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Abstract: Lactate and malate dehydrogenases (LDH and MDH) are homologous, core metabolic

enzymes common to nearly all living organisms. LDHs have evolved convergently from MDHs at
least four times, achieving altered substrate specificity by a different mechanism each time. For

instance, the LDH of anaerobic trichomonad parasites recently evolved independently from an

ancestral trichomonad MDH by gene duplication. LDH plays a central role in trichomonad metabo-
lism by catalyzing the reduction of pyruvate to lactate, thereby regenerating the NAD1 required for

glycolysis. Using ancestral reconstruction methods, we identified the biochemical and evolutionary

mechanisms responsible for this convergent event. The last common ancestor of these enzymes
was a highly specific MDH, similar to modern trichomonad MDHs. In contrast, the LDH lineage

evolved promiscuous activity by relaxing specificity in a gradual process of neofunctionalization

involving one highly detrimental substitution at the “specificity residue” (R91L) and many additional
mutations of small effect. L91 has different functional consequences in LDHs and in MDHs, indicat-

ing a prominent role for epistasis. Crystal structures of modern-day and ancestral enzymes show

that the evolution of substrate specificity paralleled structural changes in dimerization and a-helix
orientation. The relatively small “specificity residue” of the trichomonad LDHs can accommodate a

range of substrate sizes and may permit solvent to access the active site, both of which promote

substrate promiscuity. The trichomonad LDHs present a multi-faceted counterpoint to the inde-
pendent evolution of LDHs in other organisms and illustrate the diverse mechanisms by which pro-

tein function, structure, and stability coevolve.
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Introduction
Proteins can evolve divergent functions after gene

duplication.1–3 Functions may arise anew from an

ancestor with a different function (neofunctionaliza-

tion)1,4 or may result by specialization of a promiscuous

ancestor (subfunctionalization).5–7 Several evolution-

ary theories posit different distributions of the size of

the effect of substitutions on function: the gradualist

Abbreviations: BP, BAli-Phy; Ha, hypotrichomonas Acosta; LCA, last common ancestor; LDH, lactate dehydrogenase; MB,
MrBayes; MCMC, Markov chain Monte Carlo; MDH, malate dehydrogenase; Ph, Pentatrichomonas hominis; PM, Phyml; PP,
posterior probability; Tv, trichomonas vaginalis

Additional Supporting Information may be found in the online version of this article.

Grant sponsor: National Institutes of Health (NIH); Grant numbers: R01GM096053, R01GM094468; Grant sponsor: National Institute
of Health; Grant sponsor: MINOS; Grant number: R01GM105404.

*Correspondence to: Douglas L. Theobald, MS009 Brandeis University, PO Box 549110, Waltham, MA 02454-9110.
E-mail: dtheobald@brandeis.edu

Published by Wiley-Blackwell. VC 2016 The Protein Society PROTEIN SCIENCE 2016 VOL 25:1319—1331 1319



view emphasizes small positive effects,8,9 the neutral

theory relies on small positive and negative effects,10,11

while saltation (or macromutation12) expects that a few

large-effect mutations account for the bulk of func-

tional change.13 Epistasis can modulate these effect

sizes,14 but it is unknown whether epistasis generally

constrains15,16 or opens up17 evolutionary paths.

The malate/lactate dehydrogenase superfamily

has long been a model system for structural and

functional evolution.18–20 These proteins catalyze the

reduction of 2-ketocarboxylic acids via a NADH

cofactor (Fig. 1). At least four LDH families evolved

independently from MDHs: the canonical LDHs, two

families of apicomplexan LDHs,20,21 and the tricho-

monad LDHs.22 A key active site residue, known as

the “specificity residue” (R91 in the cytosolic tricho-

monad MDHs) mutated to four distinct residues in

the four LDH families (Fig. 1). R91 is found on the

active site loop, which closes upon substrate binding

and is essential for catalysis.23,24 Mutations of the

specificity residue can switch LDH specificity to

MDH specificity in some LDHs25 but not others,22,26

and additional mutations are necessary to swap

specificity in MDHs.27,28

The trichomonad LDHs evolved from the tricho-

monad cytosolic MDHs,22 a clade phylogenetically

remote from other known LDHs. Trichomonad

MDHs and LDHs occupy key roles in the cytosolic

metabolism of these organisms—both operate in con-

junction with the hydrogenosome, a hydrogen-

producing, anaerobic mitochondrion.29 In particular,

Trichomonas vaginalis (Tv) LDH expression and

activity increase in organisms with reduced hydroge-

nosome function,30–32 for instance in response to

anti-trichomoniasis drugs. Tv MDH is highly spe-

cific, while Tv LDH is promiscuous.22

Here we use ancestral sequence reconstruc-

tion, biochemical analysis, and crystallography to

dissect the evolution of structure, function, and

stability of the trichomonad LDHs and MDHs. We

show that, like the unusual apicomplexan LDHs,

the trichomonad LDHs evolved from a highly spe-

cific MDH. However, this process was gradual,

involved more mutations, involved a different bio-

chemical mechanism, and resulted in promiscuous

LDHs.

Results

Modern LDHs are promiscuous; the modern

MDH is highly specific

We expressed five modern trichomonad MDHs and

LDHs (Fig. 2, Supporting Information Fig. S1) and

assayed them for their ability to reduce 2-ketoacids

under steady-state conditions (Fig. 3, Supporting

Information Tables S3–S6): two Trichomonas vagi-

nalis (Tv) MDHs, a Tv LDH, Hypotrichomonas

acosta (Ha) LDH, and Pentatrichomonas hominis

(Ph) LDH. The 2-ketoacids assayed were oxaloace-

tate (the MDH substrate), pyruvate (the LDH sub-

strate), 2-ketocaproate, and 2-ketoisocaproate

(alternate substrates and proxy indicators of prom-

iscuity). In this work, we primarily report the

steady-state kinetic constant kcat/Km as a measure

of enzyme (low substrate) activity; “specificity”

refers to relative activity among two or more sub-

strates. One modern Tv MDH (MDH 1, henceforth

referred to as simply Tv MDH) is highly specific for

the MDH substrate oxaloacetate, with little activity

towards pyruvate or alternate 2-ketoacids. In con-

trast, modern Tv, Ph, and Ha LDH and the other

(likely misannotated) Tv MDH (MDH 2) are pro-

miscuous LDHs, able to reduce oxaloacetate and

other alternate substrates nearly as well as

pyruvate.

Figure 1. (A) NADH-dependent reduction of 2-ketoacids, the

reaction catalyzed by L/MDHs. (B) 2-ketoacid substrates.

Oxaloacetate (blue R group) is reduced in MDHs, Pyruvate

(red) is reduced in LDHs, and 2-ketocaproate (yellow) and 2-

ketoisocaproate (green) are other 2-ketoacids that may

potentially be reduced by L/MDHs. (C) Active site of cytosolic

MDHs, LDHs have a different residue at position 91: Gln in

canonical LDHs, Lys in Plasmodium LDHs, Gly in Crypto-

sporidium LDHs, and Leu in trichomonad LDHs.
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Ancestral LDH and MDH reconstructions are

robust

In order to recapitulate the evolution of substrate

specificity in the Trichomonad LDH and MDH

enzymes, we expressed and assayed key ancestral

proteins in the lineages leading to the modern

enzymes. We reconstructed three different sets of

ancestral sequences, using three different phyloge-

nies: one estimated with a maximum likelihood

method [Phyml33 (PM) phylogeny, Supporting Infor-

mation Fig. S1(A)], one estimated with a Bayesian

MCMC method [MrBayes34 (MB) phylogeny, Sup-

porting Information Fig. S1(B)], and the other esti-

mated jointly with an alignment using a Bayesian

MCMC method [BAli-Phy35 (BP) phylogeny, Figs. 2,

Supporting Information Fig. S1(C)]. By using three

different phylogenetic analyses, we hoped to assess

the robustness of our ancestral inferences to model

assumptions and methodology. The topology of the

trichomonad protein phylogeny is substantially simi-

lar among the three analyses.

Nodes M1, M2, L1, L2, and L3 are consistent

among all three phylogenies and are well-supported

(Fig. 2, Supporting Information Fig. S1, Table S2).

Maximum likelihood ancestral sequences were

reconstructed with PAML36 for these nodes for each

phylogeny. Most of the reconstructed residues have

posterior probability (PP) greater than 90% [Sup-

porting Information Fig. S2(A)]. The reconstructions

for each node from the PM and MB phylogenies are

almost identical, while the reconstructions from the

BP phylogenies have more differences (Supporting

Information Table S2). As expected, sites with low

PP generally have the largest number of differences

[Supporting Information Fig. S2(B,C)]. Due to their

high sequence identity, we combined the PM and

MB reconstructions into one set of sequences for

further analysis, using the highest posterior proba-

bility residue where there are differences (the PM/

MB reconstructions); the BP reconstructions were

analyzed separately.

Promiscuous ancestral LDHs, but a specific

MDH LCA

The ancestral proteins M1, M2, and L1 from both

reconstructions and L2 and L3 from the BP recon-

struction were expressed and assayed in the same

manner as the modern enzymes. The alternate

reconstructions result in ancestral variants with

somewhat different efficiencies, but the relative spe-

cificities are similar (Supporting Information Fig.

S3). As we do not know which estimated ancestors

are most representative of the “true” ancestors, we

averaged log(kcat/KM)s for M1, M2, and L1 for a final

estimation of ancestral efficiencies (Fig. 3, Support-

ing Information Tables S3–S6). The average and

standard deviation should be considered a simple

descriptive statistic, a conservative measure of res-

urrection disparity (i.e., any non-flat weighting

scheme would give a smaller variance and bias

towards one of the reconstructions).

M1, the last common ancestor (LCA) of tricho-

monad MDHs and LDHs, is a highly specific MDH,

similar to Tv MDH1. M2, the LCA of the MDHs, is

also highly specific. In contrast, L1, the LDH LCA,

has a large increase in log(RS) for pyruvate, 2-

ketocaproate, and 2-ketoisocaproate compared to

M1, largely due to a substantial decrease in oxaloac-

etate activity. In this enzyme, pyruvate efficiency is

barely increased relative to M1 and is essentially

equal to that of oxaloacetate. In contrast, all other

LDHs assayed, both ancestral and modern, are pro-

miscuous enzymes (Fig. 3), with greater activity for

all substrates overall but also greater pyruvate spec-

ificity (relative activity).

Structures of ancestral and modern enzymes

We solved the X-ray crystal structures of the

ancestral MDH M1 (1.6 Å resolution, PDB entry

4UUP), modern Tv MDH (3.0 Å, 4UUO), and four

variants of modern Tv LDH [apo WT (1.4 Å,

4UUM), apo L91R (1.3 Å, 4UUL), WT bound to

NADH (1.9 Å, 4UUN), and WT bound to NADH

and oxamate (2.0 Å, 5A1T) (Supporting Informa-

tion Table S7). All enzymes are dimeric (Support-

ing Information Fig. S4), like other cytosolic

MDHs. This dimeric LDH form is unique, as all

other known LDHs are tetramers.20 The LDH/

NADH/oxamate structure has a similar dimeric

form as the other structures; however, it addition-

ally forms a tetramer in the crystal which resem-

bles other tetrameric LDHs [Supporting

Information Fig. S4(C)]. MDH and LDH structures

are generally found in two different states (open or

closed), depending on the conformation of the

Figure 2. Phylogeny of Trichomonad LDHs and MDHs esti-

mated by the program BAli-Phy. Full phylogeny is in Figure

S2a. Exterior branches are colored by Genbank notation,

where MDH is blue and LDH is red. Interior branches are col-

ored by consensus of all descended branches. The nodes

M1, L1, L2, and L3 have posterior probability greater than

99%; see Supporting Information Table S6.
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active site loop. The M1 structure adopts two dis-

tinct closed states, the LDH/oxamate/NADH struc-

ture is in one closed state, and Tv MDH and other

Tv LDH structures are in the open state.

In the M1 structure, only one subunit has a fully

closed substrate loop (Supporting Information Figs.

S4 and S6). There is also strong yet ambiguous elec-

tron density in the active site; a phosphate fits the

density best and was therefore modeled (Supporting

Information Fig. S6). The M1 active site loop is found

in a similar conformation as other MDHs, with R91

contacting the phosphate modeled in the active site

[Fig. 4(A)]. In contrast, the LDH active site loop is not

fully closed [Fig. 4(B)], as L91 in the LDH structure is

prevented from contacting the substrate analogue

oxamate by residues on the “a1/2G” helix,37 A229 and

W230. Closure of the active site loop still appears to

occlude the active site from solvent, however.

In order to compare the structures, we calcu-

lated superpositions in which only one subunit of

each dimer was superposed, letting the other subu-

nit move freely (Fig. 5). The superimposed subunits

have an average RMSD of 1.9 Å [Fig. 5(A)]. Overall

the structures are highly similar, except for the

active site loop, the C terminus, and a portion of the

a1/2G helix [labeled with number 4 in Fig. 5(A)].

Most of the variance of the active site loop is due to

the differences between the closed and open struc-

tures; otherwise the substrate loops of Tv LDH

(wild-type and L91R) and MDH are similar (Sup-

porting Information Fig. S5).

The superposed subunits have lower RMSD

than the subunits allowed to move freely [Fig. 5(B)],

indicating that the relative orientation of subunits

in the dimer is different among the various proteins.

Most of this difference is due to the open LDH, as

removing it reduces the RMSD [2.8 Å with versus

1.9 Å without; Fig. 5(C,D)]. This difference may sim-

ply be due to the conformational change between

open and closed; however the open MDH structure

Figure 3. log(kcat/KM), relative to 1 M21 s21, for the NADH-dependent reduction of 2-ketoacid substrates by ancestral and

modern trichomonad L/MDHs. Substrates tested were oxaloacetate (blue), pyruvate (red), 2-ketocaprotate (yellow), and 2-

ketoisocaproate (green). Enzymes are arranged according to an approximate phylogeny (see Fig. 2 and Supporting Information

Fig. S2). M1, M2, and L1 activities are averages of the activities of the PM/MB and BP reconstructions (see Supporting Informa-

tion Fig. S3). Errors for each enzyme/substrate pair are the largest of the standard error of averaging log(kcat/KM) from two sep-

arate experiments or the individual standard errors from curve fitting either set of experimental data.
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superpositions better with closed M1 than does the

open LDH structure. Therefore, the open dimeriza-

tion orientation has likely been conserved in the

MDHs but has changed at some point in the evolu-

tion of the LDHs.

There are 131 substitutions between M1 and Tv

LDH, and 84 substitutions between M1 and Tv

MDH (out of 333 total residues in M1). The dimer

interface has a large concentration of substitutions.

Of the approximately 40 residues that compose the

interface, 22 residues differ between M1 and Tv

LDH [Fig. 6(A), Supporting Information Table S8].

In contrast, only 9 residues at the interface differ

between M1 and Tv MDH, mostly at the periphery

of the interface [Fig. 6(B), Supporting Information

Table S8]. In particular, three substitutions in Tv

LDH dimer disrupt salt bridges found in the center

of M1 and Tv MDH (Supporting Information Fig.

S7). The NADH binding site also has a higher inci-

dence of substitutions between M1 and Tv LDH —

10 substitutions out of �23 residues total [Fig. 6(C),

Supporting Information Table S8). Several of these

residues are also in the vicinity of the active site or

near the dimer interface.

There are 30 total substitutions separating M1

and L1. Fifteen of these substitutions occur within

14 Å (�4 turns of an a-helix) of the active site phos-

phate in the closed subunit (Supporting Information

Table S8). In M1, a 114 residues out of 333 total are

within 14 Å of the active site phosphate (considering

the entire substrate loop as within that radius), indi-

cating that residue substitutions were about twice

as common in proximity to the active site versus dis-

tal regions.

Stability of ancestral and modern enzymes

Thermostability is strongly correlated with protein

structure and function,38 and therefore we exam-

ined how thermostability coevolved in the trichomo-

nad LDHs and MDHs. We measured the

thermostability of PM/MB M1, M2, and L1; BP L2

and L3; Tv LDH; Ha LDH, and Tv MDH (Table I).

All proteins assayed except M2 undergo a single

unfolding transition during thermal denaturation

(Supporting Information Fig. S8). M1 and L2

unfold reversibly, while L3, Tv MDH, and Tv LDH

unfold irreversibly. Unfolding of L1 is only partially

reversible, while M2 has two unfolding transitions,

the first reversible and the second irreversible

(Supporting Information Fig. S8). All the MDHs

have similar stabilities, whether modern or ances-

tral. In contrast, all ancestral LDH proteins are

considerably more stable than their modern LDH

descendants, with increases in melting temperature

ranging from 58 to 208C (Table I).

The “specificity residue” is insufficient for

evolution of LDH activity

Tv LDH residue 91 is commonly regarded as the

“specificity residue” in the MDH/LDH family (corre-

sponding to residue 102 in conventional dogfish

LDH numbering39).19,20 All known MDHs have an

Arg for the specificity residue [see Fig. 1(C)], while

canonical LDHs have a Gln. In contrast, in modern

trichomonad LDHs the specificity residue is nearly

always a Leu (Supporting Information Table S1). It

is thought that the specificity residue contributes to

substrate discrimination largely by balancing charge

in the active site: the positively charged Arg in

MDHs interacts with and negates the negatively

charged C4 carboxylate of the oxaloacetate/malate

substrate, whereas the neutral Gln in canonical

LDHs interacts with the C3 methyl of the pyruvate/

lactate substrate.

To ascertain the importance of the specificity

residue in the evolution of the Trichomonad pro-

teins, we mutated Leu91 to Arg in both PM/MB L1

and Tv LDH, and we also mutated R91 to Leu in

both PM/MB M1 and Tv MDH [Fig. 7(A)]. In the

MDHs, R91L has a large negative effect on both M1

and Tv MDH oxaloacetate activity, with only minor

effects on pyruvate, 2-ketocaproate, or 2-

ketoisocaproate activity. However, the reverse muta-

tion in LDHs, L91R, does not have the reverse

effect—oxaloacetate affinity increases marginally

and pyruvate affinity decreases only slightly. In

sum, in both the modern and ancestral enzymes,

swapping the specificity residue is insufficient to

interconvert MDHs and LDHs [Fig. 7(A)].

Figure 4. Comparison of active sites of (A) M1 (slate) and (B)

closed Tv LDH (salmon).
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Figure 5. Superpositions of trichomonad MDH and LDH structures (top) and RMSD by residue (bottom). (A, B) Superpositions of the

open (magenta) and closed (salmon) Tv LDH, Tv MDH 1 (cyan), and M1 (slate) dimers, superimposing chain A only and leaving chain B

free. Chain A is displayed in (A) and chain B is displayed in (B). Numbers in the superposition in (A) correspond to numbered peaks in

the RMSD versus residue plot. (C, D) Superpositions (A, B) with open Tv LDH removed and RMSDs recalculated.



Other substitutions between M1 and L1, in

addition to the specificity residue, are therefore nec-

essary to account for the change in specificity. Sub-

stitutions physically near the M1 active site [Fig.

7(B)] are likely candidates for influencing specificity

and activity. Using the closed-state M1 structure as

a guide, we swapped residues proximal to the active

site that differ between M1 and L1 [Fig. 7(B)]. We

made three constructs, each with an increasing

number of substitutions found within a given dis-

tance of the active site: (1) a set of all substitutions

up to �7 Å from the active site phosphate (R91L,

F89V, T155S, G230W, I233L, and S239T, the “7 Å

swap”), (2) another set up to �10 Å away (the 7 Å

swap residues plus M95Q, R156M, N188E, and

A235M, the “10 Å swap”), and (3) the “10 Å swap”

plus three additional residues flanking the substrate

loop (G87A, E102S, and G106, the “10 Å/loop swap”).

The 7 Å swap increases pyruvate activity, the 10 Å

swap decreases all activities relative to the 7 Å

swap, and the 10 Å/loop swap increases all activities,

with a specificity profile similar to that of L1 [Fig.

7(B)].

Discussion

Promiscuous LDHs evolved from a highly

specific MDH via a crippled intermediate

In the trichomonads, a group of promiscuous LDHs

and specific MDHs have a highly specific MDH as

their last common ancestor (Fig. 3). In the M1 LCA,

activity for pyruvate is extremely low, while the

ancestral L3 and the modern LDHs all have appreci-

able pyruvate activity (kcat/KM of 1032104). Hence,

the evolution of novel LDH enzymes in the trichomo-

nads is best explained as neofunctionalization,2

rather than other models of gene duplication like

escape from adaptive conflict40 or subfunctionaliza-

tion.5 Our group has previously shown that the evo-

lution of apicomplexan LDHs follows a similar

model.41 These and other results42 confirm that neo-

functionalization is a viable model for evolution of

novel activities, at least in certain protein families.

Unlike the LCA of the apicomplexan LDHs,41

the LCA of the trichomonad LDHs (L1) has an

altered specificity profile with pyruvate activity at

an efficiency below most other LDH enzymes.43 It is

possible that this low activity may be an artifact of

the ancestral reconstruction method. There are two

general ways that one could make an enzyme with

an artifactually low pyruvate activity: (1) destabilize

the protein or (2) impair its catalytic ability. How-

ever, our experimental results largely rule out these

possibilities.

The L1 protein is not destabilized, since it

expresses well in E. coli, is well-folded (see circular

dichroism data in Supporting Information Fig. S8),

the thermal denaturation Tm is about 16 2 188C

higher than modern trichomonad LDHs, and

remarkably the L1 thermal denaturation is reversi-

ble (Supporting Information Fig. S8). It has been

suggested, based on purely computational analysis,

that the increased thermostability of ancestral pro-

teins may itself be an artifact,44 but this is also

unlikely for the trichomonad ancestors. First, L1 is

thermostable only relative to the modern LDHs, but

not compared to the modern MDHs, which have very

similar thermostability. Second, the ancestral tricho-

monad MDHs do not have increased thermostability

relative to the modern MDHs, which directly contra-

dicts the claim that ancestral reconstruction method-

ology artifactually increases thermostability.

Figure 6. (A) Substitutions between M1 and inhibitor-bound or apo Tv LDH (magenta spheres) at either of their dimer interfaces

(mapped onto M1 subunit A, grey spheres). (B) Substitutions between M1 and Tv MDH (magenta spheres) at either of their

dimer interfaces (mapped onto M1 subunit A, gray spheres). (C) Differences between M1 and inhibitor-bound Tv LDH (magenta

spheres) at the M1 NADH binding site (gray spheres; NADH as green, blue, red, and white sticks).

Table I. Thermodynamic Parameters from CD Melting
Experiments

Protein Tm (K)a DHm (kcal/mol)a

M1 330.7 6 0.4 140 6 10
M2 332.3 6 0.2 140 6 20
Tv MDH 1 333.4 6 0.3 152 6 7
L1 336.9 6 0.8 70 6 10
L2 338 6 2 100 6 10
L3 326.6 6 0.6 68 6 6
Tv LDH 318 6 1 200 6 100
Ha LDH 320.7 6 0.3 180 6 40

a Errors are standard errors from averaging (three replica-
tions, except for Ha LDH which had four).
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More importantly, the ancestral L1 enzyme is a

good catalyst, reducing 2-ketocaproate and 2-

ketoisocaproate substrates with high efficiency (kcat/

KM of �104). Furthermore, a single mutation (L91R)

in L1 confers physiologically relevant activity for

oxaloacetate [kcat/KM of >103, similar to the modern

promiscuous Tv LDH, Fig. 7(A)]. The L91 site has a

very high reconstruction confidence (>99% PP), as

expected from visual inspection of the sequences

(most of the descendants have L91; see Supporting

Information Table S1). Finally, both alternative

ancestral reconstructions of L1 have a similar

kinetic profile (Supporting Information Fig. S3,

high activity towards 2-ketocaproate and 2-

ketoisocaproate, lower activity towards pyruvate and

oxaloacetate), and the branch supports in this region

of the phylogeny are high (>99.8% PP for all nodes

within 2 from ancestral node L1, even accounting

for alignment uncertainty with Bali-Phy; Supporting

Information Table S2). All of these factors indicate

that L1 has been reconstructed reliably.

Assuming, then, that the reconstructed activity is

representative of the actual ancestor, L1 had three

possible ancestral enzymatic roles. One may have

been as a very inefficient LDH that nevertheless had

sufficient activity for selection to act upon. A second

possibility is that L1 may have served as non-LDH

2-keto acid reductase, to reduce 2-ketocaproate, 2-

ketoisocaproate, or a similar small metabolite, since

activity for these substrates is representative of

“normal” enzyme efficiencies. A third possibility is

that the enzyme was in fact non-functional, as in

the classical neofunctionalization model1 (also

known as mutation during nonfunctionality2). The

Figure 7. log(kcat/KM), relative to 1M21 s21, for the NADH-dependent reduction of 2-ketoacid substrates of ancestral and mod-

ern enzyme mutants. Errors are calculated as in Figure 3. (A) Results of the L/R swap at position 91 in ancestral and modern tri-

chomonad enzymes. M1 and L1 (PM/MB reconstructions) data are also in Figure S3; Tv MDH and LDH data are also in Figure

3. (B) Results of other mutations to M1. Locations of the residues mutated in the M1 structure are indicated above the kinetics

results, along with the key active site residues H186 and R161, NADH, and phosphate (white).
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absence of LDHs in some trichomonads29 supports

this possibility—a nonfunctional LDH could have

been more easily pseudogenized.

Pyruvate activity increased at the expense of
oxaloacetate activity

In the trichomonad LDH evolutionary lineage, activ-

ities for all tested substrates gradually increased

from the LDH last common ancestor L1. This

increase was not uniform, as oxaloacetate appears to

have “topped out” at an efficiency of �104 M21 s1.

Meanwhile, pyruvate efficiency increased more than

other substrates, resulting in an overall increase in

pyruvate specificity (e.g., Ph LDH). This pattern of

evolution is somewhat reminiscent of that observed

with escape from adaptive conflict (EAC), wherein

one activity increases at the expense of another as

both cannot be maximized simultaneously. From our

data, however, it is difficult to discern if pyruvate

and oxaloacetate reduction are truly “conflicting”

functions in the trichomonad MDH protein scaf-

fold—the apparent inverse correlation between pyru-

vate and oxaloacetate activity in the MDHs may not

be due to physical constraints (it could be adaptive).

In any case, this pattern of Trichomonad LDH evolu-

tion contrasts sharply with apicomplexan LDH evo-

lution, where a highly active bifunctional enzyme

was likely an evolutionary intermediate, and EAC is

ruled out.41

Specificity is determined by correlated

substitutions of varying size throughout the
protein

The “specificity residue” R91 is completely conserved

in the trichomonad MDHs, and L91 is highly con-

served in the LDHs. However, the R91L mutation,

while having a large effect on specificity, does not

fully account for the evolutionary change in specific-

ity and activity in the trichomonad LDHs [Fig.

7(A)]. In MDHs, R91L greatly decreases oxaloacetate

activity without affecting pyruvate activity, whereas

in LDHs, L91R has very little effect on any sub-

strate, resulting in only a marginal increase in oxa-

loacetate activity. Hence, the specificity residue at

position 91 is influenced by epistatic interactions

with other residues in the proteins, since L91 and

R91 have different effects on activity in the MDHs

versus the LDHs.

The structures of closed M1 and Tv L1 suggest

a possible source of this epistasis. In the LDH, other

mutations adjacent to the active site prevent L91

from directly contacting the substrate. Therefore,

the identity of this residue may have a moderate

influence on substrate specificity. Meanwhile, R91 in

M1 is sterically constrained at the g-carbon by the

NADH, the substrate, and waters mediating NADH

binding (Fig. 8). Leucine is branched at the g-

carbon, which apparently prohibits a sterically

allowed leucine rotamer when the substrate loop is

in the closed conformation. Therefore, R91L could

impede loop closure for all substrates, resulting in a

much less active enzyme.

Substitutions outside the active site and active-

site loop affect activity [Fig. 7(B)], indicating speci-

ficity in the LDHs involves epistasis and is deter-

mined by more than just the charge of the specificity

residue at position 91. Even so, the five additional

mutations involved in the “M1 7 Å swap” impart

approximately the same phenotype as L1. While the

residues enclosing the active site modulate the effect

of residue 91, they have only slight epistatic interac-

tions with the rest of the protein. Thus, in the tri-

chomonad M/LDHs, epistatic effects involved in

specificity appear largely restricted to a 7 2 10 Å

shell around the active site.

Specificity for pyruvate has increased several

distinct times over the course of LDH evolution (e.g.,

from L1 to L2, from L2 to L3, from L3 to Ph LDH,

and from L1 to Ha LDH, Fig. 3). During each of

these transitions, substitutions occurred in different

regions of the protein that may be functionally rele-

vant, such as at the NADH binding site and dimeri-

zation interface. Different combinations of

substitutions in distinct regions may be responsible

for each change in specificity, and some may have

affected activity by changing broad properties like

dimerization orientation and stability. These substi-

tutions may also have had an effect on conforma-

tional changes, as open and closed LDH have quite

different conformations. This is in contrast to the

MDHs which apparently only differ in their sub-

strate loops on closing.

Interestingly, the epistatic constraints on the

specificity residue apparently have not changed

appreciably during evolution (in contrast to the

“epistatic ratchet” model of functional change45), as

R91L has the same effect in the modern LDH and

Figure 8. M1 arginine 91, with distances between the

g-carbon and other nearby nonhydrogen atoms.
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MDH as in their ancient counterparts [L1 and M1

respectively, Fig. 7(A)]. It is therefore likely that the

closed L1 and Tv MDH structures resemble closed

Tv LDH and M1, respectively. We do not know, how-

ever, what accounts for the change in specificity

between L1 and the modern enzymes. We expect

only a subset of the substitutions we have outlined

here are important; discerning the key substitutions

from all the possibilities is a challenging problem

that we are currently pursuing.

Materials and Methods

Phylogeny and ancestral reconstruction

Initial trichomonad protein sequences were obtained

from previous work on the MDH/LDH superfamily;41

additional trichomonad sequences were obtained

with BLAST and PSI-BLAST46 using these sequences

as queries. Other MDH sequences were manually

selected from the set of eukaryotic cytosolic MDHs

and closely related eubacterial MDHs. Genes were

named as annotated in the NCBI protein database.

Two trichomonad MDH sequences (GI 123491614

and 123501568) were eliminated as pseudogenes due

to missing catalytic residues. Initial alignments were

made with MUSCLE.47 The same alignment was

used to estimate both phylogenies and ancestral

sequences for the Phyml and MrBayes reconstruc-

tions, while the BAli-Phy reconstruction used the

alignment estimated with the phylogeny. Phyml 3.033

was run with LG exchangeabilities and empirical fre-

quencies, starting with a BIONJ phylogeny.48 Two

MrBayes49 chains were run with a mixed evolution-

ary model for 1113700 cycles, with samples taken

every 100 cycles. Four BAli-Phy 2.1.1 35 chains were

run with LG exchangeabilities and RS07 indel model

for 100000 cycles. All phylogenies were inferred with

a discrete gamma distribution for variation of evolu-

tionary rates over sites: Phyml and BAli-Phy with

four categories and MrBayes with 12 categories

(PROTTEST,50 using the AIC criteria, found

LG 1 Gamma to be the best model). The first 25% of

the MrBayes chains and 10% of the BAli-Phy chains

were discarded as burn-in. The final ASDSFs for

both the MrBayes and BaLi-Phy chains were 0.032,

which is above the ideal value (0.01) but still likely

indicative of convergence. Marginal probabilities for

residues at ancestral nodes were calculated with the

codeml function of PAML v4.36 The gamma shape

parameter and amino acid frequencies were re-

estimated, along with branch lengths for the Phyml

and MrBayes phylogenies. The most likely ancestral

sequences at nodes M1, M2, L1, L2, and L3 were

then extracted. Gaps were inferred via parsimony.

Expression and purification

For all proteins, codon optimized genes were synthe-

sized by GenScript and subcloned into a pet21b vec-

tor between the NdeI and XhoI restriction sites,

adding a C-terminal poly-histidine tag with

sequence LEHHHHHH. The Ha and Ph LDH

sequences in the NCBI database were missing N-

termini, so residues 2-20 of our Ha LDH and 1-16 of

our Ph LDH were taken from BP M1. All enzymes

were expressed and purified with the C-terminal

tag; this tag was not removed. Primers for site-

directed mutagenesis were synthesized by IDT. Site-

directed mutagenesis was done with QuikChange

Multi kit (Agilent) using the standard protocol in a

PTC-200 Peltier thermocycler (MJ Research).

Mutants were confirmed by Sanger sequencing from

the T7 primer (Genewiz). The BP/PM M1 “7 Å swap”

was mutated from M1 R91L in the order G230W,

then F89V/T155S/S239T, then I233L; M1 “10 Å

swap” from the 7 Å swap in the order A235M, then

R156M/N188E, then M95Q; and the M1 “10 Å/loop

swap” from the 7 Å swap in the order G87A/G106A,

then E102S.

Vectors were transformed into BL1(DE3)plysS

cells (Promega). Additionally, for the protein used in

oxaloacetate kinetic assays alone, the BP L1 vector

was transformed into BL21(DE3)pLysS DMDH cells.

These cells were created by previous work41 using

the k Red recombinase system.51 After overnight

growth in 5 mL LB, cells were transferred into 1-

1.5 L LB. Expression was induced with 200 lM

IPTG (Fisher) when cells reached an OD600 of 0.4-

0.8. Expression continued overnight at 258C. For the

standard cells containing PM/MB L1 and Tv MDH

R91L vectors as well as the DMDH cells containing

the BP L1 vector, expression was additionally

induced with 1 mM IPTG and continued for only

four hours.

Pelleted cells were frozen, then incubated for

30 2 60 min in a buffer of 50 mM sodium phosphate

pH 8.0, 300 mM NaCl, and 10 mM imidazole

(Fisher). Cells were sonicated with a PTC-200 Sonic

Dismembrator (Fisher) at 35% intensity. Lysate was

flowed over a 5 mL HisTrap HP column (GE Health-

care Life Sciences) on an €AKTAPrime FPLC (GE),

then protein was eluted with a gradient to 500 mM

imdazole. Protein product was concentrated with

Amicon Ultra-15 concentrators with a 10 kDa molec-

ular weight cutoff (Millipore). Product was then

exchanged into 50 mM Tris pH 7.6, 0.1 mM EDTA,

and 0.02% NaN3 (Fisher) over a HiPrep Sephacryl

column on an €AKTAPrime Plus or €AKTAPurifier

FPLC (GE), and concentrated for final product.

Concentration was determined by measuring absorb-

ance at 280 nm with a Nanodrop 2000c spectropho-

tometer (Thermo Scientific), with extinction

coefficient and molecular weight calculated using

exPasy’s ProtParam tool (http://web.expasy.org/prot-

param/). Protein was flash frozen with 50% glycerol

in liquid nitrogen then stored at 2808C.
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Kinetics

Reagents for each reaction were obtained from

Sigma, except for 2-ketoisocaproate, which was pur-

chased from Santa Cruz Biotechnology. Reactions

were done in 50 mM triethanolamine (Sigma), pH

7.6, at 258C. Absorbance at 340 nm for each reaction

was monitored by a Cary 100Bio UV-visible spectro-

photometer (Varian) in kinetics mode. Three reac-

tions were run simultaneously in quartz self-

masking cuvettes with 10 mm path length (Starna),

either 1 mL (catalog number 9B-Q-10) or 0.5 mL

(18B-Q-10) in volume. Reactions were monitored

each second for 600 s total. Maximum rates during

the reaction were taken from reaction traces with

Cary WinUV Kinetics software (Varian). The concen-

tration of NADH was 200 lM, well above saturating

levels for MDHs and LDHs which generally have a

KM of � 50 lM for NADH24 (including cytosolic

MDH).52 For L2, L3, and the modern LDHs, we

assayed oxaloacetate activity with high concentra-

tions of enzyme (50 2 200 nM) and low concentra-

tions of oxaloacetate (5 2 100 lM, kept on ice until

assay), which resulted in a biphasic absorbance

curve. We used the second, slow, phase to estimate

oxaloacetate kinetic parameters; this was to compen-

sate for pyruvate contamination in oxaloacetate

stocks (see previous work41).

Rate versus substrate concentration was fit

either to the Michaelis-Menten equation, Haldane

equation for substrate inhibition,53 or Haldane equa-

tion with Ki set equal to KM. Curve fitting was done

with Kaleidagraph (Synergy Software). Catalytic

efficiency (or activity) for a given substrate is

reported as kcat/KM or log(kcat/KM). Relative specific-

ity [log(RS)] for each substrate is reported relative

to oxaloacetate using [log(kcat/KM(substrate)) 2 log(k-

cat/KM(oxaloacetate))].

X-ray crystallography

Tv MDH and M1 were exchanged into 5 mM Tris,

0.1 mM EDTA and 0.02% NaN3 (Fisher) with a PD-

10 desalting column (GE Healthcare). All proteins

were crystallized by hanging-drop (2 lM protein and

2 lM well solution) in VDX greased plates with sili-

conized cover slides (Hampton). Initial crystalliza-

tion conditions were found with Hampton crystal

screens HR2-110 and HR2-112. Tv LDH WT crystal-

lized at 44 mg/mL in 100 mM HEPES pH 7.6, 8.3%

PEG-6000 (Fluka), and 5% MPD and was cryopro-

tected in the same solution with 16.7% MPD. LDH

L91R crystallized at 21 mg/mL in 100 mM HEPES

pH 7.0, 10% PEG-6000, and 5% MPD and was cryo-

protected with 15% MPD. LDH WT also crystallized

at 20 mg/mL with 10X NAD in 100 mM HEPES pH

6.8, 8% PEG-6000 and 5% MPD and was cryopro-

tected with 22% MPD; additionally, it crystallized at

20 mg/mL with 4X NADH and 10X oxamate in HR2-

112 reagent 14 (0.2M potassium sodium tartrate tet-

rahydrate, 0.1M sodium citrate tribasic dihydrate

pH 5.6, 2.0M ammonium sulfate). Tv MDH crystal-

lized at 8.3 mg/mL in 4.0M sodium formate. M1

crystallized at 5 mg/mL with 4X NAD and sodium

citrate in 100 mM Tris, pH 8.0, 25% PEG 4000, and

0.2M LI2SO4.

Diffraction data of all crystals were taken at

100 K. Data for Tv LDH and LDH L91R crystals

were collected at the X29 beamline at the NSLS and

for Tv MDH and M1 at the SIBYLS beamline

(12.3.1) at the ALS. High and low intensity expo-

sures were taken for LDH L91R and M1. Data for

the LDH/NADH and LDH/NADH/oxamate crystal

were collected on an Oxford Xcalibur PX system

(Varian). Data were processed with XDS,54 using all

reflections with a CC1/2 above 10%. Molecular

replacement and refinement, using all processed

reflections, was done with the Phenix software

suite,55 versions 1.8.1, 1.8.2, and 1.9. Modeling was

done with Coot 0.6 and 0.7.56 Superpositions were

done with THESEUS in alignment mode;57–59 all

other analysis was done with Pymol.60 Residues in

the binding interface were defined as those within

3.5 Å of any atom on the other subunit, and residues

in the NADH-binding pocket were defined as those

within 3.5 Å of any atom on the NADH. Figures

were made in Pymol, with electron density maps

generated by Phenix.

Thermal denaturation

Stability was assayed by measuring the circular

dichroism (CD) signal of each protein from 250 nm

to 195 nm while increasing temperature from 258 to

818C. Protein was exchanged into 50 mM sodium

phosphate, pH 7.4 using a PD-10 column (GE). Spec-

tra were measured in a Jasco J-810 spectropolarime-

ter with a Peltier temperature controller. Spectra

were measured in a quartz cuvette with 1 mm path

length and PTFE stopper (Starna Cells, catalogue

number 21-Q-1) and were at a concentration of

0.1 mg/mL (0.067 mg/mL for Tv LDH). Single spec-

tra were taken every 28. To test for reversibility,

samples were heated to 58 above Tm before returning

to 258C. Reversibility was indicated by recovery of

the spectrum at 258 after unfolding. Spectra were

analyzed with Kaleidagraph (Synergy). The signal

at 222 nm was fit directly to the equation S(T) 5 F

(T) 1 [U(T)-F(T)]/[1 1 exp(DHm(1-T/Tm)/(RT))],

where S(T) is the CD signal and F(T) and U(T) are

linear functions describing the signal of the folded

and unfolded protein, respectively (Cp was expected

to have a negligible effect on unfolding and so was

set to zero61).
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