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Abstract

With early life likely to have existed in a hot environment, enzymes had to cope with an inherent
drop in catalytic speed caused by lowered temperature. Here we characterize the molecular
mechanisms underlying thermoadaptation of enzyme catalysis in adenylate kinase using ancestral
sequence reconstruction spanning 3 billion years of evolution. We show that evolution solved the
enzyme's key kinetic obstacle—how to maintain catalytic speed on a cooler Earth—by exploiting
transition-state heat capacity. Tracing the evolution of enzyme activity and stability from the hot-
start toward modern hyperthermophilic, mesophilic, and psychrophilic organisms illustrates active
pressure versus passive drift in evolution on a molecular level, refutes the debated activity/stability
trade-off, and suggests that the catalytic speed of adenylate kinase is an evolutionary driver for
organismal fitness.

As a direct manifestation of molecular Kinetic energy, temperature is a fundamental
evolutionary driver for chemical reactions. However, it is currently not understood how the
natural evolution of catalytic efficiency responds to marked changes in environmental
temperatures. Theoretically, temperatures in biological processes could range from -50°C,
where cells vitrify (1), to +140°C, when nucleic acids spontaneously hydrolyze (2). Life has
entrenched itself in nearly every point along this scale, including extreme psychrophiles such
as the bacteria Psychrobacter articus living in Arctic ice veins at —20°C (3) and the
hyperthermophile Archean Pyrlobus fumariithat grows at 121°C (4).

Itis likely that early life existed in a hot environment. The hot-start hypothesis is supported
by several lines of evidence, including the presence of thermophilic organisms on the
branches closest to the roots of the universal tree of life (5), the ratio of oxygen and silica
isotopes in sedimentary chert and surrounding seawater (6), lower-viscosity seawater during
the Archean eon (7), and reconstruction of ancestral proteins showing that the oldest nodes
in phylogenetic trees are the most thermophilic (8, 9). The hot-start hypothesis implies that
life had to adapt to cooler temperatures due to cooling of the Earth. What does this
temperature adaptation mean for enzymes? Enzymes had to contend with the evolutionary
pressures on stability and activity. Chemical reaction rates, whether catalyzed or
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uncatalyzed, inherently scale with temperature. Hence, a hypothetical thermophilic enzyme
encountering cooler environments must evolve increased catalytic activity at lower
temperatures (Fig. 1A), while accommodating relaxed selection on thermostability.
However, if this mesophilic ancestor, once evolved to cooler conditions, returned to a hot
environment, then selection would favor an increase in melting temperature, with no
pressure on its already optimized catalytic activity (Fig. 1A).

Although intense experimental effort has gone into understanding protein thermostability (8,
10, 11), the challenge of evolving efficient enzymatic turnover at lower temperatures has not
been addressed. Indeed, Wolfenden and colleagues raised this question as a crucial
evolutionary obstacle (12, 13). The authors reasoned that in an early hot environment,
primordial chemical reactions could occur readily, but would become slow at lower
temperatures because of their steep temperature dependencies (12, 13). They suggested that
enzymes solved the thermal kinetic obstacle at lower temperatures by decreasing the
enthalpic activation barrier (AA#), resulting in a shallower temperature dependence (Fig. 1B)
(12, 13). Here we investigate the molecular mechanisms underlying thermoadaptation of
enzyme catalysis using ancestral sequence reconstruction (ASR) spanning about 3 billion
years of evolution.

ASR [reviewed in (14)] is a valuable tool for experimentally testing molecular evolutionary
questions. ASR uses genetic patterns stored in the sequences of extant proteins, and the
phylogenetic relationships between them, to infer sequences of ancestors along an
evolutionary trajectory. We focused on the enzyme adenylate kinase (Adk) because it is an
essential enzyme found in nearly every life form, it has a strong correlation between
organismal growth temperature and Adk stability (15, 16), and its catalytic mechanism is
well understood (Fig. 1, C and D). Adk catalyzes the reversible conversion of Mg/ adenosine
5’-triphosphate (Mg/ATP) and adenosine 3”,5’-monophosphate (AMP) into two adenosine
5-diphosphate (ADP) molecules, maintaining nucleotide concentrations in the cell.

The phylum Firmicutes is an ancient bacterial lineage [~3 billion years ago (bya)], and its
contemporary species inhabit a wide range of environments (17), including aerobic deep
polar sediment (Bacillus marinus), hot thermal springs (B. stearothermophilus), and
common soil (B. subtilis), as well as hot anaerobic environments such as seafloor
hydrothermal vents (C. subterraneus) (Fig. 2A). In addition, modern Firmicutes have a
particularly well-conserved core genome and slow mutational rates (5, 17). A robust
coestimated phylogeny and alignment of modern Fir-micute Adk sequences from the
National Center for Biotechnology Information database was constructed using BAIli-Phy
(18) (Fig. 2A, figs. S1 and S2, and data file S1). The strength of the reconstructed phylogeny
and alignment is illustrated by strong posterior probabilities along branch sites (fig. S1) and
its topological resemblance with previously reported trees based on 16 genes found in all
three domains of life (5).

We reconstructed eight nodes along the lineage from the oldest ancestor corresponding to
the divergence of aerobic and anaerobic Firmicutes, estimated divergence between 3 and 2.6
bya (17, 19), toward modern-day thermophilic (B. stearothermophilus, C. subterraneus),
mesophilic (B. subtilis), and psychrophilic (B. marinus) Adks (Fig. 2A and figs. S1 and S2).
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The great majority of sites in the reconstructed sequences have >0.95 posterior probability
(fig. S3). As an independent control for phylogenetic uncertainty and proposed biases with
maximum likelihood-based reconstructions (20), three of the nodes (ANC1, ANC3, ANC4)
were also predicted using sequences sampled from the posterior distribution inferred during
the BAli-phy run. Those nodes had properties nearly identical to those predicted from
maximum likelihood (table S1), thus confirming that the reconstructed sequences are robust
to the uncertainty inherent in the methods. Eight ancestral and four modern Adk enzymes
were overexpressed in Escherichia coli and purified. All ancestors are active enzymes with
Keat Values comparable to those of their modern descendants (table S2), even though they
contained up to 47 amino acid differences (ANC1) relative to any modern Adk.

First, we characterized the evolutionary trajectories of melting temperatures using
differential scanning calorimetry (DSC) (Fig. 2A). ANCL1 starts with the highest melting
temperature (7,) of 89°C. Melting temperatures gradually decrease along the tree from the
oldest reconstructed enzyme toward modern-day mesophilic and psychrophilic enzymes. In
one branch, the modern thermophile B. stearothermophilus reevolved thermostability from
an ancestor that had adopted to cooler climates (ANC6, 7y, 64°C).

To view this evolutionary path through a structural lens, we solved high-resolution crystal
structures of ANC1, ANC3, and ANC4 bound to ADP or the substrate analog Ap5A [P1,
P5-di(adenosine-5") pentaphosphate] (table S3). A global comparison of our ancestor
structures among each other and with crystal structures of the modern mesophilic,
psychrophilic, and thermophilic Adk enzymes (1P3J, 1S3G, 1ZIN) hinted at salt bridges as
the primary source for differential stabilities (Fig. 2B, fig. S4, and table S4). Several unique
salt bridges sequentially disappear during evolution toward colder environments and then
reappear in species that subsequently adapt to hot niches (fig. S5 and table S5). To
experimentally test this mechanistic interpretation, we mutated residues responsible for the
salt bridge differences in ANC1 to the corresponding residues found in Adk from B. subtilis,
and vice versa (Fig. 2, B and C). The changes in 7, from interchanging only these five salt
bridges indicate that they are indeed the primary contributors to thermostability. Both
contrived “swap mutant enzymes” are catalytically impaired (Fig. 2D), indicating epistasis,
meaning that the backgrounds in which these salt bridges are placed influence the effects of
the mutations (14).

The thermostability data provided the starting point to address the question of how catalytic
power evolved in response to environmental temperature change. For this purpose, catalytic
rates were measured between 0° and 100°C (Fig. 3) for all 13 enzymes. First, all eight
ancestors display catalytic activities at their optimal temperatures that differ by less than a
factor of 3 from those of modern Adk enzymes, providing an additional internal control for
accurately reconstructed sequences (11). Second, ancestors and modern Adk enzymes
display the typical trend of increased activity with temperature followed by a steep decline
due to thermal denaturation (fig. S6). Third, below 25°C, ANC1 and ANC2 have a strong
temperature dependence with very low catalytic rates, agreeing with the prediction that
ancient enzymes are adapted exclusively to hot environments.
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To elucidate how enzymatic turnover evolved in response to temperature changes, we
generated Eyring plots for each modern and ancestral Adk [see Fig. 1B as an illustration of
the hypothesis put forward in (12, 13)]. Unexpectedly, the oldest ancestors have positively
curved Eyring plots. The curvature is less pronounced for the more recent ancestors (Fig. 3).
Nonlinear Eyring plots can be trivially caused either by protein denaturation at higher
temperatures or a temperature-dependent reversible inactivation equilibrium. Both
possibilities were ruled out by nuclear magnetic resonance (NMR) spectra for this
temperature range (fig. S7). Also, subsaturating substrate concentration due to a large
increase in K, at elevated temperatures was excluded as a potential explanation (fig. S8).
Another potential source of a curved Eyring plot is a change in the rate-limiting step at
different temperatures (Fig. 4A) (21). Because lid opening has been shown to be rate-
limiting for modern Adk from various organisms, we considered that the chemical step of
phosphory! transfer might become rate-limiting at a certain temperature. However, quench
flow experiments show a product burst both at low and high temperatures for ANC1,
indicating a conventional rate-limiting conformational change at both temperatures
following a faster phosphoryl-transfer step (Fig. 4B), in agreement with earlier work on £.
coli and Aquifex aeolicus Adk (22). We confirmed this result by NMR relaxation
experiments on ANC1 during catalysis (22), determining a lid-opening rate of 49 s™1 at
15°C that is within experimental error of the corresponding K¢y (Fig. 4C).

Having established that A4 reports on lid opening over the relevant temperature range, we
asked whether the curved Eyring plots arise from a nonzero change in heat capacity of

activation ( AC¥; Eq. 1 is repeated in supplementary materials with all terms defined):

| (k:t> T ( ky ) AHL +ACKT - TO)+AS£O+AC§1n(T/TO)
" T R M

ACI{ reflects the difference in heat capacity between the transition state and the closed state,
and a nonzero value necessarily imparts temperature dependence to the activation enthalpy.

Fitting the activity data to such an extended model including a ACIE term (Eq. 1) indeed
rationalizes temperature adaptation during evolution of enzyme catalysis over 3 billion years

(Fig. 3). The strong negative Aqf of the oldest ancestors results in extremely slow catalysis
at low temperatures (Figs. 3 and 4D), a tolerable situation for these hot-Earth ancestors.
Notably, this Kinetic obstacle to catalysis during thermoadaptation to colder environmental

temperatures was removed by progressively reducing AOIﬁ toward zero in evolution toward

modern enzymes (Fig. 3). Tracing the AC& changes along the evolutionary pathways
exposes a gradual trend (Fig. 4D) of greatly increasing the catalytic rates at lower

temperatures, the parameter under direct evolutionary pressure. Negative ACI{ values
produce a larger enthalpy of activation at lower temperatures, causing the severe drop in
catalytic rate constants (Fig. 4D and Eq. 1).
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Intriguingly, values of Acg found here are comparable in magnitude to the ones measured

for protein-folding kinetics (23). Moreover, Fersht and colleagues had speculated that ACEE
could in principle influence enzyme catalysis for cases where conformational transitions are
rate-limiting (23), as is shown here. Although it would be desirable to identify whether
solvation of hydrophobic residues or charged residues, or differences in dynamics, are

responsible for the measured AC?, this is unachievable because (i) the heat capacity of the

transition state cannot be estimated, (ii) the AC{Z values are small, and (iii) the molecular
character of the transition state is unknown (23).

In summary, this thermoadaptation mechanism for catalysis differs from the original
hypothesis of a uniform decrease in AH* in the evolution of enzyme catalysis (Fig. 1B) (12,
13) and creates an even larger rate acceleration at lower temperatures relative to the
uncatalyzed rate. The source of rate acceleration by the oldest ancestral Adk relative to the
nonenzymatic rate is indeed a decrease in A (Figs. 3 and 4), as postulated by Wolfenden
(12, 13), but only at the high primordial temperatures. Adk evolution over the next 3 billion
years encountered a decrease in the environmental temperatures and was driven by a
corresponding change in the heat capacity of activation. This process resulted in comparable
AH* values for all ancestors and modern extremophiles at their corresponding optimal
temperatures (Fig. 4D).

To further test our model, we characterized two additional modern hyperthermophiles, C.
subterraneus and A. aeoficus Adk. These organisms have apparently remained thermophilic
throughout their evolutionary history (Fig. 3 and S9) and therefore never experienced
sustained selection for low-temperature catalytic efficiency. As predicted by our model, both

modern enzymes behave like our oldest ancestor, showing large negative ACI{ values, in
sharp contrast to hyper-thermophilic B. stearothermophilus (Figs. 3 and 4D). The negligible

ACI{ of B. stearothermophilus seems to be a biophysical-vestigial leftover from its
evolutionary history in a cooler environment. These results illustrate elements of
“evolutionary memory,” thereby resolving long-standing controversies in interpreting
differences in modern extremophiles within the same enzyme class (24).

Starting from modern Bacillus Adk enzymes, Shamoo's lab demonstrated a direct link
between Adk stability and organismal fitness (15, 16). Comparing our in vitro Adk activity
temperature profiles with known growth temperature ranges of the organisms leads to the
hypothesis that a minimal catalytic rate of Adk is needed for survival (Fig. 4E). We propose
that differential fitness at low temperatures is directly linked to the enzymatic rate: The
survival of B. stearothermophilus at mesophilic temperatures is a holdover from the
mesophilic sojourn taken by its ancestor, explaining its perplexingly broad organismal
fitness (25) (Fig. 4E).

According to the view that protein stability must be sacrificed to support the conformational
flexibility necessary for enzymatic activity, the marginal melting temperatures in mesophiles
and psychrophiles would be an adaptive trait (26). We do not observe this correlation, as
ANCS3 is both thermostable and catalytically active at low temperatures, resulting in a
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“super-enzyme” with the unprecedented optimal A5 among Adks of ~3500 s~ (Fig. 4F).
Adk is especially relevant to the flexibility/stability trade-off debate, as the rate-limiting step
is a dynamic lid-opening process (22). With no pressure on either maintaining or losing
stability, the melting temperatures of Adk enzymes likely decreased by genetic drift toward
modern mesophiles and psychrophiles while the activity was maintained by purifying
selection (Fig. 4F) (26, 27). Our evidence against the activity/stability trade-off is
immediately pertinent to biotechnology for producing very active enzymes that are also
hyperstable.

How do our results compare to previous studies on the evolution of thermostability?
Thermostabilities of ANC1 and ANC2 show excellent agreement with melting temperatures
of ancestral beta-lactamases (89° to 90°C) at ~ 3 bya (28) and the thermostability of
ancestors of isopropylmalate dehydrogenase along the Bacilli clade of Firmicutes over 1 bya
(11). The evolution of Adk's 7,sover 3 bya correlates with the change in Earth's
temperature as first reported for the elongation factor Tu (8), although those measured 7,,s
are in general below the estimated Earth temperatures whereas Adk's T, values are above.
These results, using different enzymes and techniques for phylogenetic inference,
demonstrate the robustness and reproducibility of ASR. Notably, our results deliver the
structural mechanisms for the evolution of thermostability from ancestors to modern
enzymes that could not be achieved for other reconstructed systems (8, 11). A comparison of
only modern B. subtilisand B. stearothermophilus Adk identified salt bridges as being
crucial for the observed differences in thermostability (29). These salt bridges differ from
the ones we identified in the evolutionary trajectory, highlighting that similar strategies can
be used by evolution in different ways to increase the protein stability in response to
environmental pressure.

Tracing the evolution of catalytic power under thermal pressure revealed ACI{ as the
unexpected evolutionary driver for enzymatic speed. In protein chemistry, heat capacities
have almost entirely been studied for the temperature dependence of thermodynamic

equilibria (AGp), such as between the folded and unfolded states (30). ACE as a source of
nonlinear Eyring plots had only been measured for nonenzymatic reactions (31) and protein

folding (23). A nonzero AC@E in enzyme catalysis where conformational transitions are rate-

limiting is analogous to a nonzero A(Jlﬁ in protein folding (23), an idea that suggests a
unified view of protein folding that includes conformational transitions within the folded
ensemble (32, 33). The quantitative characterization of the evolution of enzyme activity and
stability exposes the action of active selection versus passive drift in evolution on a
molecular level, reveals a surprising mechanism of thermoadaptation for catalysis, opposes
the commonly assumed activity/stability trade-off concept, and suggests the catalytic speed
of Adk as an evolutionary driver for organismal fitness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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for organismal fithess

(A) Eyring plot of ANC1 activity with theoretical explanation of curvature caused by a
change in rate-limiting step between 10° and 30°C between two steps with different
temperature dependencies (red and blue lines). (B) Quench-flow experiment of 100 uM
ANC1 and 5 mM Mg/ADP shows a burst for fast phosphoryl transfer, followed by the rate-
limiting lid opening (linear part) (mean + SEM; N = 3 experiments). (C) 1°N CPMG
relaxation (22) data of representative residues of ANC1 during catalysis at saturating
concentrations of Mg/ADP at 15°C. Error bars denote uncertainty in the ratio of cross-peaks,
estimated as root mean square deviation from duplicates. (D) Heat capacity of activation for

lid-opening dynamics (ACf)opemng) for all Adk enzymes determined from the data of Fig. 3
fitted to Eq. 1 (top) and corresponding AH* values at 50° and 15°C (bottom) (standard errors
in the fitted parameters). (E) Correlation between activity—temperature profiles of modern
Adks with their known growth temperatures (35-38) (bottom bars). (F) Activity—
temperature profiles along the evolutionary path from ANC1 to modern B. subtilis labeling
active pressure for increased activity at lower temperatures (orange arrow from ANC1 to
ANC3), creating a hyperactive and hyperstable enzyme in ANC3 and subsequently a slower
passive drift to decreased stabilities via ANCG6 to B. subtilis (light green and green open
arrow).
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