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Systems biology can offer a great deal of insight into evolution by quantitatively linking complex
properties such as protein structure, folding, and function to the fitness of an organism. Although
the link between diseases such as Alzheimer’s and misfolding is well appreciated, directly showing
the importance of protein folding to success in evolution has been more difficult. We show here that
predicting success during adaptation can depend critically on enzyme Kinetic and folding models.
We used a ‘weak link’ method to favor mutations to an essential, but maladapted, adenylate kinase
gene within a microbial population that resulted in the identification of five mutants that arose
nearly simultaneously and competed for success. Physicochemical characterization of these
mutants showed that, although steady-state enzyme activity is important, success within the
population is critically dependent on resistance to denaturation and aggregation. A fitness function
based on in vitro measurements of enzyme activity, reversible and irreversible unfolding, and the
physiological context reproduces in vivo evolutionary fates in the population linking organismal
adaptation to its physical basis.
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Introduction

The success or failure of organisms during adaptation is
based on changes in molecular structure that give rise to
changes in fitness. Although the conceptual link between
genotype, phenotype, and fitness is clear, the ability to relate
these complex adaptive landscapes in a quantitative manner
remains difficult (Kacser and Burns, 1981; Dykhuizen et al,
1987; Weinreich et al, 2006). Experimental evolution has
allowed the exploration of adaptation under controlled
settings that often brings together both in vivo and in vitro
approaches. The success of experimental evolution in exam-
ining the adaptive landscape accessible to organisms is
highlighted by the work of Lenski and co-workers, where over
the course of 40 000 generations, they mapped the changes in
organismal fitness to glucose and citrate usage (Blount et al,
2008) as well as a series of studies that have explored adaptive
landscapes in both bacteria and viruses (Bull et al, 2003;
Elena and Lenski, 2003; Knies et al, 2006; Rokyta et al, 2006).
In contrast, biophysical chemists have typically used more
in vitro approaches such as error-prone PCR to generate
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libraries of molecules whose functional properties can be
assessed through screening and intensive physicochemical
characterization (Wintrode et al, 2003; Silberg et al, 2004;
Bloom et al, 2005a; Lunzer et al, 2005; Bershtein et al, 2006;
Miller et al, 2006; Fasan et al, 2008; Bloom and Arnold, 2009).
Dean and Thornton (2007) noted the convergence of these
approaches and coined the term ‘functional synthesis’ to
capture the synergy between evolutionary and molecular
biology to address important questions such as the evolution
of complexity and antibiotic resistance. The ‘functional
synthesis, in its most fully realized form, is an integrated
systems biology approach to evolutionary dynamics that links
physicochemical properties of molecules to evolutionary fates
in a quantitative and predictive manner.

Functional synthesis flourishes in an experimental frame-
work that allows investigators to directly link population
dynamics (fitness) to changes in molecular function that result
from alterations at the nucleotide level. The ‘weak link’
approach was developed to tightly couple adaptive changes
within the genome to changes in fitness and provide a
population-based approach that can be used to examine
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alterations in function and fitness at the level of atomic
structure and function (Counago and Shamoo, 2005; Counago
etal, 2006). A homologous recombination strategy was used to
replace the chromosomal copy of the essential adenylate
kinase gene (adk) of the thermophilic bacterium Geobacillus
stearothermophilus with that of the mesophile Bacillus subtilis.
Recombinant G. stearothermophilus cells that expressed only
B. subtilis adenylate kinase (AKgsyg) were unable to grow at
temperatures higher than 55°C because of heat inactivation of
the mesophilic enzyme and consequent disruption of adeny-
late homeostasis (Counago and Shamoo, 2005). A continu-
ously growing population of bacteria was then subjected to
selection at increasing temperatures (from 55 to 70°C) that
favored changes in the one gene not adapted for thermo-
stability, adk. During the course of selection, the population
was sampled and intermediates of adaptation were observed
as mutations to adk and examined to determine how the
mutant populations traversed the adaptive landscape to
increased fitness (Counago et al, 2006). Adaptation to
increased thermo-tolerance by Geobacillus in our system is
analogous to adaptation of mesophiles to higher temperature
niches (Berezovsky and Shakhnovich, 2005). An initial single
mutation (AKgsyg Q199R), which broadens AK activity at
higher temperatures, became fixed in the bacterial population
(Counago et al, 2008). Subsequently, five double mutants with
varying degrees of success arose nearly simultaneously within
the population as the temperature increased further (Figures 1

Figure 1 Structure of AKgsys Q199R (purple ribbons for the main chain)
complexed to the transition-state inhibitor ApsA (sticks) (PDB ID: 2eu8). The
positions of the Ca: atoms of the five adaptive mutations that conferred additional
fitness at higher temperatures are highlighted as AKgsyg Q199R/Q16L, red (PDB
ID: 20sb); AKgsys Q199R/T1791 (PDB ID: 2007), yellow; AKgsys Q199R/A193V,
green (PDB ID: 2ori); AKgsys Q199R/G213E, blue (PDB ID: 2qaj); and AKgsys
Q199R/G214R, orange (PDB ID: 2p3s).
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and 4C) (Counago et al, 2006). Our initial attempts to find the
physicochemical mechanism for the relative success and
failure of each mutant allele based on the thermal stability
and activity of the mutated enzymes were qualitatively
reasonable. However, these interpretations failed to predict
quantitatively the outcome of natural selection on the
microbial population (Counago et al, 2006). To correctly
predict the evolutionary outcomes within the population, it
was necessary to accurately determine the extent and rate of
both reversible and irreversible unfolding of each new mutant
as well as its catalytic parameters. The resultant analysis
shows that the winners and losers of evolution can be critically
dependent on both protein activity and folding dynamics.

Results

Enzyme Kkinetics

The primary function of AK in vivo is to maintain adenylate
homeostasis by catalyzing the reaction: ATP + AMP =2ADP.
We determined the catalytic activity of the adapted AK
mutants using an in vitro end-point assay. The rate of ADP
production was measured at saturating concentrations of AMP
and varying concentrations of ATP (Saint Girons et al, 1987;
Glaser et al, 1992; Counago et al, 2008). To determine the
dependence of catalytic rate on temperature, AK activity was
measured at 55, 60, 62.5, 65, 67.5, and 70°C for each mutant.
At lower temperatures, the reaction rates show a hyperbolic
Michaelis—-Menten dependence on [ATP] for all the mutants
examined; however, at higher temperatures, distinctly non-
hyperbolic kinetics are observed (Figure 2). For example, the
steady-state kinetic pattern for AKgsyg Q199R/A193V activity
changes markedly as a function of temperature, showing a
sigmoidal dependence on substrate concentration above 65°C.
At these elevated temperatures, the AK activity is close to zero
at low [ATP] but is restored at higher substrate concentrations.
Clearly, ATP/AMP binding stabilizes the active form of the
enzyme. Substrate stabilization, along with macromolecular
crowding and chaperone activity, supports our observation
that many of the AK mutants are viable in vivo at temperatures
in which the purified enzyme is largely denatured in vitro
in the absence of ATP and AMP.

The distinct, sigmoidal shape of the reaction curves at
higher temperatures indicates strongly that AK activity is lost
by irreversible unfolding or aggregation in the absence of high
concentrations of ATP. The observed sigmoidal, non-Michae-
lian kinetics can only be modeled assuming an irreversible
reaction that directs active enzyme away from the catalytic
pathway in competition with substrate binding (Scheme I)
(Thomas and Scopes, 1998). The simplest mechanism that can
explain the observed kinetics is shown in Scheme I below:
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Figure 2 Enzyme activity of adaptive mutants AKgsys Q199R, Q199R/A193V, and Q199R/Q16L reveal a critical function for reversible and irreversible folding. The
initial velocity is defined as the concentration of ADP produced in 1 min by 1 nm of AK. ADP production was determined at 5, 10, 25, 50, 100, 250, 500, and 1000 pM ATP
with constant 1400 uM AMP. Symbols represent observed data points. Plots of initial velocity versus [ATP] were fit to Equation (1) and the fitted curves are presented as
solid lines. The non-hyperbolic and sigmoidal curves observed at elevated temperatures are characteristic of an irreversible-unfolding pathway. Error bars represent the

s.d. of three measurements.

In this mechanism, the substrate-free enzyme in its active,
native state, E, can reversibly and rapidly unfold into an
inactive state, U. The equilibrium constant defining this
unfolding reaction is Kyns;, which is equal to [U]/[E]. This
equilibrium ratio is unchanged throughout the reaction even
though the absolute values of [U] and [E] are changing with
both time and [S]. In effect, unfolding is competitively
inhibiting substrate binding and can be overcome at high
[S]. The net result is that increases in K, increase the
apparent Ky, for the reaction (i.e. Kmobsy=Km(1 + Kunt))-
However, this effect alone cannot explain the sigmoidal
kinetics observed at high temperatures and low [S]. In our
experiments, unfolded AK aggregates and becomes irreversi-
bly denatured at a rate proportional to the fraction of unfolded
enzyme, Yy, during the assay. This in vitro process was
modeled as an exponential decay of the U state, that is
exp(—kimrey - t - Yy) (see Supplementary Information). The final
initial velocity equation is

keat[S][Elg

d[Product] Ko Yy
_—_— e irrev 1
ar YT Knt(1 + Kunt) 9] © (1)

where

KMKunf

Yy=""—""7-—"7-"—.
Y KM(1 + Kunf) + [S]

The amounts of ADP formation at 20, 40, and 60 s time points
were fitted to a straight line and the slope was used to
determine initial steady-state velocities, v. Plots of v versus
[ATP] were fitted to Equation (1), allowing k¢ar, Ky, and Kigrey
to vary (Figure 2). The unfolding equilibrium constants at
different temperatures were determined independently by
differential scanning calorimetry (DSC). As the AK reactionis a
bisubstrate reaction with a ternary complex mechanism, the
values of k.., and Ky, in Equation (1) depend on [AMP], which
was fixed at 1400 uM for all reactions.

As shown in Figure 2, Equation (1) predicts simple
Michaelis-Menten kinetics at low temperatures when K¢
and Yy are very small and exp(—Kiyey - t- Yy) 1. However,
when the temperature is elevated and K,,,¢ becomes very large,
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the observed activity at low [ATP] is dramatically reduced by
irreversible denaturation during the time interval between
initiation of the reaction and the first measurement of product
formation, ~40s. However, at high [ATP], the fraction of
unfolded protein is reduced markedly because of ES complex
formation and reduction in the fraction of the U state. As a
result, irreversible denaturation is inhibited, enzymatic
activity is retained, and the kinetics seem sigmoidal with
increasing [S]. Substrate stabilization occurs through competi-
tion for free enzyme between the catalytic and unfolding
pathways in a substrate concentration-dependent manner. At
high substrate concentrations, the catalytic pathway out
competes the unfolding pathway. The fraction of unfolded
protein, Yy in Equation (1), is 0.94 for AKgsyg Q199R in the
absence of substrate at 55°C, whereas in the presence of
1000 uM ATP, Yy is only 0.02. This dramatic effect shows the
significant influence of substrate on the ensemble of folding
states and the activity of the enzyme both in vitro and
presumably in vivo.

Fits of the observed data to Equation (1) are remarkably
good (Figure 2), particularly considering that K, was
determined independently, and allow determination of k..,
Ky, and kiyrey for the AK mutants that appear during adaptation
to high temperatures (Table I). In the case of the AKgsyg
Q199R/Q16L mutant, the observed kinetics showed high
activity that depends almost linearly on the concentration of
ATP, making it difficult to define the individual k.., Ky, and
Kirrey Values. The linear kinetics for this mutant indicate that
the reaction is effectively bimolecular with k..>k_,, and,
therefore, the enzyme is not readily saturated at accessible
concentrations of ATP.

A continuous function for activity with respect to tempera-
ture for AK that incorporates both reversible and irreversible
protein folding is given in Equation (2). A temperature-
dependent function for activity is favored over an interpolation
between measured activities because it provides a model that
can be tested against evolutionary outcomes under various
temperature regimens and provides a continuum of values
that can be referenced by a fitness function (Figure 3).
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Table I Kinetic and folding parameters with s.d. for AKgsys mutants at various temperatures determined by non-linear fits of reaction rates as a function of ATP

concentration®

Enzyme T (°C) Kinetics Folding
keat (571 Ky (1M) Keat/Kng (WM 's71) v; for [8]=1000 uM Kunt” Kirrev® (57
(uM min™' nM™! AK)
Q199R 55 14.2+0.2 1.4+0.3 9.9+1.8 13.2+1.0 16.6+3.3 0.07 £0.01
60 17.0£0.7 0.9+0.2 18.7+4.1 12.2+0.8 103 +34
62.5 29.9+12.5 20+1.1 14.6 £10.0 71403 269 + 105
65 13.2+224 2.0+26.9 6.6+ 140 1.3+0.4 701 + 324
67.5 d d d d 1880+ 1030
70 d d d 5120 + 3150
Q199R/G213E 55 10.0+0.2 22404 4.5+0.9 9.7+0.7 8.1+2.5 0.06 % 0.01
60 11.2+0.3 1.0+0.2 11.6+2.4 10.0+0.6 36.5+21.5
62.5 12.9+0.6 1.4+0.3 9.3+2.2 9.1+0.9 79.9+62.3
65 23.9+9.2 3.1+1.7 7.7%5.1 6.4%0.7 175 +159
67.5 d d d d 392 +441
70 d d d d 893 + 1140
Q199R/T1791 55 9.9+0.2 1.8+0.2 5.7+0.8 9.740.2 6.02+1.20 0.09 0.01
60 13.7+0.2 0.740.1 20.5+2.8 12.6£0.9 32.4+14.7
62.5 20.9+0.6 0.8+0.1 26.6+4.0 16.4+0.1 76.4+43.5
65 17.1+1.2 0.9+0.2 19.3+3.8 8.8+0.5 181 +127
67.5 49.6+198 2.5+6.9 20.2+98.2 3.8+1.2 429 £355
70 d d d d 1020 + 987
Q199R/G214R 55 9.5+0.2 3.5+0.7 2.7+0.5 9.3+1.0 4.5740.21 0.06 % 0.01
60 12.5+0.3 1.3+0.3 9.8+2.0 11.2+1.1 30.0+3.6
62.5 14.5+0.9 1.5+0.4 9.7+2.4 10.0+0.5 77.5+14.0
65 39.4+39.9 4.1+43 9.6+13.9 6.5+0.9 207 +55
67.5 d d d d 527+ 156
70 d d d d 1390 +488
Q199R/A193V 55 15.1+0.3 8.2+0.9 1.9+0.2 14.4+1.2 2.3640.29 0.08+0.01
60 18.6+0.3 1.6£0.2 1.3+1.3 17.1+0.6 17.1+5.2
62.5 23.9+0.5 1.3+0.2 18.7+2.4 19.0+0.7 473+19.1
65 33.7+2.5 1.6+0.3 21.3+3.9 16.1+0.4 132+ 67
67.5 70.9+229 3.1+7.7 22.7492.0 6.2%+1.0 381 £236
70 d d d d 1100 + 788
Q199R/Q16L 55 57.1+1.3 561.9+24.9 0.10+0.01 345+1.1 0.13+0.06 0.01°
60 60.6%1.5 372.5+16.6 0.16+0.01 34.7+40.7 0.72+0.10
62.5 65.0+2.4 249.6+16.2 0.26+0.02 349+1.6 1.74+0.08
65 69.3+2.7 169.1+10.2 0.41 +0.03 31.2+0.8 4.3740.91
67.5 128.0+13.4 248.3+30.7 0.52+0.08 24540.6 1.0+4.1
70 f f f 7.6+0.4 28.4+15.4

?The kinetic parameters for B. subtilis adenylate kinase mutants were fit to triplicate data with a quasi-steady state approximation (Equation (1)).

K o Was calculated using parameters determined by DSC.

kirrev is fit as one value shared across temperatures.

9The enzyme has no measureable activity at the specified condition.
€A value of 0.01 was used as a constant in the fitting scheme.

Value could not be determined.

The temperature dependence of the catalytic constants and
unfolding equilibria are expressed as:
U(T) _ kC&I(T) [E]O[S] .
KM(l +Kunf(T)) + [S]
Linear fits of Eyring plots (1/T versus In(k.,/T)) of the

catalytic constants (k.4)) of each mutant were used to construct
a temperature-dependent function for catalytic constants:

e (T) = (kBTT ) . o-AGIRT 3)

where kg is Boltzmann’s constant, h is Plank’s constant,
R is the gas constant, and AG' is the free energy of activation.
The k., values at the highest temperature in which activity is

@ Kirrevt-Yu(T) (2)
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often barely detectable were not used in these analyses
because of the large uncertainties associated with the fitted
values.

The calculated Gibbs-free energy of unfolding (AGung)
determined for temperatures between 55 and 70°C were fit to
a linear function in temperature. K,,s was calculated as:

Kunf(T) = efACun[(T)/RT (4)

The temperature dependence of the fraction of unfolded

enzyme (Yy) was computed as:

_ KMKunf(T)
KM(l + Kunf(T)) + [S}

Yy(T) (5)
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Figure 3 The temperature-dependent activity of the mutants AKs are very well reproduced by a continuous function that includes reversible and irreversible folding
(Equation (2)). The modeled reaction rates for various mutant AKs as a function of temperature are shown as solid lines and were used in the population simulation.

Experimentally measured enzyme activities are represented by circles with s.d.

Ky is a complex term that can vary non-linearly with
temperature because of the temperature dependence of three
constituent rate constants: k;, k_;, and k.,;. The measured Kys
were relatively independent of temperature and thus averaged
across experimental temperatures for a given mutant and used
as a constant in the continuous temperature-dependent
activity function. The linearity seen by Arrhenius plots (1/T
versus In(Kyobs))) in our earlier studies can be accounted for by
the temperature dependence of the unfolding equilibrium
constant (K,nf) in the expression for the observed Michaelis
constant (Kyobsy=Km(1 + Kunf)) (Counago et al, 2008). Kiyrey is
considered as a constant over the temperature range examined.

Thermal stabilities of mutant AKs

Experimental parameters obtained by DSC (midpoint, enthal-
py change at T, and heat capacity change at T,) were
used to calculate the Gibbs-free energy change for unfolding
(AGyng) at each temperature (Figure 4A; Table II) (Becktel and
Schellman, 1987). AGy,s was then used to calculate the
unfolding equilibrium constants (Kyn/=€Xp(—AGunt/RT)) for
use in analyzing the steady-state kinetic data with Equation (1)
(Table I).

AK unfolding can be well modeled as an apparent two-state
transition, although re-folding is hampered by aggregation and
partial loss of an intrinsic zinc ion (Bae and Phillips, 2004;
Miller et al, 2010). The thermodynamic parameters for each
protein were determined as a function of concentration and
scan rate to assess the extent to which AK and the associated
mutants can be reasonably modeled as an apparent two-state

© 2010 EMBO and Macmillan Publishers Limited

transition (Supplementary Information). All of the isolated
mutants have increased stability with shifts in T, to higher
temperatures relative to wild-type AK (Figure 4A). As
temperature is increased further, the instability or unfolding
constants of the mutant proteins correlate well with the order
in which their respective allelic frequencies decrease. The
first mutant to appear, AKgsyg Q199R, has a modest 2.8°C
increase in Ty, compared with the original wild-type enzyme
(T,,=44.0°C). Subsequent double mutants, AKgsyg Q199R/
G213E, AKgsyp Q199R/T179I, AKgsysz Q199R/G214R, and
AKgsyg Q199R/A193V, provide 1-6° of additional stabiliza-
tion, with T, values equal to 48.0, 49.5, 51.0, and 52.8°C,
respectively. The very successful AKgsyg Q199R/Q16L mutant
is dramatically more stable, with a T,,=60.9°C, which is 10°C
greater than that for its AKgsyg Q199R progenitor.

Stabilization of AK by ligand binding

Enzyme Kkinetics and calorimetric data fitted to Scheme I
(TableI) can be used to estimate the extent of stabilization that
should be induced when 50% of the protein is in complex with
substrate. As a test of these estimates, DSC was used to
experimentally measure the amount of stabilization induced
by substrate binding (Figure 5). To preclude enzyme activity
during the experiment, the transition-state analog ApsA was
used to measure substrate stabilization. DSC measurements at
0.25:1, 0.5:1, and 1:1 stoichiometric ratios of ApsA to AKgsyp
Q199R/A193V (Figure 5A) were performed. Under very tight
binding conditions, two populations with two melting
temperatures corresponding to unbound protein (7,) and the

Molecular Systems Biology 2010 5
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Figure 4  In vitro activity and stability can be used to accurately reproduce experimentally determined evolutionary outcomes during natural selection. (A) Stabilities of
B. subtilis wild type and mutant AK as determined by DSC are presented here as the heat capacity as a function of temperature. The double mutants have midpoints or
Tm values at higher temperatures compared with the AKgsyg Q199R single mutant, which itself is ~ 3°C more stable than wild type (T, values are given in parentheses
in panel A). The DSC data were used in determining K, for each mutant at various temperatures. (B) The kinetic (k.o and Ky) and folding (Kirey and Kirn) terms were
used to fit ADP production rates for each mutant at 1000 uM ATP as a function of temperature. (C) The cumulative frequency of alleles obtained by experimental
evolution within an exponentially growing population as a function of temperature. (D) The frequency of alleles determined from numerical modeling of the exponentially
growing population using in vitro measurements. Above an activity threshold of 8.75 1M ADP min~' nM™, relative increases in activity do not correspond to increases in
growth rate and increased fitness. Below the threshold, there is a direct correspondence between growth rate and the AK activity presented in panel B. The colors used in
panels A-D correspond to the color scheme used to identify the positions of the mutations in Figure 1.

Table II Calculated Gibbs-free energy change of unfolding, AG,ys (kcal mol™'), at respective temperatures for each mutant with s.d.?

Enzyme Temperature (°C)
55 60 62.5 65 67.5 70

Q199R —1.83+0.13 —3.07£0.22 —3.73+0.26 —4.40+0.31 —5.10+£0.37 —5.82+0.42
Q199R/G213E —1.36+£0.20 —2.381+0.39 —2.92+0.52 —3.47+0.61 —4.041+0.76 —4.63+0.87
Q199R/T1791 —1.17+£0.13 —2.30%0.30 —2.8910.38 —3.49+0.47 —4.10+£0.56 —4.72+£0.66
Q199R/G214R —0.99+0.03 —2.2510.08 —2.90+0.12 —3.58+0.18 —4.24+0.20 —4.93+0.24
Q199R/A193V —0.56+0.08 —1.88+0.20 —-2.57+£0.27 —3.28+0.34 —4.021+0.42 —4.77£0.49
Q199R/Q16L 1.35+£0.30 0.22+£0.09 —0.3710.03 —0.99+0.14 —1.621+0.25 —2.28+0.37

?AG was calculated for each mutant at the listed temperature using Equation (S4) and the parameters listed in Supplementary Table SI. The s.d. is determined for three
calculated values of AG based on three independent DSC measurements for each mutant.
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Figure 5 The extent of ligand induced stabilization monitored by DSC for
AKgsus Q199R/A193V corresponds to values predicted by Scheme |
(Supplementary Equation (S6)). (A) Tight binding of the transition-state analog
ApsA shows distinct peaks with T;s corresponding to the unbound and bound
states in the expected stoichiometric ratios. (B) In the weaker binding case of
nucleotides ATP and AMP, protein stabilization is observed as a single peak that
has anincrease in T, that is dependent on ligand concentration (Brandts and Lin,
1990). Greater extent of stabilization is achieved with ATP relative to AMP
because of a greater affinity for this substrate.

protein ApsA complex (Ty,) are observed (Figure 5A) (Brandts
and Lin, 1990). ApsA affinity was estimated to be about
60 nM at 64.3°C (Supplementary Information). ApsA increased
AKgsup Q199R/A193V stability by 12.3 + 1°C. AKgsyg Q199R/
A193V showed little change in Ty, as a function of ApsA
concentration for the bound state (as expected from Brandts
and Lin, 1990). Knowing the affinity of ApsA for AK and the
Tm (Supplementary Table S4) allowed us to compare the
measured stabilization to that predicted from Supplementary
Equation (S8) and is in excellent agreement with the observed
data (Table III). Conversely, this data can be used to predict the
amount of ApsA that is required to shift the T, of AKgsyg
Q199R/A193V to 64.3°C. The predicted concentration of ApsA
would be 12 pM in excellent agreement with the experimental
value of 10 uM ApsA.
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Table III Comparison of Ty, values for AKgsyg Q199R/A193V as determined by
DSC in the presence of various ligands and those predicted by Scheme I and
Supplementary Equation S8 (Supplementary Information)

Ligand KM [s1° (V) Ty® (°C)
Observed Predicted

Protein alone — — 52.0 —

+ApsA 1.6 x 107 1x107° 64.3 65.4

+ AMP 7.6 x 10 1x1073 53.4 54.4

+ ATP 1.7 x 10* 1x1073 59.1 60.0

Kp is the binding constant determined at 20 uM protein at a scan rate of 90°Ch™.
PEstimation of the concentration of free ligand in the presence of 20 uM protein.
“Twm is the thermal midpoint of a transition in which approximately 50% of the
ensemble is folded and bound in the presence of ligand.

A study of stabilization of AKgsyg Q199R/A193V by ATP
and AMP showed comparable results, although these
measurements should only be regarded as estimates because
of enzyme activity (Figure 5B; see Supplementary Information
for further discussion). Again after Scheme I, a solution of
20 uM AKgpsyg Q199R/A193V, incubated with either 1 mM ATP
or 1 mM AMP, would be expected to be stabilized by 8.0 and
2.4°C, respectively (Table III). The extent of stabilization
measured by DSC for AKgsyg Q199R/A193V in the presence of
1mM ATP or 1mM AMP was 7.1 and 1.4°C in very good
agreement with the expected extent of stabilization.

Fitness function and population dynamics

The biochemical and structural properties of the AKgsyg
mutants provide the molecular basis for different physiological
and metabolic phenotypes that are tightly linked to the fitness
of the organism within the population. A single mutant and
five double mutant alleles of adk were isolated during
experimental evolution of a continuous microbial population
under exponential growth conditions (Figure 4C) (Counago
et al, 20006). Relative growth rates (fitnesses) are reflected by
changes in frequencies of mutants within the polymorphic
population over time. A fitness function consisting of
temperature-dependent kinetic and folding parameters was
constructed and provides a biochemical description that can
be used to describe quantitatively the experimentally observed
population frequencies. This function also includes the
particular properties of the turbidostat, provides a function
for mutation rate in seeding the mutant subpopulations, and
uses the product formation expression in Equation (2) as a
fitness proxy for relative growth rates.

A numerical solution with discrete time steps was used to
simulate the population dynamics of an exponentially growing
polymorphic population as described in Supplementary
Information. The growth of each mutant subpopulation
occurring at each generation time is given by:

Pyt +1) = P(t)(1+13(t) + > myr;(1)Py(2)
j

- Z mri(t)Pi(t) (6)
j

P; is the frequency of a subpopulation i growing at a rate of r; at
generation t. The model includes terms whereby subpopulation i
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increases when mutations occur in the j populations forming
more of the i population with a rate m;; and decreases by drift
away from 7 population by at a rate m;;:

vi(T)
Uthreshold ' (7)
if Ul‘(T) 2 Uthreshold s then T[(T) =1.

if Ui(T) < Uthreshold s then ri(T) =

The relative growth rate (r;) is defined as a value between 0, no
growth, and 1, entire population replicates, and is the parameter
that determines fitness selection. In our model, r; is proportional
to AK activity up to a specific threshold value, Vieshold> and is
defined by v(T) in Equation (2). Variation in the relative growth
rates comes from the temperature dependences of K.,; and
Kear, Which are measured independently in vitro (Table I).
The fraction of each subpopulation i is calculated as f;(t)= P;(t) /
Ptotal(t)-

A fitness function based on enzyme activity and stability
that includes an activity threshold, Vresnold, €an accurately
reproduce the frequencies and the order in which alleles are
observed within the polymorphic, experimental population
(Figure 4D). In this model, fitness is only proportional to
v(T) when activity falls below a critical physiological level
(Equation (7)). Increases in activity levels above the threshold
have no corresponding increases in fitness and are not
advantageous during competition between subpopulations.
If activity or stability were directly or largely proportional to
fitness, AKgsyg Q199R/Q16L would be the only double mutant
observed at any of the elevated temperatures because this
mutant is both highly active and very stable. However,
significant transient subpopulations of AKgsyg Q199R/T179],
Q199R/G213E, and Q199R/G214R do appear with increasing
temperature, implying that only a threshold of activity is
needed for viability. Thus, the very favorable stability and
kinetic attributes of AKgsyg Q199R/Q16L serve to eliminate
alternative models and help to define the critical physiological
threshold for AK performance.

For polymorphism to persist within the rapidly growing
population, the fitness differences between single nucleotide
substitutions at the adk locus must be relatively small. Even
the transient appearance of AKgsyg Q199R/G213E at 63°C
corresponds to a substantial subpopulation of several billion
cells that was reached within a total population of ~ 100 billion
between the time it became more fit than AKgsyg Q199R
and less fit than the remaining double mutants. Under the
condition in which the relative fitness values of the mutants
are very close, mutational frequency can influence the speed
with which one strain is able to replace another. AKgsyg
Q199R/Q16Lis one of the first three double mutants isolated at
62°C, but, despite its much more favorable kinetic and stability
parameters, does not reach a majority status until 66°C, which
occurs 8 days or roughly 400 generations later (Figure 4C).
AKgsyg Q199R/Q16L is the only AK mutant that was the result
of a transversion and suggests that AKgsyg Q199R/Q16L could
have been constrained by clonal interference if transitions
occurred at a rate 10 times greater than that for the
transversion leading to AKpsyg Q199R/Q16L. As shown in
Equation (6), mutation rates are included within the general
population model. The prevalence of base transitions relative
to transversions is well documented and has been observed
for many organisms including B. subtilis and may certainly
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contribute to the observed evolutionary outcome (Wakeley,
1994, 1996; Sasaki and Kurusu, 2004).

Substrate stabilization of AKgsyg contributes to the popula-
tion dynamics observed in the numerical solution and
presumably during natural selection. Increases in the concen-
tration of ATP leads to prolonged persistence of Q199R,
shifting the transition between allelic dominance to later
generations (see Supplementary Figure S3). Marked increases
in substrate concentration increase the activity of all the AK
enzymes, eventually making them equally competitive when
their activities surpass the threshold. The unfolding midpoints
of almost all mutants in the absence of ATP/AMP (with the
exception of Q199R/Q16L) are below the beginning experi-
mental temperature. Q199R has a T, of 47°C, but the mutant
strain was isolated in the culture up to 62°C. Thus, substrate
stabilization is almost certainly a major contributor to the
activity of the mutant AKs at the temperatures above the T,
values of the apoproteins. Additional mechanisms of stabiliza-
tion such as macromolecular crowding and chaperones may
also be occurring. In vivo, a combination of these factors will
produce additional stability, but in the in vitro assay increases
in [S] clearly produce marked stabilization and retention of AK
activity, which is reproduced quantitatively by our model.

Summaries of the stability and kinetic properties of the AK
mutants are shown in Figure 4A and B, and the observed and
calculated relative frequencies of each mutant population are
shown in Figure 4C and D. Although there are many factors
that determine the effective concentration of intracellular
proteins, the fitness function used to compute the theoretical
populations in Figure 4D only required the relative in vitro
stabilities and kinetic properties of the mutant enzymes to
capture the general features of the in vivo evolutionary
outcomes for the three major mutants, AKgsyg Q199R/
A193V, AKgsyg Q199R/T1791 and AKgsyg Q199R/Q16L, and
even for the limited transient success of AKgsyg Q199R/G213E
and AKgsyg Q199R/G214R. Remarkably, at a given substrate
concentration, the only parameter that needed to be varied to
accurately reproduce the experimentally observed population
time courses was the activity threshold, Vgyreshola (se€€
Supplementary Information).

Growth rates of AK mutants

Our physiological threshold model predicts equivalent growth
rates between mutant strains at temperatures in which AK
activities meet or surpass the threshold requirement. If the
threshold is met, growth rates, that is fitness, will no longer be
dependent on increases in activity of AK, but on other limiting
aspects of the metabolic pathways shared by NUB3621-R and
the mutant strains, which differ only at the adk locus. Growth
rates were determined for NUB3621-R along with mutants
AKgsys Q199R and AKpsys Q199R/Q16L from 50 to 70°C
(Figure 6). Relative to the original G. steraothermophilus strain
NUB3621-R, AKgsyg Q199R and AKgsys Q199R/Q16L have
equivalent growth rates within the error of the experiment at
low temperatures (50-55°C) as predicted by the model. It is
only at higher temperatures, between 55 and 57.5°C, AKgsys
QI199R becomes less fit than the double mutant. AKgsyg
Q199R/Q16L mirrors the growth curve of NUB3621-R over the
entire temperature range. This result is consistent with a recent
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Figure 6 Equivalent growth rates at low temperatures support a physiological
threshold for AK activity in vivo. Only at higher temperatures in which the activity
of AKgsys Q199R decreases below a threshold because of thermal denaturation
do the growth rates, that is fitness, diverge from NUB3621-R.

experiment in which a starting population of the mutant
AKgsug Q199R/Q16L was grown at 50°C for 10 days (~ 500
generations) to test whether new mutants would be fixed
within the turbidostat at low temperature. An AK mutant with
a 5% or greater fraction of the total population would have
been readily detected; however, none were observed (not
shown), further confirming the predictions of the physiologi-
cal threshold model and the growth rate study. A significant
difference between growth rate of Q199R and Q199R/Q16L at
57.5°C would suggest that the progenitor would be less fit
before reaching 60°C. In the original experiment of Counago
et al (2006), fixation of the double mutant strains is
significantly slowed by clonal interference in the turbidostat
population (Counago et al, 2000).

Discussion

The successful adaptation of an organism during natural
selection depends on improvements in fitness that result from
changes in molecular structure and function. In our experi-
ments, AK activity is tightly linked to the fitness of the
organism and allows us to highlight the critical function of
enzyme kinetics as well as reversible and irreversible protein
folding to molecular adaptation. We have constructed a fitness
function that incorporates classic Michaelis-Menten kinetics
and protein-folding properties to successfully reproduce the
population dynamics of a microbial population during
adaptation to higher temperature. As shown in Scheme I, the
fraction of active, folded protein is dependent on both
substrate stabilization and the probability that the protein
becomes irreversibly lost from the system by aggregation or
protein misfolding.

Misfolding and aggregation of proteins in vivo can have a
substantial effect on fitness. As shown in Figure 2, it is
essential to include a pathway for irreversible protein loss that
reflects protein aggregation or misfolding as temperature
increases. The irreversible unfolding step is analogous to the
in vivo tendency of proteins to aggregate and can be an
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important factor in the evolutionary outcomes for a population
with a particular mutant allele. The rate of this process, Kirev, iS
required to appropriately account for enzyme loss in the in
vitro assay and, when incorporated into the fitness function,
represents the in vivo loss of physiological activity associated
with aggregation or degradation. In vivo rates of irreversible
unfolding will be affected by many factors including tempera-
ture, osmolytes, and chaperones, each of which could have a
function in adaptation (Tokuriki and Tawfik, 2009a). Even at
lower temperatures, proteins sample unfolded or partially
unfolded states and thus stability and denaturation Kkinetics are
important and selectable properties. AKgsyg Q199R/Q16L has
the largest T, among the selected mutants and is the only
variant that is predominantly folded in vitro at 55°C in the
absence of substrate (~90%). In comparison, <10% of
AKgsug Q199R ensemble occupies the native state at 55°C. In
vivo, AKgsyg Q199R is sufficiently folded and active to extend
the viability of the organism by 9°C and shows a critical
function for the in vivo folding environment.

An appealing aspect of our fitness function is that it permits
an evaluation of specific and quantitative aspects of protein
stability and activity to evolutionary fates. As shown in
Figure 4, in vivo population dynamics can be reproduced using
in vitro physicochemical measurements. Although in vitro
measurements are made under relatively non-physiological
buffer conditions, the relative activities and stabilities of the
mutant AKs with respect to one another in vivo seem to be well
captured as judged by the close correspondence of the
observed and predicted population fractions in Figure 4C
and D.

Our work shows the importance of physiological context in
defining fitness. Cellular energy charge (EC) is maintained by
AK and is defined as [ATP] + 1/2[ADP]/[ATP + ADP + AMP]
(Atkinson, 1968). When deficiencies in adenylate homeostasis
limit growth rate, improvements in enzyme function can result
in increased fitness, but only to the extent that cellular needs
are met, which is included as a physiological threshold in the
fitness function for AK. In G. stearothermophilus, the EC
during exponential growth is 0.4-0.5, but falls dramatically
and irrevocably once AK activity is lost (Counago and Shamoo,
2005). AK alleles that are able to maintain EC do not limit cell
growth because AK is no longer the ‘weak link’ in the cell. We
believe this physiological threshold effect to be a general
feature that defines and circumscribes the adaptive fitness
landscape of protein evolution.

Adaptability is facilitated by increasing the diversity of the
population and can be accomplished by the accumulation of
near neutral or even modestly destabilizing mutations that
provide more possibilities for success. Chaperones have an
exceptionally important function in buffering biological
systems against these destabilizing mutations as well as
mistakes in translation that lead to polymorphic populations
and have been shown to increase rates of adaptation
(Rutherford, 2003; Drummond and Wilke, 2008; Tokuriki
and Tawfik, 2009a). An increase in the diversity of the
molecular ensemble permits accumulation of ‘global suppres-
sor’ mutations that act largely on protein stability increasing
the robustness of the molecule to subsequent adaptive changes
(Bloom et al, 2005b; Bershtein et al, 2008). Thus, adaptation
through protein evolution is circumscribed by protein stability.
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As most mutational events will be destabilizing (Tokuriki and
Tawfik, 2009b), higher mutation rates can lead to decreases in
fitness eventually leading to extinction (Zeldovich et al, 2007;
Chen and Shakhnovich, 2009). We would predict that
increases in substrate concentrations or global suppressors
of unfolding such as chaperones or specific osmolytes could
shift the stability of the protein ensemble and ameliorate
adaptive mutations that increase activity at the cost of stability.
It would be interesting to increase adenylate flux or alter the in
vivo concentration of substrate to further test the function of
substrate or chaperone stabilization in evolutionary dynamics
within a population under selection. This would be difficult
in our system as the adenine nucleotides are stabilizing
molecules for the protein as well as substrates that are used not
only by AK, but a host of other critical proteins such as kinases
and crucial energy metabolites for maintaining cellular
functions such as DNA replication. Thus, the activities directly
related to AK stabilization by substrate cannot be decoupled
from their critical function in the overall fitness of the cell.
However, it should be possible to recover or engineer new AK
mutants with physicochemical properties that could be used to
further probe the function of substrates in evolutionary
outcomes.

Taken together, these studies and others suggest that the
balance of molecular diversity and mutation rate is critical to
understanding adaptation. Although our system links the
physicochemical properties of adaptive changes that increase
stability, the principles apply equally to those changes that
might decrease stability of the ensemble either through
mutation or translational errors (Drummond and Wilke,
2008). Thus, regardless of how protein diversity is generated,
evolutionary dynamics will likely be strongly coupled to
stability and function.

Materials and methods

Measuring rates of forward reaction:
ATP + AMP —2ADP

Rates of ADP production for AK mutants were measured using an end-
point-coupled assay (Saint Girons et al, 1987; Glaser et al, 1992;
Counago et al, 2008). The assay mixture contained buffer (25 mM
phosphate buffer pH 7.2, 5mM MgCl,, 65 mM KCl), 1.4 mM AMP, and
various ATP concentrations (5, 10, 25, 50, 100, 250, 500, and 1000 pM).
The reaction was started by the addition of AK to a final concentration
of 5nM. The final reaction volume was 1.0 ml in a polyethylene tube.
The reaction mixtures were incubated in a water bath at 55, 60, 62.5,
65, 67.5, and 70°C for 5 min before the addition of AK. The reactions
were quenched 20, 40, and 60 s after initiation by rapidly adding 300 ul
of the mixture to 100 pl of ice-cold, 1.0mM P!, P>-di(adenosine-5')
pentaphosphate (ApsA).

The samples were maintained on ice until the amount of ADP could
be measured. ADP was quantitated by a secondary assay in which five
units of pyruvate kinase, 0.3 mM B-nicotinamide adenine dinucleotide
(NADH), and 0.5 mM phosphoenol pyruvate (PEP) were added to the
quenched reaction. Absorbance at 340 nm was measured before and
after the addition of five units of lactate dehydrogenase. The
conversion of NADH to NAD*' was used as a measure of the ADP
produced by AK at various temperatures, substrate concentrations,
and reaction durations. The slope of [ADP] versus time for these three
time points was used as the rate of product formation, v, at the middle
time point. All measurements were performed in triplicate.

Plots of v versus [ATP] were fit to Equation (1) using Prism
(GraphPad, La Jolla, CA) with t=40s for the exponential term
describing irreversible denaturation. Calculated values for K,; at each
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respective temperature for each mutant were used as constants in the
fit and kjrey Was shared across all temperatures for each individual
mutant to constrain the fits. AMP, ADP, ATP, ApsA, NADH, PEP,
pyruvate kinase, and lactate dehydrogenase were all purchased from
Sigma-Aldrich (St Louis, MO).

Differential scanning calorimetry

Measurements were performed using VP-DSC differential scanning
microcalorimeter (MicroCal, LLC, Northampton, MA) at a scan rate of
90°Ch™'. Data could be well modeled as an apparent two-state
transition under the conditions of the DSC experiment. To test this
approximation, a study of the concentration and scan rate-dependent
properties of wild type and all the mutants was performed
(Supplementary Information). Protein concentration was 40uM in
10 mM HEPES pH 7.0. Before measurements, sample and buffer were
degassed for 10 min at room temperature. A pressure of 2 atm was kept
in the cells throughout the heating cycles to prevent degassing. A
background scan collected with the buffer in both cells was subtracted
from each scan. Data were analyzed with Origin 7.0 software
(MicroCal) to obtain the transition temperature (T,,), the calorimetric
enthalpy of thermal unfolding (AH), the heat capacity change at the T,
(AGCp), and the Gibbs-free energy change (AG,¢) at each temperature T.

Numerical simulation with MATLAB

Numerical integration was used to calculate the population size at time
t+ 1 based on the population size at time ¢, the mutation rate, and a
growth rate (0<r<1) specified by the AK enzyme activity computed
from a continuous function for activity, Equation (2). The numerical
solution requires inputs of initial frequencies of each allele and the rate
at which the two-substitution alleles are formed from the progenitor
strain (AKgsyg Q199R) (Equation (6)). A mutation rate of 5E-10 was
used as seeding rate for each double mutation involving a simple base
transition, with the exception of the AKgsyg Q199R/Q16L mutation,
which involves a transversion and was assigned a rate at one-tenth of
this value. The mutation rates were kept constant for the course of the
simulation. Enzyme activity was modeled between 55 and 70°C for
each enzyme, and this activity was converted to a relative growth rate
as described in Equation (7). If the activity was above or equal to the
threshold, the growth rate was 1. However, if the activity fell below the
threshold, the growth rate was equal to the fraction of the activity
divided by the threshold value. The numerical solution was calculated
for 1500 generations, with each 100 generations corresponding to 1°C
temperature span in the experiment.

Determination of temperature-dependent
growth rates

G. stearothermophilus strain NUB3621-R and recombinant strains
expressing B. subtilis adk with Q199R or Q199R/Q16L were plated on
modified LB (mLB) with rifampicin (5 pg ml™Y) and chloramphenicol
(7 ugml™) overnight at 55°C. Single colonies were used to inoculate
10ml of mLB with rifampicin at 55°C for approximately 3h with
shaking at 225 r.p.m. (Absgpp=0.5). A total of 50 pl of the 3 h culture
was used to inoculate 50ml of mLB and incubated at the desired
temperature. Growth was monitored as changes in optical density.
Growth curves were determined by fitting to an exponential function.
All LB media were modified with the addition of 1.05mM nitrilo-
triacetate, 0.59 mM MgSQ,4, 0.91 mM CaCl,, and 0.04 mM FeSOj,.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (http://www.nature.com/msb).
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