonds involving hydrogen atoms were constrained to their 
equilibrium bond lengths during these simulations using SHAKE (31). System preparation and 
equilibration were performed using the AmberTools program and the AMBER 11 program (32), 
respectively. 

Following this extensive classical MD equilibration, the coordinates and topology of each 
system were transferred to a modified version of DLPROTEIN (33). All of the simulations with 
DLPROTEIN were performed at constant NVT using the Nosé-Hoover thermostat (34,35

The free energy profiles were generated from a series of 19 trajectories with different 
mapping potentials (i.e., windows) and combined using the weighted histogram analysis method 
(WHAM) (

). The 
charge on the hydride was incorporated into the donor carbon charge for the reactant state and 
the acceptor carbon charge for the product state. The donor-hydride and acceptor-hydride 
constrained harmonic bonds were replaced by a Morse potential with a dissociation energy (De) 
of 103 kcal/mol, an equilibrium bond length (Req) of 1.09 Å, and α of 1.817 Å-1, corresponding to 
the frequency of the CT-HC harmonic bond in the AMBER99SB force field. All bonds involving 
hydrogen atoms and not involving the hydride remained constrained in these simulations. The 
van der Waals parameters for the hydride were treated consistently with the AMBER force field, 
except that the non-bonded interactions of the hydride with the donor and the acceptor were 
excluded in the product and reactant states, respectively. Each system was re-equilibrated for 100 
ps using the EVB mapping potential with λ = 0.95 (95% reactant state). Following this 
equilibration, subsequent windows were generated from the configuration following 10 ps of 
equilibration in the previous window, reducing λ in increments of 0.05 until reaching λ = 0.05 
(95% product state). Each window was propagated for 600 ps, with the first 100 ps taken as 
equilibration. The diabatic energies V11 and V22 were sampled every 1 fs, and configurations 
were saved every 100 fs. This procedure was performed three times for each ecDHFR system 
studied in order to generate three independent data sets. However, in one of the independent data 
sets generated for the N23PP mutant, a conformational change was observed in the βF-βG loop 
where it partially unfolds, leading to interatomic distance changes of several Angstroms. This 
data set was therefore discarded for data analysis purposes. Two independent data sets were 
generated for WT hsDHFR. 

36). Three independent sets of trajectories were propagated for wild-type ec DHFR 
and N23PP/G51PEKN ecDHFR, and two independent sets of trajectories were propagated for 
N23PP ecDHFR and WT hsDHFR. Independent data sets were combined to obtain a total of 
28.5 ns for wild-type ecDHFR and N23PP/G51PEKN ecDHRR and a total of 19.0 ns for N23PP 
ecDHFR and WT hsDHFR. A bin size of 1 kcal/mol was used, and bins with less than 50 
configurations sampled in each window were discarded. Although the quantitative free energy 
values depend on these parameters, the free energy differences between systems (ΔΔG≠ and 
ΔΔG°) are robust with respect to these details. The parameters V12 and Δ in the EVB potential 
correspond to the coupling between the two diabatic states and a constant energy shift of the 
second state relative to the first state. These parameters were fit to reproduce the experimental 
free energy of activation (ΔG≠ = 13.4 kcal/mol) and free energy of reaction (ΔG° = −4.4 
kcal/mol) for wild-type ecDHFR on the ground state EVB surface, resulting in V12 = 44.15 
kcal/mol and Δ = −60.86 kcal/mol. These parameters were then kept fixed for the calculations of 
the free energy profiles for the ecDHFR mutants and for WT hsDHFR. The free energy barriers 
and free energies of reaction for independent data sets are shown in Table S5. Due to the use of 
the AMBER99SB force field for the diabatic states rather than the GROMOS force field used 
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previously in our group, the parameters of the EVB potential have changed relative to our 
previous EVB MD simulations of ecDHFR (20,37,38

Table S4.  Atom types and partial charges used for protonated dihydrofolate (DHF-H+) and 
tetrahydrofolate (THF). Note Generalized Amber Force Field (GAFF) atom types were used for 
these ligands. H6 is the transferring hydride and therefore is not present in DHF-H+. 

). 
 Donor-acceptor distances and average inter-Cα distances were calculated using the data 
combined from all trajectories by thermally averaging each distance along the collective reaction 
coordinate with a bin size of 2 kcal/mol in the energy reaction coordinate. The inter-Cα distance 
changes from RS to TS were computed as the difference between the transition state value and 
the reactant state value for each pair of Cα atoms with adjacent averaging over +/- 10 kcal/mol. 
Root-mean-square fluctuations (RMSFs; Fig. S4, S5) in the RS (TS) were calculated by first 
generating the thermally averaged structure for the RS (TS) and then calculating the RMSF of 
each Cα atom with respect to this thermally averaged structure for all configurations 
corresponding to an energy gap reaction coordinate within 10 kcal/mol of the value associated 
with the RS (TS). The configurations were weighted according to the probabilities determined 
from the WHAM used to generate the free energy profiles. Table S6 compares the differences in 
the RMSF data between wild-type hsDHFR and the N23PP/G51PEKN ecDHFR variant. 
  
 

Atom 
Name 

DHF-H+ atom 
type 

DHF-H+ 
charge 

THF atom 
type 

THF 
charge 

N5 nh -0.238406 nh -0.744490 
HN5 hn 0.378463 hn 0.398993 
C4A cd -0.150270 cd 0.050147 
C4 c 0.434047 c 0.473314 
O4 o -0.509820 o -0.585297 
N3 n -0.390588 n -0.468894 
HN3 hn 0.348003 hn 0.352579 
C2 cd 0.774744 cd 0.722468 
N2 nh -0.936436 nh -0.922606 
H21 hn 0.452596 hn 0.402068 
H22 hn 0.452596 hn 0.402068 
N1 nc -0.652360 nc -0.693288 
C8A cc 0.457140 cc 0.429205 
N8 nh -0.469164 nh -0.550984 
HN8 hn 0.357414 hn 0.355896 
C7 c3 0.084249 c3 0.017010 
H71 h1 0.097248 h1 0.065980 
H72 h1 0.097248 h1 0.065980 
C6 c2 0.298617 c3 0.250024 
H6   h1 0.001647 
C9 c3 0.066499 c3 0.013756 
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H91 h1 0.102817 h1 0.060939 
H92 h1 0.102817 h1 0.060939 
N10 nh -0.685880 nh -0.685880 
H10 hn 0.372838 hn 0.372838 
C14 ca 0.260186 ca 0.260186 
C15 ca -0.198155 ca -0.198155 
C16 ca -0.152153 ca -0.152153 
H16 ha 0.185699 ha 0.185699 
H15 ha 0.104079 ha 0.104079 
C13 ca -0.198155 ca -0.198155 
H13 ha 0.114899 ha 0.114899 
C12 ca -0.152153 ca -0.152153 
H12 ha 0.152660 ha 0.152660 
C11 ca -0.090484 ca -0.090484 
C c 0.692208 c 0.692208 
O o -0.652769 o -0.652769 
N n -0.540544 n -0.540544 
HN hn 0.287739 hn 0.287739 
CA c3 0.073583 c3 0.073583 
HA h1 0.036915 h1 0.036915 
CT c 0.799292 c 0.799292 
O1 o -0.809254 o -0.809254 
O2 o -0.809254 o -0.809254 
CB c3 -0.011474 c3 -0.011474 
HB1 hc 0.016041 hc 0.016041 
HB2 hc 0.016041 hc 0.016041 
CG c3 -0.056192 c3 -0.056192 
HG1 hc -0.020784 hc -0.020784 
HG2 hc -0.020784 hc -0.020784 
CD c 0.820027 c 0.820027 
OE2 o -0.845813 o -0.845813 
OE1 o -0.845813 o -0.845813 

 
Table S5. Comparison of hydride transfer free energy barriers (ΔG≠) and free energies of 
reaction (ΔG°) from independent data sets. Free energy barriers were calculated using WHAM 
with a bin size of 1 kcal/mol, V12 = 44.15 kcal/mol, and Δ = -60.86 kcal/mol. The variation in 
ΔG≠ among independent data sets is ~1 kcal/mol. Note that the free energies of reaction exhibit 
more variation among data sets because of difficulties sampling the product state. 
 ΔG≠ (kcal/mol) ΔG° (kcal/mol) 
System all sets set 1 set 2 set 3 all sets set 1 set 2 set 3 
WT ecDHFR 13.4 13.2 14.0 13.1 -4.4 -5.5 -2.5 -5.1 
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N23PP 14.6 15.0 14.3  -4.3 -4.0 -5.1  
N23PP/G51PEKN 13.2 12.8 13.1 13.8 -7.2 -7.7 -7.4 -6.3 
WT hsDHFR 13.1 13.2 13.0  -5.8 -5.8 -5.7  

 

 
Figure S4. Thermally-averaged donor-acceptor distances along the collective reaction coordinate 
for wild-type ecDHFR (black), N23PP ecDHFR (red) N23PP/G51PEKN ecDHFR (blue), and 
wild-type hsDHFR (green). 

 

 
Figure S5. Root-mean-square fluctuations (RMSFs) of Cα atoms in the transition state for wild-
type ecDHFR (black), N23PP ecDHFR (red), N23PP/G51PEKN ecDHFR (blue), and wild-type 
hsDHFR (green). These RMSFs were calculated relative to the thermally averaged structure of 
each system in the transition state. Residue numbering corresponds to wild-type hsDHFR. 
 
Table S6. Comparison of RMSF (Å) between N23PP/G51PEKN ecDHFR mutant and wild-type 
hsDHFR. The residue numbering corresponds to wild-type hsDHFR. The data are sorted by the 
degree of absolute differences (from high to low) between hsDHFR and N23PP/G51PEKN 
ecDHFR mutant. 
hsDHFR residue 
number 

N23PP/G51PEKN 
ecDHFR RMSF (Å) 

WT hsDHFR 
RMSF (Å) 

Difference (hsDHFR - 
ecDHFR mutant) (Å) 

162 0.514 1.143 0.629 
161 0.546 1.034 0.488 



S39 
 

125 0.418 0.834 0.416 
168 0.454 0.861 0.407 
153 1.123 0.741 -0.382 
40 0.782 0.408 -0.374 

124 0.394 0.768 0.374 
172 0.917 0.555 -0.362 
109 0.973 0.658 -0.315 
126 0.48 0.783 0.303 
167 0.474 0.766 0.292 
22 0.523 0.811 0.288 
20 0.657 0.937 0.28 
21 0.499 0.778 0.279 

111 0.781 0.523 -0.258 
166 0.496 0.752 0.256 
85 0.629 0.852 0.223 
19 0.478 0.692 0.214 

169 0.573 0.779 0.206 
66 0.498 0.701 0.203 

173 0.788 0.596 -0.192 
110 0.658 0.467 -0.191 
84 0.867 0.681 -0.186 

174 0.52 0.702 0.182 
13 0.669 0.488 -0.181 

142 0.798 0.622 -0.176 
81 0.656 0.826 0.17 

186 0.885 0.72 -0.165 
157 0.509 0.672 0.163 
129 0.585 0.739 0.154 
67 0.444 0.59 0.146 
86 0.73 0.874 0.144 

175 0.65 0.781 0.131 
49 0.457 0.327 -0.13 

117 0.483 0.353 -0.13 
171 0.67 0.542 -0.128 
14 0.645 0.523 -0.122 

131 0.429 0.55 0.121 
158 0.527 0.644 0.117 
18 0.375 0.491 0.116 
4 0.597 0.711 0.114 

59 0.455 0.564 0.109 
24 0.517 0.625 0.108 
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87 0.662 0.556 -0.106 
147 0.374 0.478 0.104 
144 0.784 0.681 -0.103 
152 0.794 0.692 -0.102 
141 0.669 0.572 -0.097 
178 0.469 0.375 -0.094 
102 0.922 0.83 -0.092 
80 0.733 0.646 -0.087 
7 0.413 0.328 -0.085 

140 0.534 0.449 -0.085 
89 0.485 0.401 -0.084 
26 0.66 0.577 -0.083 
62 0.716 0.633 -0.083 
12 0.457 0.375 -0.082 
65 0.781 0.703 -0.078 
77 0.37 0.444 0.074 

112 0.536 0.462 -0.074 
184 0.373 0.447 0.074 
72 0.396 0.325 -0.071 
23 0.464 0.533 0.069 

154 1.052 1.12 0.068 
6 0.388 0.321 -0.067 

78 0.518 0.584 0.066 
130 0.603 0.666 0.063 

5 0.4 0.461 0.061 
150 0.478 0.537 0.059 
58 0.358 0.416 0.058 

156 0.796 0.741 -0.055 
185 0.473 0.528 0.055 
79 0.631 0.685 0.054 

143 0.641 0.587 -0.054 
180 0.342 0.394 0.052 
181 0.363 0.415 0.052 
70 0.554 0.503 -0.051 

100 0.474 0.524 0.05 
64 0.841 0.89 0.049 
56 0.36 0.408 0.048 
69 0.47 0.516 0.046 
30 0.389 0.434 0.045 
57 0.336 0.381 0.045 
27 0.642 0.598 -0.044 
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33 0.417 0.461 0.044 
55 0.354 0.398 0.044 
28 0.425 0.467 0.042 

159 0.543 0.585 0.042 
63 0.715 0.756 0.041 
73 0.367 0.326 -0.041 
31 0.305 0.342 0.037 
50 0.344 0.308 -0.036 
61 0.524 0.488 -0.036 
97 0.374 0.41 0.036 
98 0.472 0.508 0.036 
71 0.398 0.363 -0.035 

101 0.541 0.576 0.035 
160 0.586 0.621 0.035 
34 0.353 0.386 0.033 
92 0.432 0.465 0.033 
94 0.497 0.464 -0.033 

145 0.59 0.557 -0.033 
17 0.337 0.369 0.032 
54 0.318 0.35 0.032 
96 0.443 0.475 0.032 
25 0.509 0.54 0.031 
95 0.57 0.54 -0.03 

138 0.315 0.345 0.03 
93 0.437 0.466 0.029 
38 0.412 0.439 0.027 
51 0.318 0.291 -0.027 
60 0.523 0.55 0.027 
99 0.538 0.565 0.027 

170 0.557 0.584 0.027 
177 0.472 0.445 -0.027 
122 0.359 0.385 0.026 

8 0.284 0.309 0.025 
41 0.548 0.523 -0.025 
53 0.31 0.335 0.025 
35 0.322 0.346 0.024 
68 0.419 0.443 0.024 

149 0.403 0.427 0.024 
88 0.505 0.482 -0.023 

116 0.307 0.329 0.022 
120 0.404 0.426 0.022 
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132 0.41 0.432 0.022 
151 0.665 0.687 0.022 
183 0.377 0.399 0.022 
146 0.64 0.66 0.02 
123 0.452 0.47 0.018 
10 0.298 0.282 -0.016 

179 0.377 0.393 0.016 
37 0.506 0.491 -0.015 
74 0.313 0.298 -0.015 
9 0.292 0.279 -0.013 

11 0.313 0.3 -0.013 
90 0.412 0.4 -0.012 
36 0.413 0.402 -0.011 

155 0.912 0.901 -0.011 
32 0.381 0.391 0.01 

139 0.373 0.363 -0.01 
76 0.359 0.35 -0.009 

121 0.366 0.375 0.009 
176 0.531 0.522 -0.009 
39 0.368 0.376 0.008 

115 0.311 0.319 0.008 
114 0.342 0.349 0.007 
15 0.445 0.451 0.006 
16 0.413 0.419 0.006 
52 0.287 0.293 0.006 

113 0.374 0.38 0.006 
119 0.43 0.436 0.006 
75 0.325 0.32 -0.005 
91 0.383 0.378 -0.005 

118 0.36 0.365 0.005 
136 0.314 0.319 0.005 
182 0.366 0.37 0.004 
137 0.277 0.28 0.003 
133 0.357 0.355 -0.002 
135 0.308 0.31 0.002 
29 0.454 0.453 -0.001 

134 0.321 0.321 0 
148 0.449 0.449 0 
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7. Isothermal titration calorimetry (ITC). ITC experiments were done using MicroCal Auto-
iTC200 (GE) while the raw data were analyzed by OneSites model using Origin 7. In a typical 
experiment, 400 μL of solution containing 20 μM of protein in 5 mM sodium phosphate buffer at 
pH 7 was loaded into the reaction chamber thermostatted at 25oC. The injection syringe was 
loaded with 200 μL of solution containing 200 μM of NADPH or NADP+ or TMP in 5mM of 
sodium phosphate buffer at pH 7. The reaction protocol involved 25 injections (1.5μL aliquots, 
over 3 seconds) with 180 seconds spacing time, reference power of 5 μCal/sec, and high 
feedback mode. Duplicate runs were done and the values were averaged. 
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