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Constructing and Analyzing the Fitness Landscape of an
Experimental Evolutionary Process

Manfred T. Reetz* and Joaquin Sanchis™

Iterative saturation mutagenesis (ISM) is a promising approach
to more efficient directed evolution, especially for enhancing the
enantioselectivity and/or thermostability of enzymes. This was
demonstrated previously for an epoxide hydrolase (EH), after five
sets of mutations led to a stepwise increase in enantioselectivity.
This study utilizes these results to illuminate the nature of ISM,
and identify the reasons for its operational efficacy. By applying
a deconvolution strategy to the five sets of mutations and meas-
uring the enantioselectivity factors (E) of the EH variants, AAG™
values become accessible. With these values, the construction of
the complete fitness-pathway landscape is possible. The free
energy profiles of the 5!=120 evolutionary pathways leading

Introduction

Directed evolution is a useful way to engineer the properties
of proteins, including the stability, activity, substrate scope,
and enantioselectivity of enzymes as catalysts in synthetic or-
ganic chemistry and biotechnology." It involves the combina-
tion of gene mutagenesis, expression and screening (or selec-
tion). The most common mutagenesis methods are error-
prone polymerase chain reaction (epPCR),” saturation muta-
genesis,”! and DNA shuffling,”” or variations and combinations
thereof.!"” An important focus of current research is methodolo-
gy development to make this type of protein engineering
more efficient through the generation of higher-quality libra-
ries.”) Our recent contribution to this endeavor is iterative satu-
ration mutagenesis (ISM) in its two embodiments, namely the
combinatorial active-site saturation test (CAST) for influencing
substrate acceptance and/or enantioselectivity,®” and the B-
factor iterative test (B-FIT) for increasing protein thermostabili-
ty.® CASTing involves two steps. On the basis of crystallo-
graphic data or homology models of an enzyme to be engi-
neered, sites A, B, C, D, etc. around the complete binding
pocket hosting the substrate are first identified. Following this
analysis, all sites are randomized through application of satura-
tion mutagenesis. A set of focused libraries of mutants is creat-
ed and screened for substrate scope (activity) and/or enantio-
selectivity. This initial step constitutes a systematization of
earlier uses of focused libraries.””) Thereafter, the mutant gene
encoding a given improved enzyme variant (hit) is used as a
template for performing saturation mutagenesis at the other
sites, and the process is repeated as often as needed. A sche-
matic illustration of ISM is shown in Figure 1, which involves
four sites A, B, C and D, each site being “visited” only once in a
given pathway.
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from the wild-type to the best mutant show that 55 trajectories
are energetically favored, one of which is the originally observed
route. This particular pathway was analyzed in terms of epistatic
effects operating between the sets of mutations at all evolution-
ary stages. The degree of synergism increases as the stepwise
evolutionary process proceeds. When encountering a local mini-
mum in a disfavored pathway, that is, in the case of a dead end,
choosing another set of mutations at a previous stage puts the
evolutionary process back on an energetically favored trajectory.
The type of analysis presented here might be useful when evalu-
ating other mutagenesis methods and strategies in directed evo-
lution.
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Figure 1. General scheme illustrating ISM as in iterative CASTing for the case
of four sites, A, B, C, and D, at which saturation mutagenesis is performed.
(Extension by visiting a given site more than once in an upward pathway is
possible.)”

This strategy is quite different from the approach in which
mutations originating from two or more libraries are simply
combined,"” which does not allow for new and potentially
highly beneficial amino acid substitutions to occur. In contrast,
ISM maximizes the probability of positive epistatic effects in
terms of additivity and/or synergism between sets of muta-
tions at each branching point (Figure 1). Moreover, in the case
of a local minimum, the ISM strategy allows for a different
pathway to be chosen when a randomization library fails to
generate any improved variants.

Iterative CASTing was first applied in a study regarding the
directed evolution of the epoxide hydrolase from Aspergillus
niger (ANEH) as a biocatalyst for the enantioselective hydrolytic
kinetic resolution of glycidyl phenyl ether (GPE, rac-1)."" The
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wild-type (WT) leads to a selectivity factor of only E=4.6 in
slight favor of (S)-2.

J& _HO | '5_/0” . A
PhO ANEH  ppo PhO—"
rac-1 (S)-2 (R)-1

CAST analysis based on the crystal structure of the WT
ANEH" suggested six possible sites for saturation mutagene-
sis, namely A (amino acid positions 193/195/196), B (215/217/
219), C (329/330), D (349/350), E (317/318) and F (244/245/249;
Figure 2). The essential results of the saturation mutagenesis

Figure 2. Proposed CAST sites A, B, C, D, E and F in the enzyme ANEH har-
boring (S)-1 (S-GPE).

experiments from this initial study are summarized in
Figure 3.”" The chosen pathway B—C—D—F—E leads to a
highly enantioselective variant LW202, which has a selectivity
factor of E=115 (site A was not considered as part of the
chosen pathway in this study). The final enzyme variant LW202
is characterized by five sets of mutations that were accumulat-
ed in a stepwise fashion during the evolutionary process,
namely Leu215Phe/Ala217Asn/Arg219Ser at B, Met329Pro/
Leu330Tyr at C, Cys350Val at D, Leu249Tyr at F, and Thr317Trp/
Thr318Val at E, which is a total of nine amino acid substitu-
tions. In all saturation experiments, NNK codon degeneracy
was chosen (N: adenine/cytosine/guanine/thymine; K: gua-
nine/thymine), which means that all 20 proteinogenic amino
acids were used as building blocks. However, no attempt was
made to ensure full coverage of the relevant protein sequence
space by appropriate oversampling. In fact, only relatively
small mutant libraries were considered. Moreover, since variant
LW202 is already highly enantioselective, the initial study did
not include the exploration of other pathways. It is possible or
even likely that a more systematic search based on exploration
of other pathways would have provided a number of addition-
al hits characterized by different sequences, but with similarly
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Figure 3. Iterative CASTing pathway B—C—D —F—E that leads to the
highly enantioselective mutant LW202 as a catalyst in the kinetic resolution
of rac-1.”

high or even higher enantioselectivity. The overall effort re-
quired the screening of 20000 clones, which is about the same
number evaluated in an earlier study based on epPCR at vari-
ous mutation rates, leading to a selectivity factor of only E=
11.1? Thus, compared to the use of epPCR, knowledge-guided
targeted mutagenesis appears to be a superior methodology,
generating “smarter” libraries that are characterized by a dra-
matically higher frequency and quality of hits.”

In this study we have devised a general strategy for evaluat-
ing mutagenesis methods in laboratory evolution, and applied
it specifically in order to determine the reasons for the appar-
ent efficacy of iterative CASTing. Two questions are addressed:
1) When considering solely the experimentally obtained sets of
mutations (Figure 3), is the transversed pathway B—C—D—
F—E the only one that leads to variant LW202, or do other
pathways based on permutational combinations of these spe-
cific sets of mutations likewise provide that particular variant?
2) What is the nature of the epistatic interactions that occur
between the five sets of mutations along the trajectory B—
C—D—F—E, that is, to what extent do additive, synergistic
and/or antagonistic interactions operate at each step of the
evolutionary process?

Results and Discussion
Construction of all pathways in the fitness landscape

We first had to construct the 30 mutants that are relevant
when considering all combinations of the five sets of mutants
obtained successively in the experimentally transversed se-
quence B—C—D—F—E. Following the evaluation of these 30
mutants as catalysts in the model reaction rac-1—(S)-2+(R)-1,
the selectivity factors E and respective free energy values
AAG™ allow the construction of the 5!=120 possible direct
trajectories leading from the WT-ANEH to enzyme variant
LW202 (Figure 4).
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Figure 4. The 30 possible mutants as intermediate stages between WT-ANEH
and enzyme variant LW202 based on the use of five sets of mutations. The
connecting lines indicate the original pathway B—C—D —F—E, which is
one of 120 possible trajectories (see text).

By using site-specific mutagenesis, 26 new mutants were
prepared and tested in the model reaction. Mutants corre-
sponding to B, BC, BCD and BCDF were already available from
the original study. The fitness landscape of this system consti-
tutes a six-dimensional surface (mutation sets B, C, D, E and F
are independent vectors, and AAG™ is the dependent varia-
ble), which is difficult to depict graphically. We present data of
this kind in the form of a “fitness-pathway landscape” as
shown in Figure 5. All 120 possible pathways linking the WT

T N
10
Sz‘age Y 420 110

Figure 5. Energy profile of the two types of pathways leading from the WT
to the mutant LW202: Energetically favored (green) as in the original B—
C—D—F—E (pathway 2) or D—C—F—E—B (pathway 60) and disfavored
(red) as in E-C—F—D—B (pathway 84).

(top) with the target variant LW202 (bottom), as specified by
the experimental results, are stacked. Upon mapping the free
energy profiles of these 120 mutational pathways, we discov-
ered that two different types of trajectories exist. The first type
shows a continuous decrease in the free energy, as in the origi-
nal pathway B—C—D—F—E or in the case of D-C—F—E—
B (Figure 5, green pathways). In sharp contrast, the second
type of pathway is characterized by the presence of a turning
point followed by a peak along the trajectory that is higher in
energy than at the previous evolutionary stage, indicating a
local minimum. A typical example is the case of E-C—F—
D—B (Figure 5, red pathway).

Upon exploring the complete fitness-pathway landscape,
some remarkable features were unveiled (Figure 6). Most im-
portantly, a total of 55 different pathways were found to be
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energetically favorable, which corresponds to about 46 % of all
possibilities in going from the WT to LW202 by using the five
sets of mutations. Thus, our data show that laboratory evolu-
tion based on iterative forms of saturation mutagenesis can
follow many energetically favored pathways to improved en-
zymes. Direct comparison with other systems that reach differ-
ent conclusions, such as natural evolution, cannot be made
due to the difference in experimental platforms.!'

We also note that when a local minimum in a disfavored tra-
jectory (trajectory 84 or other red pathways, Figure 6) is en-
countered and no energetically favored forward step for fur-
ther catalyst improvement can be found, the experimenter can
escape from such a “dead end”. This is possible by returning to
the previous stage and choosing another combination from
the remaining sets of mutations. For all 65 disfavored path-
ways, we did not find a single trajectory in which this strategy
would fail to put the evolutionary process back on a positive
track (Figure 6).

We also considered the first derivative of the fitness-pathway
landscape. The result of this analysis clearly supports our previ-
ous conclusion regarding the relatively high number of ener-
getically favored trajectories (Figure 7). Much of the landscape
surface is below the XY planes (green), which means that these
stages are energetically favored.

Analysis of cumulative mutational effects

Figures 6 and 7 do not reveal the details of the epistasis in any
of the pathways. Therefore, in order to understand the opera-
tional efficiency of the iterative process, complete analysis of
the interactions among the different sets of mutations is nec-
essary. We focus here on the original pathway B—C—D—F—
E as an example of an energetically favored trajectory, and
pathway 84 (Figure 5) as an example of a disfavored trajectory.
The experimental data at hand allow the calculation of the
free energy of interaction (AG,T) between any two sets of mu-
tations i and j [Equation (1)], in analogy to the case regarding
the interaction of two point mutations.™
AG;F = AAG!_—(AAG + AAG].*) (1)

exp
where AAG:Xp is the difference in the activation energy be-
tween both enantiomers experimentally obtained for the bi-
nary combination, and AAG;" and AAG;" are the experimental
energies obtained for each set of mutants separately. The
values of AG;‘ are either a measure of synergistic effects
(AG; <0), of additive effects (AG; =0, no interaction), of parti-
ally additive effects (AG; >0 and ((|AAG]| and |AAG'|)<
|AAG?_|)), or they denote antagonistic effects (AG;.F>0 and

((|AAG,.*p\ or |AAG] |)>|AAG,,,|)) as schematized in Figure 8.
All of the thermodynamic cycles were calculated from Equa-
tion (1) for the binary combination of sets of mutations (i+),
and extensively for the ternary (i+j+k), the quaternary
(i+j+k=+I) and the quinary (i4+j+k-+/+m) combinations. Specifi-
cally, set i (in blue) contributes AAG, set j (orange) contrib-
utes AAG/.*, and the expected additive increment column

(striped) reflects the sum (AAG] +AAG)). The difference be-
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Figure 7. First derivative of AAG™ at every stage of each pathway. Red areas
(above the XY plane) indicate positive slopes, that is, energetically disfavored
pathways. Yellow/orange and green areas (below XY plane) indicate negative
slopes and define steps involved in energetically favored stages. A) Side
view of surface. B) Frontal view of surface (plane X2). (x,y,z) = (pathway,
(stage, + stage,)/2, (AAG™,—AAG™,)/(stage, —stage,)).
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Figure 8. Explanation of different cases that can be found in the interaction
between two sets of mutations (i and j) when the thermodynamic cycle de-
scribed in Equation (1) is calculated. Case 1) Experimentally found increment
is bigger than the expected additive increment (synergistic effect). Case

2) Experimentally found increment is equal to the expected additive incre-
ment (additive effect, no interaction). Case 3) Experimentally found incre-
ment is smaller than the expected additive increment but bigger than the
energy of the single sets (partially additive effect). Case 4) Experimentally
found increment is smaller than either one of the sets (antagonistic effect).

tween the experimentally found increment (AAG],, in green)

and the expected additive increment corresponds to the
energy of interaction (AG;.‘). The four different situations ac-
cording to the value of AG;F are illustrated in Figure 8.

In order to visualize the epistatic effects of the favoured
pathway B—C—D—F—E at each stage, we processed the
data as shown in Figure 9. The final epistatic result at each
stage is not characterized by additivity, but by synergy, and
the magnitude of the synergistic effects increases more or less
continuously in the process of reaching LW202. Any antagonis-
tic effects, as in the case of the fourth set of mutations alone,
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Figure 9. Thermodynamic cycle [Eq. (1)] regarding the interaction of the sets
of mutations involved at every stage along the energetically favored path-
way B—C—D—F—E.

are purged by new combinations. These effects also become
visible when considering the selectivity factors E. For example,
in the last experimental stage of the original study involving
step E (Figure 3), the E value increases dramatically from 35 to
115, but when the set of mutations (Thr317Trp/Thr318Val) in-
troduced there is tested alone as a mutant, E=16 (Table S2 in
the Supporting Information). Similar effects were found in the
case of other energetically favored pathways.

None of the mutants, including those arising from the vari-
ous combinations of the respective sets, leads to enantioselec-
tivities higher than that of the originally evolved variant LW202
(Table S2). In agreement with the previous findings (see
above), this observation sheds light on the nature of the itera-
tive process: none of the sets of mutations that were generat-
ed during the five-step evolutionary process defined by B—
C—D—F—E is superfluous. This stands in contrast to the re-
sults of a different study based on epPCR and DNA shuffling,
in which only two of the accumulated six mutations were nec-
essary for high enantioselectivity."”

We gained further insight into the favored pathway B—C—
D—F—E by adopting the so-called “inverse thinking” ap-
proach regarding mutational effects occurring in proteins. This
type of analysis was first proposed by Mildvan."® Accordingly,
we compared the free energy of stabilization resulting from
the introduction of every set of mutations into the WT and the
free energy of destabilization resulting from the deletion of
this set in a specific mutant. This analysis was recursively per-
formed at each stage of the original pathway B—C—D—F—E.
On average, the weight of contribution to the total fitness of
every set increases in magnitude as the evolutionary process
passes to higher levels, as measured by enhanced enantiose-
lectivity (Figure 10). Clearly, the degree of cooperativity (syner-
gism) among the accumulated sets of mutations increases
with each evolutionary step, in line with our previous conclu-
sion.
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Figure 10. Analysis by the Mildvan approach.'® A) Stabilization AAG™ of the mutant relative to the WT upon the
introduction of a set of mutations. B) Destabilization AAG™ observed upon replacement of each set of mutations
by the WT amino acids at every step in the experimentally transversed pathway B—C—D —F —E.

Using our first approach, we then analyzed one of the ener-
getically disfavored pathways in Figure 6, namely number 84.
Only the essential features are highlighted here as summarized
in Figure 11. Negative epistatic effects operate at several

=251
W AAGH, (first set of mutations)

! | »_\.AGtJ (second set of mutations)

N AAGH, (third set of mutations)

-2.0 1 EEE AAGH (fourth set of mutations)
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E EC ECF ECFD ECFDB

Combinations of set of mutations

Figure 11. Thermodynamic cycle [Eq. (1)] regarding the interaction of the
sets of mutations involved at every stage along the energetically disfavored
pathway number 84 (E—C—F—D—B).

stages. The interaction between sites E and C constitutes a par-
ticularly strong antagonistic effect that causes a prominent
local minimum along trajectory 84 (Figure 4). The second, less-
prominent local minimum occurs in the combination ECFD, as
full additivity is not quite achieved. In the final combination,
ECFDB, a strong synergistic effect dominates as expected.

Conclusions

We have previously demonstrated that ISM in the embodiment
of iterative CASTing is an efficient method for the directed evo-
lution of an enantioselective epoxide hydrolase (ANEH),"” clear-

ChemBioChem 2008, 9, 2260 - 2267

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of iterative CASTing. A deconvo-
lution strategy was applied so
that the five sets of mutations
originally generated in the step-
wise  evolutionary process
toward highly enhanced enantioselectivity were reconstructed
in all theoretically possible permutations. Thus, all 120 path-
ways from the WT to the best mutant LW202 were mapped on
the basis of the free energy values AAG™ obtained from the
respective selectivity factors E. Two types of trajectories exist in
ISM, namely energetically favored and disfavored pathways.
About 46% of the trajectories proved to be energetically fa-
vored; this is a high score. In the case of a disfavored pathway,
which involves at least one local minimum, it is possible to
escape from such a dead end by returning to the previous
stage and choosing a different set of mutations, thereby put-
ting the evolutionary process back on a positive track.

The information accessible by the deconvolution approach
also sheds light on another facet of the nature of ISM, namely
the way accumulated sets of mutations interact with one
another in terms of epistasis. It is possible to analyze epistatic
effects between the five sets of mutations in any of the 120
pathways, and we have demonstrated this for a favored and a
disfavored trajectory. In the case of the original favored path-
way B—C—D—F—E, synergistic effects dominated, whereas
negative epistatic influences were found to play a minor role.
Rare antagonistic effects are completely purged by the appear-
ance of new combinations, so local minima are avoided. More-
over, synergism increases as the evolutionary process pro-
ceeds. In the case of a typical energetically disfavored pathway,
we uncovered the reason for the existence of local minima,
namely the dominance of antagonistic effects. On a molecular
level, the physical reasons for positive or negative epistatic
effects in the case of the best mutant LW202 have yet to be
identified.

Statistically, the improved mutants provided by ISM, as in
iterative CASTing, are not theoretically accessible by repeating
cycles of epPCR, irrespective of the mutation rate. We have
demonstrated this experimentally in two comparative directed
evolution studies involving ANEH.”'? Random mutagenesis
based on epPCR,” which is still the most commonly employed
technique in directed evolution, is highly unlikely to provide
mutants with two or three amino acid substitutions in a
defined locus in the enzyme. Yet the accumulation of several
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mutations in a spatially focused manner effectively influences
enantioselectivity or substrate acceptance (rate) of enzymes.
This is due to the increased probability of synergistic effects
when performing saturation mutagenesis iteratively.

CASTing excludes the possibility of discovering distal muta-
tions when attempting to influence catalytic properties such as
substrate acceptance and/or enantioselectivity. Remote effects
are certainly an intriguing phenomenon in such endeavors.*'”
However, from a practical point of view, such a restriction does
not necessarily have negative consequences. The opposite ac-
tually pertains, because all experience in this study and in earli-
er reports”® shows that knowledge-guided targeted randomi-
zation is beneficial when attempting to maximize the quality
of enzyme libraries. Nevertheless, epPCR can be expected to
continue to play an important role in directed evolution. For
example, in cases in which structural information is lacking,
epPCR might well be a logical choice. The “hot spots” identi-
fied by random mutagenesis can then be used as sites for pos-
sible ISM exploration if needed.

We point out that the results of this study call for further
research in at least two areas. The scheme illustrating ISM
(Figure 1) needs to be tested more systematically in a different
model system by exploring at least a few of the possible alter-
native pathways. In contrast to the experimental platform of
this study, exploration of a more extensive protein sequence
space would allow new amino acid substitutions and enable
the discovery of sequences different from LW202,” which
could lead to high enantioselectivity in the model reaction. In
view of the present results, this appears likely. Finally, the type
of analysis presented herein can be used to evaluate other
mutagenesis methods and strategies for probing protein se-
quence space in laboratory evolution.!™

Experimental Section

Site-directed mutagenesis using the Stratagene QuikChange proto-
col® was applied in order to generate all of the required mutants.
pQEEH-based plasmids (4631 bp)"® containing the proper muta-
tions for each case were employed as templates. The sequences of
the primers used in the generation of the mutants are summarized
in the Supporting Information (Table S1). Successful amplifications
were digested with Dpnl (1 pL, 37°C, 1 h, twice). Purified plasmids
were sequenced by Medigenomix (Martinsried, Germany) using
standard primers (QEF, QEFIIl or QER).

All mutants were streaked out on LB agar plates from a glycerol
stock. After incubation (30°C, 60 h), single colonies were placed
into LB media (3.5mL), supplemented with carbenicillin
(100 pgmL ™). After incubation (30°C, 12 h), the latter precultures
(2 mL) were inoculated in fresh LB (18 mL) containing carbenicillin
and incubated until OD4, was around three. Second-generation
bacteria culture (2.4 mL) was added to a solution of sodium phos-
phate buffer (20 mm, pH 7.2, 16.1 mL) followed by the addition of
racemic glycidyl phenyl ether, rac-(1) (83.3 mm in acetonitrile,
1.5 mL). After incubation (30°C, 250 rpm), samples were withdrawn
(after 60 min) and centrifuged (13000 rpm, 20 min). The samples
(100 L) were mixed with the same volume of the internal stan-
dard solution, (R)-(+)-1-phenylbutan-1-ol, (6.66 mm in methanol).
Enantioselectivity of the model reaction induced by the protein
variants was measured by HPLC using a Chiralcel OD-R chiral
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column from Daicel Chemical Industries (Tokyo, Japan) with metha-
nol/water (7:3) (flow rate 0.5 mLmin™"). Retention time: (R)-2, tyg=
8.6 min; (5)-2, try=9.8min; (R)-1, tzy=209min; (5)-1, tze=
24.4 min.

Values for E and AAG* were calculated from equations (2)'" and
(3), respectively. Experimentally obtained (ee, ee,, conversion) and
calculated values (E, AAG®) are listed in the Table S2. The average
uncertainty of AAG™ values is +0.03 kcalmol™".

In T—ees :|
E — |:1+ees/eep — (kcat/KM)fast (2)
1+eeg (kcat/KM)sIow
I T+ees /eep

AAG* = —RTInE (3)
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