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1. Introduction

Following the development of site-specific mutagenesis by
Michael Smith more than three decades ago,“] scientists have
at their disposal a molecular biological method with which
a given amino acid at a defined position of a protein can be
substituted by any one of the other 19 canonical representa-
tives.”) This technique has proven to be invaluable in the
study of enzyme mechanisms.*) The enormous progress
made in attempting to understand the intricacies of enzyme
mechanisms by using this technique coupled with an arsenal
of other experimental and computational methods developed
during the last few decades has shown that the “secrets”
behind these biocatalysts are more complex than originally
thought. In addition to clearing up the gross features of
a given enzyme mechanism, phenomena such as protein
dynamics and flexibility, electrostatic preorganization, tun-
neling, and allosteric effects need to be considered and
evaluated case by case.!l This makes the detailed interpreta-
tion and prediction of mutational effects difficult and, as
highlighted in this Essay, especially challenging if several
point mutations are introduced.

Amino acid exchange events are also at the heart of
protein engineering directed at improving the performance of
enzymes as catalysts in synthetic organic chemistry and
biotechnology, with increasing thermostability and stereose-
lectivity being of particular practical interest. Binding proper-
ties and expression rate can also be targeted. One option is
“rational design” based on site-specific mutagenesis, which
has proven to be successful in some cases,” but not in
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a general way with present-day theoretical and computational
techniques. The second option is directed evolution,”®® which
utilizes random or structure-based focused mutagenesis. It
involves repeating cycles of gene mutagenesis, expression,
and screening (or selection). The most often used gene
mutagenesis methods in directed evolution are the error-
prone polymerase chain reaction (epPCR, a “shotgun” tech-
nique),®™® saturation mutagenesis (a combinatorial struc-
ture-based rational approach),”®”' and DNA shuffling.[**€

Directed evolution can always be expected to provide
mutants (hits) with improved catalysis profiles. The degree of
improvement depends upon the amount of mutagenesis and
screening effort that the experimenter is willing to invest.
Various approaches for maximizing the quality of mutant
libraries and hence to reduce the screening effort (bottleneck
of directed evolution) have been developed.?>*¥ It is
currently impossible to predict how many point mutations
are required for a given task, which is likely to depend,
amongst other things, upon the mutagenesis method. Rational
design and evolution in the laboratory have also been
employed in an effort to understand and manipulate pro-
tein—protein interactions, an area of increasing impor-
tance.”' In these cases, multiple mutations on the surface
of the proteins are generally involved.

When attempting to understand the effect of mutational
changes on a molecular level, the interpretation or prediction
of a single mutation in a wild-type (WT) enzyme constitutes
the simplest case. If two or more point mutations are
introduced, the situation becomes considerably more com-
plicated, because the question of additivity or non-additivity
arises. Do the effects of two separate point mutations add up
mathematically when they are combined in a double mutant?
Or do they interact with one another in a non-additive
manner and cause either cooperative (positive) or antago-
nistic (negative) effects?

This Essay does not constitute a comprehensive treatment
of additive and non-additive mutational effects in proteins.
Instead, illustrative examples from the literature are used to
remind biochemists, molecular biologists, and biotechnolo-
gists of the need to focus on non-additivity as a challenging
problem in diverse areas of protein science. Emerging
structural insights regarding the origin of non-additive effects
as well as future challenges are also highlighted.

Angew. Chem. Int. Ed. 2013, 52, 2658 —2666



2. Early Examples of Additivity

Early mechanistic studies by the research groups of
Fersht,'! Wells,'"? Horovitz,[** Shortle,*> and others,'3!
in which two point mutations were introduced in WT enzymes
and then combined with formation of the double mutant,
pointed to the prevalence of additivity when addressing
enzyme activity or protein—protein interactions. However,
exceptions were noted. A typical example of additivity is the
case of the functional independence of two point mutations
influencing the activity of tyrosyl-tRNA synthetase, as
reported by Wells et al.l'”! Based on the work of Fersht and
co-workers,""! they proposed in 1990 a simple mathematical
expression describing such additive behavior in double-
mutant free-energy cycles [Eq. (1)].I""! Here, AAG xy, rep-

AAG(va) = AAG(X) + AAG(y) + AGI (1)

resents the experimental change in free energy upon going
from the WT to the double mutant (X,Y), while AAGx, and
AAG v, are the free-energy changes upon going from the WT
to the single mutants X and Y, respectively; AG; reflects the
interaction of the two point mutations in rare cases. It was
suggested that such non-additivity may occur when the side
chains of two residues are in close contact with one another or
when one or both of the point mutations cause a change in the
rate-limiting step or a switch in the reaction mechanism. The
results from several studies regarding the effect of mutational
changes on activity using five different enzymes clearly
pointed to additivity (Figure 1).*! The data chosen for the
construction of this correlation originated from point muta-
tions in which the distance between the respective amino acid
side chains exceeded the van der Waals contact (>4 A).

Two years later Mildvan et al. “dissected” the Fersht—
Wells Equation, and suggested a set of terms which include
additive effects, partially additive effects, synergistic effects,
antagonistic effects, or no effects.'*) Examples of all the cases
from the literature were considered, and led to the conclusion
that “additive effects are the easiest to interpret and are
commonly found, usually when the mutated residues are not in
molecular contact”. Later Mildvan introduced the concept of
“inverse thinking” for double mutant cycles of enzymes, in
which the parameters of the double mutant instead of those of
the WT enzyme are used as the reference point.['*?)
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Figure 1. Changes in transition-state stabilization energies for the
multiple mutant versus the sum of the component mutants."”! The
data represent mutants from subtilisin (m), tyrosyl-tRNA synthetase
(0), trypsin (0), DHFR (@), and glutathione reductase (A). The
dashed line has a slope of 1, and the solid line corresponds to the
best fit.

Following these early reports, further examples of muta-
tional additivity accumulated. For example, an unambiguous
case was reported by Skinner and Terwilliger in a 1996 study
entitled “Potential use of additivity of mutational effects in
simplifying protein engineering” ™ The influence of muta-
tions on the stability and DNA binding affinity of the gene V
protein (GVP) was systematically investigated, with all
mutants as well as WT GVP being characterized by X-ray
crystallography. Additivity as a consequence of separate
localized effects was found for the two unrelated parameters
(stability and DNA binding affinity). In 2000 Uchiyama and
co-workers published an analysis of certain local fitness
landscapes based on a rough Mt. Fuji-type model, with prolyl
endopeptidase and thermolysin serving as the enzymes."!
This study culminated in the conclusion that “current
biopolymers have statistical additivities”. The authors refer
to a number of supporting studies regarding additivity and
emphasize that “If experiments are performed focusing on
residues located at the surface of a protein and oriented
outwardly, the mutual interference between residues changed
as a result of multiple mutations must be small”.'® The
question whether this dogma remains valid today needs to be
addressed.

Scientists at Novozyme reported additive effects when
applying the consensus mutations concept to engineering
proteins with an enhanced thermostability,'”” as have Mag-
liery and co-workers in a related, more recent study.'”’
Additive effects have also been noted or assumed in other
studies."”**! Combining positive mutations in a successful
attempt to increase the thermostability of Bacillus lichen-
iformis is an example.'’””! We have discovered in a directed
evolution study that combining two positive mutations may
indeed provide improved variants, but not in all cases (less
than additivity)—which is an important finding.'¥ Perhaps
this kind of non-additivity is not routinely reported in directed
evolution studies because such results do not reflect practical
progress.
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In the 1990s, studies regarding additive versus non-
additive effects in protein engineering for the purpose of
understanding enzyme mechanisms in greater detail began to
appear.'™ An early example is reported to Fersht and co-
workers, who exploited double mutant cycles in their quest to
estimate engineered surface electrostatic interactions in the
ribonuclease from Bacillus amyloliquefacies (barnase)." Two
residues in an o helix on the enzyme surface, Asp12 (charged)
and Thr16 (polar), were mutated to Asp12Ala and Thr16Arg.
The change in the free energy of reversible urea-induced
unfolding relative to WT barnase for the three mutants was
measured at different salt concentrations. Non-additivity was
observed: for example, single mutant Asp12Ala (interaction
energy =0.43 kcalmol '),  single  mutant  Thrl6Arg
(—0.48 kcalmol '), and double mutant Aspl2Ala/Thr16Arg
(0.28 kcalmol ™).} Direct electrostatic interactions were
invoked to explain the results. Subsequently, the same
research group focused on protein—protein interactions by
studying double mutant cycles involving barnase and its
intracellular inhibitor barstar (a small protein)."” In this case
the coupling energy of two residues decreased as the distance
between them increased, with maximum cooperativity being
observed at distances less than 7 A.

Another prime example of non-additivity was provided by
the study of Benkovic and co-workers in 1995, who inves-
tigated the mutational changes in Escherichia coli dihydrofo-
late reductase (DHFR) and related these to the mechanism of
the enzyme.”” DHFR catalyzes the reduction of 7,8-dihy-
drofolate to 5,6,7-tetrahydrofolate using NADPH as a cofac-
tor. From earlier studies it was known that the folate binding
site is characterized by a 15 A deep cavity. It is lined with the
hydrophobic side chains of Leu28, Phe31, I1e50, and Leu54,
which were known to interact with the p-aminobenzoyl-L-
glutamate of folate. To shed light on the relationship between
the binding pocket and catalytic function, several mutants
were prepared by site-directed mutagenesis, including single
mutants [28Y and L54F, as well as all the theoretically
possible double mutants, including the combination L28Y/
L54F. It was noted that residues L28 and L54 reside on
different substructures at the active site and do not appear to
interact with one another.”! Three interrelated mutational
cycles were analyzed, which allowed the identification of
specific side-chain interactions in each catalytic step. As
a consequence of the relatively large spatial separation of the
respective side chains of residues 28 and 54 (ca. 8 A), additive
effects were expected for all parameters [AG,;=0in Eq. (1)].
At some points in the scheme, additivity or partial additivity
was in fact observed. However, significant non-additivity
reflecting cooperativity as well as antagonism were detected
in the thermodynamics of ligand binding and in the rate of
hydride transfer and product release.””’ Conformational
changes during the catalytic cycle were proposed. Although
synergistically favorable double mutations were not found,
the authors concluded that “with an enhanced knowledge of
the molecular origin of nonadditive effects, it may be possible
to optimize an approach to improve the enzyme’s efficiency by
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coupling mutations”.*™ While this goal has not been reached
to date, the statement points the direction in which to go,
namely to generate knowledge concerning the origin of non-
additivity, which will hopefully lead to some degree of
predictive power.

4. Examples of Mutational Non-Additivity in
Directed Evolution

The question of strict additivity, as opposed to a cooper-
ative or an antagonistic type of non-additivity, in directed
evolution has seldom been addressed. Most researchers focus
on obtaining improved enzymes for practical applications and
are less interested in time-consuming deconvolution exper-
iments.”>® My research group has found such extra efforts to
be rewarding because they reflect, for example, the efficiency
of a given mutagenesis strategy.”!! The bottleneck in directed
evolution is the screening step, which is the reason for the
increased interest in developing methods for the generation
of high-quality libraries, which require less screening.?*52!]
Our contribution in this regard is iterative saturation muta-
genesis (ISM),?? which led to the discovery of numerous
cases of non-additive effects in the directed evolution of
stereoselective lipases, epoxide hydrolases, enoate reductases,
Baeyer—Villiger monooxygenases, and P450 enzymes.®2!
Only a few representative examples of non-additivity from
our studies and from other research groups are presented
here, all of which uncover what initially appeared to be
puzzling results.

In a proof-of-principle investigation concerning the di-
rected evolution of enzyme stereoselectivity, the hydrolytic
kinetic resolution of the ester rac-1 using the lipase from
Pseudomonas aeruginosa (PAL) was studied [Eq. (2)].%V It is
characterized by the catalytic triad typical of lipases, Asp229,
His251, and Ser82, the latter adding nucleophilically to the
carbonyl function with rate-determining formation of the
short-lived tetrahedral oxyanion intermediate. WT PAL is
only slightly enantioselective in favor of (S)-2, with the
selectivity factor amounting to a mere E=1.2. Four succes-
sive cycles of epPCR provided a quadruple mutant with £ =
11. After testing various alternative mutagenesis strategies,
the combination of epPCR, saturation mutagenesis, and DNA
shuffling generated a superior mutant characterized by six
point mutations D20N/S53P/S155M/L162G/T1801/T234S,
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with high S enantioselectivity (E=51) being achieved.”"
Surprisingly, only one mutation, Leul62Gly, proved to be
near the binding pocket, while the other five were found on
the surface of PAL.

This concept was subsequently generalized by us and by
other research groups for the directed evolution of other
stereoselective enzymes, and provided a new approach to
generate catalysts for asymmetric transformations in organic
chemistry.?>*2!! However, a quantum and molecular mechan-
ics (QM/MM) study predicted that only two of the six point
mutations should be important for enhancing the stereose-
lectivity, namely S53P on the enzyme’s surface and L162G
aligning the binding pocket.” Indeed, the double mutant
S53P/L162G proved to be even more selective (E = 64). This
was a triumph of theory, but it also demonstrated that the
strategies based mainly on epPCR and DNA shuffling were
far from optimal, since four superfluous mutations accumu-
lated during the evolutionary process.

As a consequence of this study, we focused on method
development in directed evolution.®¥??2l Although not
anticipated at the time, ISM proved to be an ideal approach
to protein engineering which induces pronounced cooperative
effects operating between point mutations and sets of
mutations (non-additivity). Appropriate single or multiple
residue sites in an enzyme, comprising one or more amino
acid positions, are first randomized with formation of focused
libraries. The gene of a given hit is then used as a template for
performing saturation mutagenesis at the other sites, and the
process is continued until the desired degree of catalyst
improvement has been achieved. When addressing stereo- or
regioselectivity, activity, and/or substrate scope, sites lining or
near the binding pocket are chosen in a process originally
used in an unsystematic manner™ and later used more
systematically as a combinatorial active-site saturation test
(CAST).”*! This is a convenient acronym for a strategy
previously applied for tuning or reversing the enantioselecti-
vity,® increasing the activity, as well as controling the
regioselectivity.”! When aiming for thermostabilization, the
sites for ISM are chosen by focusing on those residues which
have the highest B factors (reflecting the degree of thermal
motion) in a process dubbed B-FIT (B-factor iterative
test).”” In both forms of ISM, the efficacy can be improved
even more by using reduced amino acid alphabets, which
minimizes the screening effort.["?!! Methods for reducing or
eliminating amino acid bias caused by the degeneracy of the
genetic code™! also help to reduce the amount of screening, as
do pooling techniques.®**% These techniques as well as
appropriate statistical analyses of the degree of necessary
oversampling,® especially the Nov approach,® are like-
wise of significant value in ISM studies.

It was essential to apply ISM to the lipase PAL,”® because
this allowed rigorous comparison with the earlier extensively
applied mutagenesis methods.! By using three CAST sites,
A (Metl6/Leul7), B (Leul59/Leul62), and C (Leu231/
Val232), and appropriately chosen reduced amino acid
alphabets while screening only small libraries along several
of the six theoretically possible ISM pathways, a highly active
and stereoselective triple mutant Metl6Ala/Leul7Phe/
Leul62Asn emerged along the trajectory B—A, which
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Figure 2. ISM scheme of the optimal pathway WT PAL—B—A .

showed a selectivity factor of E=2594 (S; Figure 2).”"! In
view of this excellent result, continuing to site C was not
necessary. The mutant is clearly superior to the previous best
hit produced by directed evolution obtained mainly by
epPCR and DNA shuffling,?"! while requiring significantly
less screening (10000 versus 50000 transformants).

The superior performance of ISM demonstrated in the
final PAL study was traced to strong cooperative epistatic
effects, as revealed by deconvolution.?! The first-round
mutant Leul62Asn showed very low stereoselectivity (E=
8), and even lower selectivity was observed by deconvoluting
the triple mutant and testing the double mutant Met16Ala/
Leul7Phe (E =2.6). Thus, the combined two sets of mutants
finally leading to E =594 interact in a strongly cooperative
non-additive manner to the extent of about 8kJmol .
Cooperativity is also reflected in rate data, as shown by the
kinetics of the favored reaction using (S)-1: Leul62Asn (K, =
56x107*M; ko =421x107°sY ko /K ,=752s"'M1);
Metl6Ala/Leul7/Phe (K, =22.0-107* M; kg =16.1x 107357
ko!Ky=73s"'M"); and Metl6Ala/Leul7Phe/Leul62Asn
(Ky=3.4x10"*m; ke =1374x107 s ke Ky =
4041 s~'M™'). The results also prove that superfluous muta-
tions are absent,” in contrast to the previous mutant
characterized by six point mutations.’®! Bickvall and co-
workers also observed non-additive effects on applying an
extremely condensed saturation mutagenesis library to the
directed evolution of the lipase CALA.""!

Insight into the source of non-additivity in the PAL study
was gained by performing molecular dynamics (MD) simu-
lations and docking experiments.’®! Mutation Leul62Asn
provides more space for the substrate to bind, primarily
because the side chain of asparagine is found as a rotamer in
which it “shifts” away from the binding pocket by forming
a hydrogen bond with Ser158 and His83. This means that, in
effect, Asn162 is a much smaller residue that Leul62, which is
characterized by a somewhat space-filling hydrophobic iso-
butyl side chain pointing into the binding pocket of WT PAL.
However, the creation of more space does not necessarily
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lead to higher activity and enhanced stereoselectivity. This is
where the mutational set Metl6Ala/Leul7Phe comes into
play. In the case of (S)-1, additional stabilization of the
oxyanion is induced by new hydrogen bonds originating from
His83 and Alal6, while Phel7 undergoes m,mt interactions
(Figure 3). These effects are not possible in the case of the
disfavored (R)-1 for steric reasons.”! Analyses of this kind
are necessary when striving to understand the origin of non-
additivity on a molecular level.

Ser158

Asn162

(S)1

bound to (R)1 _
Ser82 in bound to His251
productive Ser82 in non-

orientation productive

orientation
2 Asp229
Asp229

Figure 3. Comparison of oxyanion-stabilizing hydrogen bonds (green
lines) in PAL mutant Met16Ala/Leul7Phe/Leul62Asn. Left: in a pro-
ductive mode for (S)-1; right: in a nonproductive mode for (R)-1.2¢

We have consistently also found non-additivity when
applying ISM to other types of enzymes.[®*?!) This was also
observed by Bornscheuer and co-workers on applying CAST
to an esterase as a catalyst in the hydrolytic kinetic resolution
of racemic tertiary acetates.” The double mutant Glu188Trp/
Met193Cys led to S selectivity (E=64) in a particular case,
but the deconvolution led to a surprising result: Whereas
mutant Glul88Trp showed the expected moderate S selectiv-
ity (E =26), the other single mutant Met193Cys proved to be
Rselective (E=16)."! If the reverse process had been
relevant, namely, if the single mutants had been generated
separately, one would never have combined an S- and an R-
selective point mutation to achieve higher § selectivity!

Even more extreme is a puzzling observation made upon
deconvoluting the first-generation S,S-selective double mu-
tant Met32Leu/Leu35Phe of limonene epoxide hydrolase
(LEH) obtained by saturation mutagenesis; this enzyme acts
as a catalyst in the desymmetrization of cyclopentane oxide
45 [24% ee; Eq. 3].”! The two respective single mutants
Met32Leu and Leu35Phe were found to be R,R selective
(14% and 2% ee, respectively)! The cooperative interaction
between the two point mutations amounts to 2.0 kJmol ™. In
the case of a much better first-generation §,S-selective double
mutant, the respective deconvoluted single mutants are both
S,S-selective, but they communicate with each other in
a synergistic manner to the extent of 2 kJmol . In subsequent
ISM experiments, enantioselectivities of up to 93% ee were
achieved, and selectivities with other prochiral epoxides
reached 99% ee” A model was proposed to explain
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cooperative non-additivity on a molecular level.””! However,
it would have been difficult to predict such a behavior.

OH OH
<>O H,O <:’/ . R
LEH "y )
‘OH OH

a4 (RR)5 (S.5)-5

Livesay and co-workers have obtained new insight into
non-additivity within protein double-mutant free-energy
cycles with an emphasis on long-range effects.”” They
conclude that a statistically significant bias toward non-
additivity occurs whenever the two residues, although not in
direct contact, are located within the same rigid cluster,
whereas additivity can be expected when they are in different
clusters. It will be interesting to see whether this prediction
holds up as more data become available.

5. Non-Additive Mutational Effects as Revealed by
Fitness Landscapes

Directed evolution generally requires n cycles of muta-
genesis/expression/screening that lead to the accumulation of
n sets of mutations, with each set comprising one or more
point mutations.”™®2! With the exception of the initial set, the
separate catalytic performance of each of the subsequent sets
remains unknown unless deconvolution is performed. More-
over, systematic deconvolution by preparing and testing all
the combinations of mutational sets allows information
regarding additivity or non-additivity to be gained at all
stages of the evolutionary process. When, for example, five
successive rounds of mutagenesis are performed, then n=35,
and 5!=120 possible pathways from the WT to the final
originally evolved (best) mutant exist. The complete decon-
volution data enables the construction of a type of fitness
landscape which enables additive and non-additive effects
operating between all combinations of mutational sets at all
stages of a given pathway to be identified. We have described
this type of fitness landscape as being “constrained”, because
at each evolutionary stage new mutants are involved, but not
new point mutations. An early example was reported by
Weinreich etal.,, who considered a f-lactamase mutant
characterized by five point mutations previously obtained in
a stepwise manner by DNA shuffling, and constructed the 120
relevant pathways from the WT to the final mutant.!
Additive and non-additive effects on f-lactamase activity in
a selection system were identified. Of the 120 pathways, 102
were reported to be inaccessible because of the occurrence of
local minima, thereby leading the authors to conclude that
“few pathways in Darwinian evolution lead to fitter pro-
teins”

We have taken a different approach to constructing
“constrained” fitness landscapes, which likewise reveal muta-
tional additive as well as non-additive behavior. In the initial
ISM study concerning the evolution of stereoselective mu-
tants of the epoxide hydrolase from Aspergillus niger
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(ANEH) as catalysts in the hydrolytic kinetic resolution of
rac-6 [Eq. (4)], five CAST sites were considered in a five-step
upward climb.??! Whereas WT ANEH is only slightly S-
selective (E=4.6), the final mutant LW202 characterized by
five sets of point mutations led to a selectivity factor of E =
115 (S).

o Ho HO  OH 2
2 _)_/

PhO—'HA ANEH  ppo PhO—" @
rac-6 (S)y-7 (R)-6

In a follow-up study, systematic deconvolution of the five
sets of mutations obtained at the five CAST sites B, C, D, E,
and F (site A was not considered) allowed the construction of
120 pathways to link WT ANEH with the best variant LW202
(Figure 4).*2 None of the five sets of mutations proved to be
superfluous. Moreover, the majority (55) of pathways turned

Figure 4. Energy profile of the two types of pathways leading from WT
ANEH to mutant LW202 in the model reaction involving epoxide rac-6:
Energetically favored (green) as in the original B—C—D—F—E (path-
way 2) or D—-C—F—E—B (pathway 60) and disfavored (red) as in
E—C—F—D—B (pathway 84).t%

-2.5 1
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out to be energetically favorable, as they did not contain local
minima.

The experimental results allowed the free energy of
interaction AG*(i,j) between any two sets of mutations i and j
in any one of the 120 pathways to be calculated® [Eq. (5)],

AG*(ij) = AAG* (exp)—[AAG* (i) + AAG*(j)] (5)

where AAG*(exp) is the difference in the activation energy
between the two enantiomers obtained experimentally for the
binary combination, and AAG*(j) and AAG'(j) are the
experimental energies obtained for each set of mutants
separately. AG*(i,j) is a measure of cooperative effects
[AG*(i,j) < 0], of additive effects [AG*(i,j)=0 (no interac-
tion)], of partially additive effects [AG*(i,j) > 0 and | AAG*(i) |
and | AAG*(j) | <| AAG*(exp) |], or it is a measure of antag-
onistic effects [AG*(i,j) >0 and |AAG*(i)| or | AAG*(j)|> ]|
AAG*(exp) [].

The result of such a procedure is shown in Figure 5 for the
original trajectory B—C—D —F—E. It can be seen that non-
additive behavior pertains at all the evolutionary stages. For
example, mutational set D alone actually reduces the
enantioselectivity in an antagonistic manner, but in concert
with those at B, C, and F at stage BCDF results in more than
additivity. The other 119 pathways reveal similar non-additive
effects, which means that the sets of mutations interact with
one another, although the respective residues are not always
direct neighbors in the enzyme. Exact additivity is just one
point on a scale of many possibilities.

Application of Mildvan’s technique of “inverse think-
ing”" to the ANEH data likewise uncovered non-additive
effects.”” Non-additivity appears to play a crucial role in ISM,
which helps to explain its efficacy.”!! Unveiling how it
functions on a molecular level is a fascinating task, which
needs to be performed on a case by case basis by using

I AAGH, (first set of mutations)
[ AAG¥ (second set of mutations)
I AAGH, (third set of mutations)
-2.0 - |===1AAG (fourth set of mutations)
I AAGH, (fifth set of mutations)

Expected additive incr. (AMG¥; + AAGY; + AAGH, + AAGY, + AAGY,)
[ Experimantally found increment (AAG#,;)

-1.5 A

-1.0 A

AAGH* / kecal mol-1

0.5 A

0.0

AN NN NN NN EEE NN NN NSNS, S—

B BC

BCD BCDF BCDFE

combinations of sets of mutations

Figure 5. Thermodynamic cycle [Eq. (5)] for the interaction of the sets of mutations involved at every stage along the energetically favored pathway

B—C—D—F—EF

Angew. Chem. Int. Ed. 2013, 52, 2658 —2666

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

2663


http://www.angewandte.org

Ang‘dte
Essays

2664

biophysical methods in combination with QM/MM calcula-
tions.

The number of favored pathways identified in the ANEH
study® that lack local minima is different from that in the
Weinreich case.’!! The percentage of favorable trajectories is
likely to depend upon the mutagenesis method employed in
a given experimental setup and upon the particular enzyme.
We suggest that the experimenter can learn from natural
evolution, but that the reverse, namely the use of data from
laboratory evolution to make generalizations regarding true
Darwinian evolution in nature, is problematic, although not
impossible if performed carefully.

Even greater cooperative effects were encountered in a B-
FIT/ISM-based study of the heat stabilization of the lipase
from Bacillus subtilis.?**>3 Biophysical characterization of the
best mutants, including by protein NMR spectroscopy,
uncovered the factors contributing to the increased retention
of activity at high temperatures, which point to inhibition of
protein—protein interactions leading to undesired aggregation
and precipitation upon heating.* Cooperative long-range
interactions between point mutations on the surface of the
lipase mutants are in line with the dramatic non-additive
effects. !

Recently, we reported an “unconstrained” system by using
ANEH and the same model reaction in which all 4! =24
pathways of a four-site ISM system were explored.’*! This
allowed amino acid exchange events at every stage, as defined
by the applied codon degeneracy (reduced amino acid
alphabet). We found the majority of trajectories to be
energetically favorable (16 of the 24), with no local minima.
In the case of the eight disfavored pathways, it was possible to
escape from local minima by choosing an inferior mutant in
the respective library as a template for continuing the upward
climb.® Failing to find an improved mutant in a given library
traditionally forces the experimenter to increase the size of
the library, to end the search, or to try a different mutagenesis
strategy.”>® Our study shows that it might well be useful in
such cases to utilize deleterious mutations as stepping
stones,*! the success of which is probably due to cooperative
effects (non-additivity). Neutral drift® and/or the Eigen-
Schuster concept of quasi species,* as invoked by Mannervik
and co-workersP®”! in other directed evolution studies, may
well involve non-additive effects.*!

5. Conclusions and Perspectives

This Essay is not meant to be a comprehensive treatment
of additivity or non-additivity in protein engineering studies.
Rather, its purpose is to point out the crucial role of non-
additivity in protein engineering, with the analysis being
based on a select number of examples from the literature. It is
hoped that a deeper awareness of the importance of non-
additive effects in the entire field of protein research will
emerge. If additivity were to be universal, it would be easier
(although not trivial) to develop a general theory of func-
tional proteins as part of a linear system. However, the
increasing number of cases describing non-additivity shows
that proteins are more complicated than one might wish to
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assume. Making reliable predictions in such nonlinear re-
gimes is difficult. It is also not fully clear whether true
Darwinian evolution in nature utilizes non-additive effects,
although it is likely. Evolutionary biologists have recently
demonstrated that epistasis, not just adaptation, is a major
factor in molecular evolution.”!

Directed evolution provides an ideal tool for studying
non-additive effects. Hopefully, scientists employing this form
of protein engineering in future research will invest more time
and effort in uncovering potential non-additivity, as revealed
by deconvolution studies of the type featured in this
Essay.?!%2%334 With the emergence of more data coupled
with detailed biophysical characterization of all mutants
appearing in an upward evolutionary climb as well as QM/
MM analyses, it will be possible to deepen our understanding
of non-additivity on a molecular level. This will also increase
our knowledge of functional proteins, and ultimately lead to
more efficient rational design. Unveiling cooperative or
antagonistic mutational effects as a function of the muta-
genesis method and strategy also helps to assess the viability
and efficacy of the different approaches currently known for
protein tuning.™%2! terative saturation mutagenesis (ISM)
has emerged as a particularly efficient approach, in which
cooperative non-additivity plays a crucial role, with the
probability of such effects being high when this method is
applied.”! Tt will be interesting to see whether de novo
computational design of enzymes can be extended to include
such cooperative mutational effects.”>* One possibility
would be to subject such enzymes to further tuning by
applying ISM. Harnessing the full power of non-additivity in
protein engineering®! continues to be a rewarding goal from
a mechanistic, theoretical, and practical viewpoint.
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