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With the rapidly growing wealth of genomic data, experimental
inquiries on the functional significance of important divergence
sites in protein evolution are becoming more accessible. Here we
trace the evolution of dihydrofolate reductase (DHFR) and identify
multiple key divergence sites among 233 species between humans
and bacteria. We connect these sites, experimentally and compu-
tationally, to changes in the enzyme’s binding properties and cat-
alytic efficiency. One of the identified evolutionarily important
sites is the N23PP modification (~mid-Devonian, 415-385 Mya),
which alters the conformational states of the active site loop in
Escherichia coli dihydrofolate reductase and negatively impacts
catalysis. This enzyme activity was restored with the inclusion of
an evolutionarily significant lid domain (G51PEKN in E. coli en-
zyme; ~2.4 Gya). Guided by this evolutionary genomic analysis,
we generated a human-like E. coli dihydrofolate reductase variant
through three simple mutations despite only 26% sequence iden-
tity between native human and E. coli DHFRs. Molecular dynamics
simulations indicate that the overall conformational motions of
the protein within a common scaffold are retained throughout
evolution, although subtle changes to the equilibrium conforma-
tional sampling altered the free energy barrier of the enzymatic
reaction in some cases. The data presented here provide a glimpse
into the evolutionary trajectory of functional DHFR through its
protein sequence space that lead to the diverged binding and
catalytic properties of the E. coli and human enzymes.
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nzymes are responsible for greatly accelerating chemical

transformations that are critical for all cellular processes (1).
Thus, it is not surprising that the evolutionary divergence of
homologous proteins is highly regulated/restricted (2), where
divergences occur slowly through a rugged protein fitness land-
scape imposed by Darwinian pressure (3, 4). However, the ability
to identify key discrepancies among homologous enzymes from
different organisms has the practical consequences of suggesting
how to selectively modulate enzyme activities (e.g., antibacterial
and antifungal applications) for pharmaceutical purposes. Here
we take advantage of the wealth of sequence data available for
dihydrofolate reductase (DHFR) to explore evolutionarily sig-
nificant divergences in DHFR and determine how these changes
affect the properties of the enzyme.

DHFR is a ubiquitous enzyme that catalyzes the NADPH-
dependent conversion of 7,8-dihydrofolate (DHF) to 5,6,7,8-
tetrahydrofolate (THF) (5), which is involved in subsequent met-
abolic reactions such as thymidylate and purine nucleotide
biosynthesis. Because of its biological role, DHFR is an impor-
tant therapeutic target for anticancer and antibacterial drugs (6).
One of the inhibitors of DHFR is trimethoprim (TMP), which
exhibits potent antibacterial properties because of its heavily bi-
ased selectivity toward bacterial DHFRs over mammalian DHFRs
(6, 7). Aside from trimethoprim inhibition, there are many cata-
lytic/kinetic discrepancies between the human (8, 9) and the
Escherichia coli (5) enzymes. These differences in the behaviors
between the human (hsDHFR) and the E. coli (ecDHFR) en-
zymes are likely consequences of important divergences through

www.pnas.org/cgi/doi/10.1073/pnas.1307130110

countless rounds of evolutionary selection. ecDHFR has low
primary sequence agreement with the human enzyme (26%
identity alignment shown in SI Appendix), yet a common overall
structural scaffold has been retained over the billions of years
since divergence. In view of the trillions of generations that E.
coli has undergone since its divergence from human (10), the
26% identity may represent a floor to the divergence possible
with retention of structure and function. All divergence nodes of
species living today are represented by multiple determined
sequences. Although these sequences are not ancestral them-
selves, at conserved sites we can reliably infer the ancestral se-
quence for each node. This gives a sequence time series during
which DHFR was always functional (because it is an essential
enzyme). However, the binding and the catalytic properties of
DHFR have diverged over time because E. coli and human
DHFRs are quite different today despite their common ancestry.
It is not clear whether the observed differences in enzymatic
properties in contemporary DHFRs arose gradually from the
cumulative effect of numerous near-neutral point substitutions or
are better attributed to a few major events that presumably pro-
vided selective advantage to the affected lineage.

We devised strict evolutionary criteria for analyzing DHFR
amino acid sequences from 233 species ranging from human
to bacteria and found three evolutionarily important sequence
divergent sites, defined herein as phylogenetically coherent
events (PCEs). Next we experimentally probed the catalytic
consequences of the different PCEs as they were introduced
into WT ecDHFR. Empirical valence bond (EVB) molecular
dynamics (MD) simulations (11) were able to reproduce the ki-
netic data of various PCEs and provided further comparisons
among ecDHFR, hsDHFR, and the ecDHFR variants with PCE
components artificially added. One of the identified PCEs dras-
tically altered the native ecDHFR’s binding affinity to its cofactor
NADPH, product NADP*, and TMP to more closely resemble
its human counterpart. Guided by these results, we then were
able to engineer a human-like ecDHFR variant by introducing
these three PCEs into native ecDHFR through mutagenesis.

Results and Discussion

Evolutionary Analysis: Phylogenetically Coherent Events. DHFR is
an attractive target for this demonstration because of the wealth
of sequence, kinetics, and structural data of the enzyme from
various organisms that covers a large segment of evolutionary
time. We analyzed DHFR amino acid sequences from 233 spe-
cies (99 vertebrates and 14 bacteria) ranging from humans to
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bacteria to identify evolutionarily important modifications. We
first exhaustively searched GenBank, manually curating proteins
orthologous to hsDHFR, emphasizing multiple representatives
for each divergence node of the current consensus phylogenetic
tree to mitigate errors in individual sequencing projects (12). Fig. 1
shows a subset aligned in phylogenetic divergence order from
human to E. coli (genus species abbreviations and the full set of
full-length sequences are provided at http://genomewiki.ucsc.
edu/index.php/DHFR _dihydrofolate). The ancestral sequence at
each divergence node can be reconstructed using a parsimony
principle, in which conservation at an amino acid position is
observed at a site over two or more consecutive divergence
nodes, as is the case here for significant events in DHFR evo-
lution. Using these considerations, we examined the 233 aligned
sequences for PCEs, defined as changes at an amino acid posi-
tion at which both the newly “altered site” and the unaltered
long-conserved “ancestral site” remained fixed for a significant
amount of subsequent geological time. Such events have only
become identifiable in the large-scale genomic era (13) because
of the number of species required to establish pre- and post-
invariance with adequate confidence. Because the time scale of
conservation of strongly supported PCEs is much longer than
that of site turnover by genetic drift, PCE retentions/changes
require strong (but probably differently based) selective pressure
acting at the site of change in both descendent lineages. Note
that evolutionarily significant divergence sites represent PCEs
that are difficult to find because of challenges such as insufficient
phylogenetic coverage, gaps and discrepancies across species,
incomplete genes, and considerations for paralogs and pseudo-
genes. In addition, the identified PCEs are coherent changes
with respect to the phylogenetic tree, as distinct from random
wobbling within a fixed reduced alphabet with preference. Be-
cause of these stringent requirements, it was not known (a priori)
whether DHFR would possess any PCEs at the start of this study.
However, we hypothesized that some dramatic functional/
mechanistic transitions occur at the PCEs.

Restricted to deuterostomes, we identified three strong PCEs
that signal important evolutionary changes to DHFR between
WT ecDHFR and hsDHFR. The locations of the PCE sites in
the protein are illustrated in Fig. 2. The most recent PCE is
a proline-rich (24-PWPPLRNEF-32 in hsDHFR as shown in
Fig. 1, referred to as the PWPP region herein) region of the
Met20 loop (residues 9-24 in ecDHFR; in hsDHFR residues
11-27). The PWPP region represents a unique evolutionary
hotspot with a well-defined deletional/insertional history. There-
fore, the timing for the development of the PWPP region in

hsDHFR is very clear: after fish and before amphibians [Fig. 1;
early to mid-Devonian, ~415-385 Mya (12)].The second strong
PCE found is the transition from L28 in ecDHFR to F32 in
hsDHFR, which occurred around the same time and has persisted
as phenylalanine ever since. Coevolution among these PCEs is
possible, but we have found no evidence to support this.

The most ancient PCE identified occurs around GS51 in
ecDHFR and PEKN 62-65 in hsDHFR (referred to as the
PEKN region herein). Structurally, the PEKN segment forms
a flexible (14) lid-like portion of the folate-binding site. This is
also the region of the enzyme where TMP binds (15). Tracing the
last common ancestor for the PEKN region is less straightfor-
ward because this sequence differs in length across the three
main clades (eukaryotes, bacteria, and archaea), suggesting that
this is a very ancient divergence (~2.4 Gya) (10, 12).

Kinetic Implications of PCEs. We then examined the catalytic
implications of the PCE regions through pre—steady-state and
steady-state kinetic analyses. The ecDHFR catalytic cycle com-
prises five major complexes that can be separated into two
groups based on differences in Met20 loop conformation (16,
17). The Met20 loop of the enzyme (E) can adopt either a closed
conformation (E:NADPH, E:NADPH:DHF) or an occluded
conformation (E:NADP*:THF, E:THF, E:NADPH:THF) (16,
18). NMR relaxation dispersion experiments found a rate con-
stant of ~1,200 s~ at 300 K (17) for the transition from the
Michaelis-Menten complex (E:NADPH:DHF) to the initial prod-
uct complex (E:NADP*:THF). This value is consistent with the
pre—steady-state hydride transfer rate (kpyg = 950 s™! at 298 K)
(5) for the WT enzyme. Sequence analysis showed that the most
recent strong PCE in DHFR is the development of a proline-rich
PWPP region in the Met20 loop in hsDHFR. This PWPP region
was modeled into WT ecDHFR by engineering in the N23PP
mutation. The presence of this proline-rich segment in hsDHFR
prevents the active site Met20 loop from undergoing the large-
scale conformational changes observed along the catalytic cycle
of ecDHFR (16-19). The presence of this proline-rich segment
prevents the active site Met20 loop from undergoing the large-
scale conformational changes observed along the catalytic cycle
of ecDHFR (16-19) and reduces the catalyzed hydride transfer
rate by ~30 times. For comparison, hsDHFR (20) remains solely
in the closed conformation throughout the catalytic cycle (21)
and is more catalytically efficient than both WT ecDHFR and
the N23PP ecDHFR mutant, illustrating that other modifications
are responsible for offsetting the catalytic influence of the PWPP
development.

24 30 32 62 71
human PWPPLR-~-NEFRYFQRMTTTSSVEGKQNLVIMGKKTWFS IPEKNRPLKGR homSap
rhesus PWPPLR-=-NEFRYFQRMTTTSSVEGKQNLVIMGKKTWFSIPEKNRPLKGR macMul
marmoset PWPPLR--NEFRYFQRMTTTSSVEDKQNLVIMGRKTWFSIPEKNRPLKDR callac
mouse PWPPLR--NEWKYFQRMTTTSSVEGKQNLVIMGRKTWFSIPEKNRPLKDR musMus
dog PWPPLR--NEFKYFQRMTTNSSVEGKQNLVIMGRKTWFSIPEKNRPLKDR canFam
clephant PWPPLR--NEFKYFQRMTTTSSVEGKQNLVIMGRKTWFS IPEKNRPLKDR loxAfr
opossum PWPLLR--NEFKYFQKMTTTPSVEGKQNLVIMGKKTWFS IPEKCRPLKDR monDom
platypus PWPALR-~-NEFRYFQKMTTTPTVKGKQNLVIMGKKTWFSIPEKSRPLKDR  ornAna
chicken PWPPLR--NEYKYFQRMTSTSHVEGKQNAVIMGKKTWFSIPEKNRPLKDR galGal
frog PWPLLR=-=-NEFKHF QRLTMTPTVEDKKNVVIMGRKTWFSIPEKNRPLKER XenTro
coclcanth PWHPKRLSNEFRYFQKMTTTPTVEGKQNVVIMGRKTWFSIPEKNRPLKGR lacCha
spotted gar  PWHPKRLSNEFKYFQKMTMTPTLEGQQNAVIMGRKTWFSIPERNRPLKNR lepOcu
stickleback  PWHPLRLSNEFKHFRRMTATASVKDKQNVVIMGRKTWFSIPEKNRPLNNR gasAcu
skate PWHPIRLSKEFKHFQRMTSTPSVEGKCNAVIMGRKTWHS IPEKNRPLKNR leuEri
hagfish PWHSKSLVKEMKHF TRLTSAAR-EGKQNAVVMGRKTWES IPEKFRPLRNR  eptBur
tunicate PW---RLPKEMKYFKRITTGEVEEGRRNATIIGRKTWES IPKSFKPLKDR ciolnt
amphi PW---TLRGDMKFF SRLTSGTEEAGKQNAVVMGRKTWFSIPDRFRPLPKR  braFlo
acOMWOrM  PW---RLRKEMSFFTKVTSETKEDGKQNAVVMGRKTWFSIPEKYRPLAGR sacKow
urchin PW---RLRQEMAYFERLTKTAQMEGMKNAVIMGRKTWDS IPEKFRPLKDR  strPur
E. Coli PW-—-NLPADLAWE KRNTLN---———- KPVIMGRHTWESI---GRPLPGR escCol

21 28 50 57

Fig. 1. Representative segment of phylogenetically aligned DHFR sequences from hsDHFR to ecDHFR. The phylogenetic tree (not to scale) on the left side
illustrates the diverging relationship between species. The values at each divergence node represent the divergence for each evolutionary split in units of
million years ago (Mya) (12). The hsDHFR and ecDHFR residue numberings are at the top and bottom of the figure, respectively. Strong PCE components
[hsDHFR numberings: 24-PWPP-27, 62-PEKN-65, and F32 (L28 in ecDHFR)] are highlighted in pink. Genus species abbreviations and the full set of full length
sequences can be found at http://genomewiki.ucsc.edu/index.php/DHFR_dihydrofolate.
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Fig. 2. Superposition of N23PP/G51PEKN E. coli DHFR double mutant with
human and E. coli DHFRs. The ecDHFR double mutant (silver, PDB ID 4GHS8) is
shown superimposed onto native human DHFR (bronze, PDB ID 1U72) (27)
and native E. coli DHFR (gold, PDB ID 1RH3) (16). Shown in green, blue, and
purple are the Met20 loop, the PEKN region, and the ecDHFR L28 residue,
respectively. The methotrexate and NADPH ligands in the ecDHFR active site
are shown in ball and stick representation (carbon atoms are green, oxygen
atoms are red, nitrogen atoms are blue, and phosphate atoms are orange).
The electron density is from an F,—F. map contoured at 3¢ that was calcu-
lated before adding the ligands to the model.

The portion of the DHFR active site loop (24-PWPPLRNEF-
32 in hsDHFR) that includes the PWPP segment exhibited a
well-defined deletional/insertional history (Fig. 1 and SI Appen-
dix, section 8.2). Sequence analysis indicates that the terminus of
this region, F32 in hsDHFR, has been mostly occupied by either
a methionine or a leucine, and the transition away from a persist-
ing phenylalanine occurred around the same time as, or maybe
slightly preceding, the PWPP event. There is evidence (22, 23) that
the L28F mutation in ecDHFR can influence enzyme catalysis as
well as the stability of the ternary DHFR:NADPH:DHF complex
(decreasing the Michaelis-Menten value of the ternary complex).
However, at pH 7, the N23PP/L28F mutant (knyq = 85 s at
298 K) was unable to recover the WT catalytic rate (kpyq = 220 s~
at 298 K) (5), nor was the double mutant able to reach the en-
zymatic hydride transfer rate of WT hsDHFR (9).

We then examined the third and most ancient PCE identified,
which is the addition of the PEKN lid-domain in the folate-binding
site. By mutagenesis, the addition of the PEKN lid-domain into
WT ecDHFR completely negates the negative catalytic influ-
ence of the PWPP element. By itself, the GS51PEKN ecDHFR
mutant exhibited a hydride transfer rate (knyg = 1,100 s~! at 298 K)
and a turnover rate (K., = 8.9 s7! at 298 K) that are essentially
identical to the values found in the WT enzyme (5). However,
the N23PP/G51PEKN double mutant (knyq = 1,100 s and keye =
22.3 57! at 298 K) strikingly retains the' WT enzymatic activity
by circumventing the negative impact of the N23PP mutation
previously observed (19) (Table 1). The chronological order
(PEKN before PWPP) of DHFR evolution might have been
important for maintaining a certain threshold of enzyme activity.

Furthermore, the N23PP/L28F/G51PEKN ecDHFR triple mu-
tant exhibits an enhanced catalytic efficiency (kpyg = 5,200 +
1,200 s~ at 298 K) that is commonly found in human and other
vertebrate DHFRs (20) (Table 1).

Other Mechanistic Considerations. The kinetic data in Table 1 were
derived from fit pH/rate profiles (SI Appendix, Fig. S2) for both
the pre—steady-state kyyq step and the steady-state k., for each
mutant. The data fit well to equations derived from a simple
mechanistic scheme (5) with one ionization event. The pK,
values are the same within experimental error (Table 1) and
comparable to the reported WT human (20), E. coli (5), and
mouse (22) DHFRs. The near identity in this pK, value across all
mutants suggests that the differences in the kyyq values are not
due to dissimilar pK, values.

The reaction scheme involves the binding of E:NADPH with
DHEF to form the ternary Michaelis-Menten complex, E:NADPH:
DHEF, followed by a fast hydride transfer event to generate the
initial product state E-NADP*:THF, with turnover at a slower
rate. The measured hydride transfer rates exhibit a normal pri-
mary kinetic isotope effect [KIE = kyyq(NADPH)/k;,,q(NADPD)
~2.7], confirming that the hydride transfer rate was being mea-
sured. Because all of the ecDHFR mutants in this study exhibit
similar turnover rates to WT ecDHFR, it is likely that the release
of THF from the product complex (5) is still rate-limiting. For
the turnover rates, the KIEs [k..(NADPH)/k.,(NADPD)] were
unity at low pH (SI Appendix, Table S1), indicating that the rate-
limiting step in the catalytic cycle is independent of the hydride
transfer step.

Computational Investigation of Enzyme Reaction. Further mecha-
nistic insights were provided by EVB MD simulations (11, 24) of
the hydride transfer reaction in WT ecDHFR, the N23PP mutant,
the N23PP/G51PEKN mutant, and WT hsDHFR. The calculated
relative free energy barriers agree with the experimental values
(Table 1). The calculations found a 1.3 kcal/mol increase in the
activation free energy barrier for hydride transfer (AG™) from WT
ecDHFR to the N23PP mutant, consistent with the 1.9 kcal/mol
increase found experimentally (19). The computed AG” values for
the N23PP/G51PEKN ecDHFR and hsDHFR are also similar to
the experimental values. The agreement between theoretical and
experimental data provides validation for the computational
methodology applied.

The donor-acceptor distance (DAD) is known to strongly in-
fluence the free energy barriers of proton and hydride transfer
reactions (24, 25). To assess whether the PCEs alter the DAD,
we first examined the superposition of the crystal structures of
the ternary Michaelis-Menten model complexes (E:NADPH:
MTX; MTX = methotrexate) (16, 26) of the N23PP/G51PEKN
ecDHFR mutant with WT ecDHFR (16) and human DHFR (27)
(Fig. 2), which exhibit a very similar active site geometry in each
variant. The inserted G51PEKN section of the double mutant
closely traces the human PEKN region. However, small sub-
Angstrom differences in the DAD can significantly impact the
hydride transfer rate constant. EVB simulations indicate that the

Table 1. Summary of experimental pre-steady-state kpyd, AG”, pK, values, and k., for various DHFR species at 298 K

Khya max, 57! Expt knyq AG”, kcal/mol Theoretical AG* for kpyq, kcal/mol Kinetic pK, Keat, 577
WT ecDHFR (5) 950 + 50 13.4 13.4 6.5+ 0.1 12
N ecDHFR (19) ~35 15.3 14.7 6.6 + 0.1 25+1
G ecDHFR 1,100 + 80 13.3 NA 6.77 + 0.07 89+04
NG ecDHFR 1,100 + 100 133 13.2 6.20 + 0.06 269 + 1.6
NLG ecDHFR 5,100 + 1200 124 NA 59+ 0.1 17.6 £ 5.1
WT mouse (22) ~2,400-9,000 12.1-12.8 NA 6.40 + 0.05 17 + 2
WT human (20) 3,000 12.7 13.1 5.9-6.2 12.5

The EVB potential was parameterized to reproduce the experimentally determined free energy barrier for WT ecDHFR, so these
values agree by construction. The free energy barriers were determined assuming a transition state theory rate constant expression
with a transmission coefficient of unity. This assumption was shown to be valid for DHFR in previous studies (24). The SE in the
calculated AG” value is ~1 kcal/mol. G, G51PEKN; L, L28F; N, N23PP; NA, not available.
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thermally averaged DADs along the collective reaction co-
ordinate for hydride transfer are similar across the three ecDHFR
variants as well as hsDHFR (S Appendix, Fig. S4). More specif-
ically, the thermally averaged DAD decreases to 2.7 A at the
transition state (TS), defined as zero energy gap reaction co-
ordinate (11), in all cases. These data suggest that the differences
in the calculated free energy barriers are not due to altered
thermally averaged DADs.

The root-mean-square fluctuations (RMSFs), which measure
the thermal motions of the atoms in the enzyme, are also very
similar among all three species in both the reactant state (RS)
and the TS (SI Appendix, Fig. S5). For comparison, the RMSFs
of the three ecDHFR variants are evaluated against hsDHFR
(Fig. 34), showing that the extra amino acid insertions in the
hsDHFR sequence are generally more flexible, whereas the ho-
mologous regions are qualitatively similar. Fig. 3B shows that the
added PEKN lid domain in the N23PP/G51PEKN ecDHFR var-
iant represents one of the more flexible regions in the structure.
The thermal motions observed around the PCEs introduced into
ecDHFR mimic the respective regions in WT hsDHFR (Fig. 3C).

To gain further insight into the catalytic differences, we also
examined the average inter-C, equilibrium distance changes
between the RS and TS for all residue pairs (Fig. 4). We ob-
served small (<1 A) equilibrium conformational changes along
the hydride transfer reaction coordinate. The magnitudes of the
conformational changes between RS and TS are somewhat en-
hanced in the N23PP mutant relative to WT ecDHFR. We
speculate that the reactive complex may need to undergo greater
conformational changes to reach the TS in the N23PP mutant
than in the WT enzyme (Fig. 4 A and B). Because the free energy
barrier is related to the relative probabilities of sampling TS
and RS configurations, the necessity of greater conformational
changes to reach the TS would be consistent with the increased
free energy barrier for the hydride transfer process in the N23PP
ecDHFR mutant. The magnitudes of these conformational
changes from RS to TS in the N23PP/G51PEKN mutant are
similar to those in WT ecDHFR (Fig. 4 4 and C), coinciding with
recovery of the WT hydride transfer rate constant (Table 1). The
observations described here are consistent with our previous
view (28, 29) that stochastic thermal motions help to facilitate
equilibrium conformational changes that are important to the
progression from RS to TS. However, as discussed previously
(28-31), these thermal motions do not represent special pro-
moting vibrational modes (32) that are dynamically coupled to
the chemical reaction itself.

. B
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RMSF (A)
u'| & ;
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1] 0.5 1 1.5
N23PP/G51PEKN ecDHFR RMSF(A)

25 SrU 75 IDG 125 150 175
Residue Number

0.0A I 125 A

Fig. 3. RMSFs of C, atoms in the reactant state for WT ecDHFR (black),
N23PP ecDHFR (red), N23PP/G51PEKN ecDHFR (blue), and hsDHFR (green).
Residue numbering corresponds to hsDHFR; the locations of the PCEs are
identified with arrows (A). The crystal structure of N23PP/G51PEKN ecDHFR
(PDB ID 4GH8) with each residue colored according to its C, RMSF, with
folate [aligned based on RMSD minimization with hsDHFR (PDB ID 2W3M)]
shown in yellow and NADP* shown in orange (B). A comparison of the
RMSFs of C, atoms for residues in N23PP/G51PEKN ecDHFR to the RMSFs of
the corresponding residues in hsDHFR (see S/ Appendix, Table S5 for a full list
of residues compared and the differences in the RMSF values). Residues in
PCE regions are distinguished by color: PWPP (pink), PEKN (sky blue), and
L28F (purple) (C).
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G51PEKN Alters Cofactor and Inhibitor Bindings. Further “human-
like” characteristics generated from the G51PEKN mutation are
revealed by a series of isothermal titration calorimetry (ITC)
experiments (Table 2).The enzyme’s binding affinity (defined as
dissociation constants, K4) for NADPH and NADP™" shows that
the partition between E:NADPH « E < E:NADP" [defined as

= K4(E:NADPH)/K4(E:NADP™")| has dramatically shifted
from K, ~ 0.0075 (favors NADPH) in WT ecDHFR (5) to
a more “human-like” value (Kp ~ 11.6; favors NADP*) (9) for all
G51PEKN-containing mutants. There are two important points
to consider. First, the differences in the K, values between dif-
ferent ecDHFR mutants are within the uncertainty of the data,
and it is likely that all three GSIPEKN ecDHFR variants share
the same K, value. Second, although the G51PEKN mutation
was able to shift the K value by ~100-fold toward hsDHFR,
other amino acid sequence divergence(s) is (are) responsible for
the other 20-fold differences in the K, values between the “hu-
manized” ecDHFR in this study and the hsDHFR.

Close inspection shows that the GSIPEKN mutation lowers
ecDHFR’s intrinsic affinity for NADPH while increasing the
enzyme’s binding affinity for NADP™. It has been noted that in
prokaryotes (such as E. coli) the concentrations of NADPH and
NADP?" are similar, whereas in eukaryotic cells the concentra-
tion of NADP™ is typically 100 times smaller than the NADPH
concentration (33). Therefore, a large K, value in E. coli would
significantly stall the DHFR catalytic cycle through a greater
degree of product inhibition, where [NADPH] ~ [NADP™].
However, a large K;, value would not be as inhibitory for human
DHFR because tﬁe cellular [NADP*] is much less than
[NADPH]. It is interesting to note that these mutations do not
appear to affect the binding of DHF to the E-NADPH complex
(81 Appendix, Fig. S3); therefore, it is possible that the in-
troduction of the PEKN domain into eukaryotic sequences might
be a response to this change in the cellular environment. The
subsequent additions of the N23PP and L28F mutations lead to
at least a twofold increase in both the turnover (k.,) and the
hydride transfer (kyyq) rate constants. The evolutionary pressure
on the hydride transfer rate is probably not significant, because
the conversion of DHF to THF is gated (rate-limited) by the
enzymatic turnover process (product dissociation). The en-
hanced turnover cycle resulting from the additions of these PCEs
might reflect increased metabolic demands in higher species. At
the same time, it is important to note that in vivo DHFR is not
saturated by its substrates. Thus, mutations that affect the
enzyme’s ability to bind its substrates can alter the flux (V/K
rates) of the enzymatic reactions and influence the fitness of an
organism, especially if there is a significant change in the avail-
ability of the substrates in the environment that the organisms
inhabit. Mutations, especially those on the surface of protein,
may also be epistatic. However, analysis of the reaction flux
between the various ecDHFR variants studied here would be
arbitrary without acknowledging specific protein partners or
precise historical data on the environments and the organisms.

Finally, the binding constant between ecDHFR and tri-
methoprim is greatly weakened because of the GSIPEKN mu-
tation (Table 2). Trimethoprim is an antibiotic that is a million
times more selective for bacterial DHFRs (E:TMP has K4 =
6 pM) (7) over mammalian DHFRs (K4 ~1-10 mM for DHFRs
from bovine liver, murine, and human) (7, 22). All ecDHFRs
containing the G51PEKN mutation bind TMP with K4 values
between 1 and 6 mM, which is comparable to values observed
in mammalian DHFRs. It has been shown that the binding of
inhibitors, such as TMP to ecDHFR, can affect the conforma-
tional states of the protein (34). Because the flexible PEKN do-
main resides over the TMP binding pocket [Protein Data Bank
(PDB) ID2W3A] (15), the local conformational fluctuations
in this region should affect the binding and dissociation of
ligands (17, 33, 35). Again, within experimental errors, all PEKN-
containing ecDHFR variants show the same binding affinity for
TMP, and neither the L28F nor the N23PP mutations exhibit any
additional impacts on TMP binding.
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Fig. 4. Computed thermally averaged C,-C, distance changes from the RS to the TS for all pairs of residues in E. coli WT DHFR (A), the N23PP mutant (B), and
the N23PP/G51PEKN mutant (C). Distances that increase from the RS to the TS are shown in red; distances that decrease from the RS to the TS are shown in
blue. A color scale that corresponds to the magnitude and the direction of changes is shown at the bottom. Although each matrix is symmetrical, for clarity
distances that increase are shown on the left side and distances that decrease are shown on the right.

Conclusions

Evolutionary analysis of DHFR from 233 species identified three
prominent PCEs, with strong implications regarding their im-
portance in the preservation and divergence of enzyme functions
through time. Here we show that despite only 26% sequence
identity between ecDHFR and hsDHFR [and billions of years of
subsequent divergence since the initial branch point (10)], the
introduction of the three identified PCEs into the E. coli DHFR
framework was able to transform the in vitro properties of the
E. coli enzyme into the human counterpart. EVB MD simulations
accurately reproduced the kinetic outcomes of a few cases where
PCEs were engineered into ecDHFR. These simulations also in-
dicated that the PCEs (N23PP and G51PEKN) do not significantly
alter the equilibrium fluctuations (i.e., the RMSFs) in the ternary
complex or the thermally averaged DAD during the hydride
transfer reaction. In our view, equilibrium conformational motions
facilitate the optimization of the active site electrostatic environ-
ment (28-30, 36) as well as the proximity and orientation of the
reactants, leading to configurations conducive to the chemical re-
action. Subtle differences in conformational sampling alter the free
energy landscape (i.e., the equilibrium conformational states or
ensembles) in a manner that impacts the free energy barrier and
therefore the hydride transfer rate constant. Nevertheless, the
overall conformational motions of the protein within a common
scaffold are retained throughout evolution.

Divergence within an orthologous protein family during evo-
lution arises from fixation of small mutational substitutions
that must avoid passing through nonfunctional intermediates in
protein sequence space (2-4). Here we analyzed the primary
amino acid sequences of functional DHFRs of living species in
the context of established phylogeny and constructed a timeline
for the divergence of functional DHFRs among investigated
species. We identified three changes (PCEs) in the DHFR primary
sequence that exhibit strong functional implications that might
be responsible for the major discrepancies between hsDHFR
and ecDHFR. Because a strongly supported PCE is likely to
require positive (possibly differently driven) Darwinian selection

to be operative at the PCE site in both descendent lineages, PCEs
could represent important time markers in history where major
changes occurred, such as shifts in climate or environmental
resources. With the rapidly growing wealth of genomic data and
capacity for whole proteome alignment, identification of all hu-
man PCEs has become accessible. This should lead to exciting
studies aimed at understanding the likely functional consequences
of important divergences due to countless rounds of evolutionary
selection (37). Furthermore, this type of sequence analysis ap-
proach can be highly efficient at identifying useful discrepancies
among homologous proteins from different organisms. These
discrepancies can provide guidance for exploiting selective mod-
ulation of homologous proteins.

Materials and Methods

Chemicals. NADPH, NADP™, trimethoprim, methotrexate, folic acid, PEG
400, Hepes, MES, Tris, methotrexate-agarose, DTT, and ethanolamine were
purchased from Sigma-Aldrich and used without further purification. DHF
(38) and [(4'R)->HINADPH (NADPD) (39) were prepared according to pub-
lished procedures.

Site-Directed Mutagenesis. G51PEKN, N23PP/G51PEKN, N23PP/L28F, and
N23PP/L28F/G51PEKN E. coli DHFR mutants were generated using the Stra-
tagene QuikChange site-directed mutagenesis kit and the WT ecDHFR
template as described (40). Primer sequences were 5-GAA AAC GCC ATG
CCA TGG CCG CCG CTG CCT GCC GAT CTC GCC-3’ (N23PP), 5'-G AAC CTG CCT
GCC GAT TTC GCC TGG TTT AAA CG-3’ (L28F), and 5'-C TGG GAA TCA ATC
CCT GAG AAG AAT AGG CCT TTG CCC-3' (G51PEKN) (underlining represents
mutations). Plasmid construction, protein expression, and purification were
performed following previous publications (40).

Sequence Analysis. Sequence analysis was achieved by manual curation of
GenBank data as described in greater detail in the S/ Appendix, section 1.

Kinetic Measurements. Both the pre-steady-state and steady-state kinetic
experiments were performed using an Applied Photophysics stopped-flow
spectrophotometer at 25 °C. The reactions were carried out in MTEN buffer
(composed of 50 mM MES, 25 mM Tris, 25 mM ethanolamine, and 100 mM

Table 2. Dissociation constants (Kg; reciprocal of the binding constants) of binary DHFR complexes of E:TMP,
E:NADPH, and E:NADP" in aqueous medium at pH 7.0 and 298 K

TMP Ky, M NADPH Kg, M NADP* Ky, M Kp = K4a(NADPH)/ K4(NADP™)
WT ecDHFR (5, 7) 6x107° 1.75 x 1077 23x107° 0.0076
G ecDHFR (1.65 + 0.2) x 107° (9.2 +£0.8) x 1077 (1.1 +£0.2) x 10°® 0.88
NG ecDHFR (1.2 £ 0.5) x 107® (2.6 +0.4) x 107° (4.0 +0.3) x 107°® 0.67
NLG ecDHFR (5.0 £ 0.7) x 107® (3.0 +0.1) x 107° (7+1)x10° 0.45
WT human (9, 23) 10°° 2.2x107° 1.9 x 107® 11.6

G, G51PEKN; L, L28F; N, N23PP.
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Nadl) following the published procedures (5, 40). The final concentrations of
the individual species in the reaction chamber were (10 uM enzyme, 125 pM
NADPH, 100 pM 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 excitation at 290 nm with the emission was
measured using a 400-nm cutoff output filter (5). Steady-state kinetics
experiments were performed following similar experimental conditions as
described previously with the exception that the reaction progress was
monitored at 340 nm. KIE experiments were conducted according to the
conditions listed above using NADPH or NADPD. Further data analyses and
experimental details are described in the S/ Appendix, sections 2-4.

ITC. ITC experiments were done using MicroCal Auto-iTC200 (GE) and the
procedures are described in the S/ Appendix, section 8.

Structure Determination. Crystals of E. coli N23PP/G51PEKN ecDHFR variant
were obtained by the hanging-drop vapor diffusion method using conditions
similar to those previously described (16). Detailed methods, data collection,
and refinement statistics are included in the S/ Appendix, section 5.

Empirical Valence Bond MD Simulations. Classical MD trajectories with a two-
state EVB potential (23, 41) were used to simulate the hydride transfer re-
action in WT ecDHFR, N23PP ecDHFR mutant, N23PP/G51PEKN ecDHFR mu-
tant, and WT hsDHFR. The free energy profiles were generated along
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a collective reaction coordinate defined as the difference in energy between
the two valence bond states. The computational details of the EVB potential
can be found in the S/ Appendix, section 6. 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
(42). Three independent sets of trajectories were propagated for WT ecDHFR
and N23PP/G51PEKN ecDHFR, and two independent sets of trajectories were
propagated for N23PP ecDHFR and WT hsDHFR. The trajectory for each
window was propagated for 100 ps of equilibration and 500 ps of pro-
duction for all DHFR variants. Independent datasets were combined to ob-
tain a total of 28.5 ns for WT ecDHFR and N23PP/G51PEKN ecDHFR and
a total of 19.0 ns for N23PP ecDHFR and WT hsDHFR.
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