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The traditional view of enzymes as being composed of dense
networks of amino acids that interact locally is widely
accepted, yet it is incomplete.[1] Recent research has shown
that protein function is also influenced substantially by
nonlocal, long-range interactions between residues in a
communicating amino acid network.[1,2] It is not a trivial
task to identify the precise nature of this phenomenon on a
molecular level, but it has in fact been postulated in some
enzyme-catalyzed processes,[3] in allosteric regulation of
proteins,[1, 4] and in information transfer between distal func-
tional surfaces on signaling proteins.[5] Distal effects have
been noted in some directed-evolution studies,[6] although
their role in putative amino acid networks has not been the
focus of interest. Efficiency in laboratory evolution[6, 7] may
well depend on the occurrence of such interacting residues in
an amino acid network, because this would maximize the
probability of cooperative effects. Can laboratory evolution
create new amino acid networks by forming communicating
links between distal residues? Here we show that this is
indeed possible, specifically in the thermostabilization of an
enzyme.

We recently developed iterative saturation mutagenesis
(ISM) as an expedient method for rapid laboratory evolution;
the enzyme properties that can be handled successfully are
enantioselectivity, substrate scope, and thermostability.[8]

Appropriately chosen sites (A, B, C, etc.), each comprising
one or more amino acid positions, are subjected to saturation
mutagenesis/screening in an iterative manner. In the case of
thermostabilization, those residues are chosen which have the
highest average B-factor (B-FIT method)[9] corresponding to
flexible sites.[10] In a case study[9] involving the lipase from
Bacillus subtilis (LipA),[11] eight such sites (A–H) were chosen
for saturation mutagenesis; all of them (except Tyr139 at
site F) are loop residues on the surface of the enzyme,
spatially remote from one another. A five-step iterative
pathway, E!EG!EGF!EGFD!EGFDB, led to the evo-
lution of a hyperthermophilic mutant XI, characterized by

five point mutations Met134Asp (site E), Ile157Met (site G),
Tyr139Cys (site F), Lys112Asp (site D), and Arg33Gly
(site B), which accumulated stepwise in this order. The T50

60

value[10] increased from 48 8C to 93 8C, an unprecedented
increase in thermostability, which required the screening of
only 8000 transformants.[9] Mutant XI shows essentially
identical activity and enantioselectivity at room temperature
as the wild-type (WT) LipA.

In order to gain insight into the iterative process, which
would explain the efficacy of the method, a special deconvo-
lution strategy[12] was applied to mutant XI. We envisioned
the experimental construction of a fitness-pathway landscape
comprising 5! = 120 pathways leading from WT LipA to
mutant XI, without introducing any new amino acid substi-
tutions. This would not only reveal the number of favored
pathways (lacking undesired local minima) in a defined
segment of protein sequence space, it would also allow us to
analyze all epistatic interactions[13] between any two point
mutations and between all possible sets of point mutations as
defined by additive, partially additive, cooperative, or antag-
onistic effects. Cooperativity between distal residues would
signal the possible existence of structurally coupled residues
in an amino acid network. Using conventional site-specific
mutagenesis, we first prepared 26 new mutants as outlined in
Figure 1. Variants corresponding to E, EG, EGF, and EGFD
in addition to the WT and the final variant XI (i.e., EGFDB)
were already available as described in the original study.[9]

Since the five point mutations and the thermostability
data constitute six parameters, a six-dimensional surface
would be required to describe the experimental results, which
is difficult to represent graphically. Therefore, the graphics
were simplified by stacking the five evolutionary stages of all
120 trajectories linking the WT LipA with mutant XI. The

Figure 1. The 30 possible mutants as intermediate stages between the
WT LipA and enzyme variant XI (corresponding to EGFDB) based on
the use of the five point mutations. The connecting lines indicate the
original trajectory E!EG!EGF!EGFD!EGFDB, which is one of the
120 possible pathways.
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result of this procedure is shown in Figure 2, which reveals
two types of trajectories, favored pathways (green) lacking
local minima and disfavored pathways (red) characterized by
the occurrence of at least one local minimum. Detailed

analysis including data of all trajectories (see Figure S1 in the
Supporting Information) points to the presence of 40 favored
pathways, which is a notably high number considering the fact
that no additional amino acid substitutions are allowed in the
deconvolution process. The other 80 trajectories linking
WT LipA with mutant XI contain local minima; backtracking
puts the evolutionary process back on a positive track.

In order to analyze quantitatively all epistatic interac-
tions[13] between two point mutations (i and j) at every stage of
a given trajectory in terms of additive, less than additive,
antagonistic, or cooperative (synergistic) effects, we utilized
Equation (1),

DTij ¼ DTexp�ðDTi þ DTjÞ ð1Þ

where DTexp is the experimentally observed difference in T50
15

values, and DTi and DTj refer to the experimentally observed
changes in T50

15 values caused by each mutant separately.
Thus, the values of DTij indicate either cooperative effects
(DTij> 0), additive effects meaning no interaction (DTij = 0),
partially additive effects (DTij< 0) and [(DTi and DTj)<
DTexp], or they signal antagonistic effects (DTij< 0) and
[(DTi or DTj)>DTexp].

We first focus on the analysis of the original pathway E!
EG!EGF!EGFD!EGFDB (trajectory 1). Figure 3 shows
that the interactions among the point mutations are essen-
tially additive at the first two steps of the evolutionary process
(EG and EGF), and that cooperativity prevails thereafter,
reaching a dramatic stage at EGFDB. The structural change
at site B is characterized by the point mutation Arg33Gly,
which when introduced alone in the WT causes only a minute
improvement in thermostability. Moreover, the point muta-
tions introduced at the other sites, E, G, and F, likewise induce
only small improvements in thermostability, and the single
point mutation at site D actually has an antagonistic influ-
ence. In combination with the first four point mutations,
however, the introduction of glycine at position 33 orches-

trates pronounced cooperativity in what can be called a “zip
effect” suggesting the creation of a structurally coupled amino
acid network. Here and in all other pathways the mutations in
the initial steps lead to small increases in thermostability
relative to the final improvement, reminiscent of a neutral
drift.[14] Clearly, none of the point mutations are superfluous;
this also pertains to the other 39 favored pathways, indicating
high efficiency of the B-FIT approach. It should be pointed
out that in some previous protein-engineering studies regard-
ing thermostabilization, additive and nonadditive effects,[13]

especially in double-mutant cycles, have been postulated on
the basis of partial deconvolution,[6, 10,11b, 15] but deep-seated
analyses of the type exemplified in Figure 3 were not
performed.

Using the experimental results (see Tables S2 and S3 in
the Supporting Information), it is possible to analyze all 120
pathways in a similar manner. In seven other favored
trajectories the last step likewise involves the mutation
Arg33Gly, which again results in a sudden increase in
thermostability (see Table S4 in the Supporting Information).
The introduction of glycine may come as a surprise because
this amino acid is generally considered to increase flexibility.
However, the B-FIT approach is simply a guide for choosing
appropriate sites for amino acid randomization. It does not
mean that the B-factor at such a site will necessarily decrease,
nor does it mean that this is the only place in the enzyme at
which rigidity/flexibility may change as a result of a point
mutation. It is tempting to speculate that the flexibility of
glycine actually makes the zip effect possible. However, in the
final step of the 40 favored trajectories, seven involve site F
(Tyr139Cys), fifteen involve site D (Lys112Asp), and ten
involve site G (Ile157Met), whereas the mutation at site E
(Met134Asp) never occurs at the terminus of the five-step
process in a favored pathway (see Table S4 in the Supporting
Information). Epistatic interactions in all permutationally
possible double, triple, and quadruple mutants were also
analyzed (see Figures S2–S4 in the Supporting Information).

Figure 2. Fitness-pathway landscape featuring the 120 trajectories
leading from the WT Lip A to the thermostabilized mutant XI. A typical
favored pathway is featured in green (number 1), a typical disfavored
pathway in red (number 107).

Figure 3. Epistatic interactions among the point mutations according
to Equation (1) at every stage along the original favored pathway E!
EG!EGF!EGFD!EGFDB (trajectory 1).
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None of them constitute mutants that have a higher thermo-
stability than variant XI, and all of them show notable
cooperative effects.

The analysis of disfavored pathways is also informative;
pathway 107 serves as a typical example (see Figure S5 in the
Supporting Information). In these cases, local minima occur,
caused most often by antagonistic effects operating between
certain point mutations or sets of point mutations. Further
combinations along the evolutionary pathway completely
purge any negative epistatic effects by inducing strong
cooperativity between distal residues. In other cases of a
local minimum, the cooperative effect at one stage is higher
than in the step that follows. Escaping from a local minimum
is possible by backtracking, i.e., by going back one or two
stages, which puts the evolutionary process back on a favored
trajectory.

Unveiling the reason(s) for the pronounced cooperative
effects on a molecular level would throw light on the nature of
the postulated amino acid network, but this is a challenging
task that requires further experimentation including X-ray
structural and NMR analyses of LipA and mutant XI. At this
point we report the results of molecular dynamics (MD)
calculations of three forms of the enzyme, namely the
WT LipA, the second-to-last mutant EGFD, and the final
mutant XI (EGFDB) occurring in the original pathway (E!
EG!EGF!EGFD!EGFDB). The simulations provide
some insightful information. We used the OPLS-AA/TIP3P
force field with the Desmond program.[16] All simulations
were run during 2 ns with a recording interval of 1.2 ps (see
the Supporting Information for more details and analyses).
After simulation equilibration, different conformers (in
ensembles) were selected along the trajectories, then hydro-
gen-bonding correlation plots derived from each of them
were constructed.[17] These plots are useful tools for analyzing
tertiary hydrogen-bond networks and for illuminating the
principal differences amongst the WT LipA and the mutants
(see Figure S6 in the Supporting Information).

The results point to an intriguing phenomenon, namely
that mutant XI is characterized by a new hydrogen-bond
network on the surface in the form of a continuous surface
band, connecting most of the flexible loops present in the
WT LipA. Surprisingly, only one of the five point mutations
participate directly in this network, while essentially all
surface H bonds in the WT are retained in the best mutant XI
(for clarity this is not shown in the Figures).

Figure 4 shows the whole backbone structure of the
WT LipA and the second-to-last mutant EGFD, featuring
several small and isolated H-bond regions, which in the final
mutant XI become part of the extensive and fully linked
amino acid network characterized by H bonds and salt
bridges (Figure 4). This means that the last point mutation
at site B (Arg33Gly) in the original pathway induces exten-
sive structural coupling of distal residues, which we interpret
as the origin of the zip effect.

In the analysis that follows (see also Figure S7 in the
Supporting Information for a schematic topology diagram),
we consider for easy reading Asp118 as the beginning of the
connecting band and proceed stepwise to the other end. It
becomes clear that the new H bonds in mutant XI connect in

the first segment of the network the loops harboring Leu102–
Ile123 and Gly67–Val71, the N terminus, and the loop
containing Val27–Lys35. This segment includes the following
H bonds: Asp118/Lys70, Lys70/Asn4, and His3/Ser32 (see

Figure 4. Crucial hydrogen bonds and salt bridges in a) WT LipA,
b) second-to-last mutant EGFD, and c) mutant XI (EGFDB), which
features an extended network of hydrogen bonds and salt bridges in
structurally coupled residues (see text).
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Figure S8 d in the Supporting Information). According to the
MD equilibration, WT LipA and mutant EGFD have only
the Asp118/Lys70 interaction, but not the Lys70/Asn4 or
His3/Ser32 interactions (see Figure S8 a and Table S5 in the
Supporting Information). This introduces a higher degree of
rigidity of the respective structural segments, leading to
enhanced thermostability. This conclusion is corroborated by
the RMSD (root mean square deviation) values calculated for
the loops and the N terminus. Going forward along the H-
bond network, loop Val27–Lys35 and the aF helix (see
Figure S8 d in the Supporting Information) are linked through
the H bonding of Gln29/Lys170, again a connection that is
absent in WT LipA and with a very low frequency in the
second-to-last mutant EGFD. The subsequent H bonds go
through the a helix leading up to Tyr161. The H bond Tyr161/
Asn18 connects this rigid a helix with the loop His10–Phe19
(see Figure S8 e in the Supporting Information). WT LipA
does not show any H-bond connection in this segment, and
such connections in mutant EGFD appear in only a few
conformers. Going “forward” in the band, loop His10–Phe19,
loop Asp40–Asn51 and the aC helix are linked through a
continuous H-bond system which includes Asn18, Ala15,
Gly13, Lys44, Asp43, and Asn82 (see Figure S8e in the
Supporting Information). Finally, the H bond Lys88/Thr109
connects the aC helix with the loop Leu102–Ile123, which
themselves follow additional H bonds linking this last loop
with loop Ser132–Ala146 (see Figure S8 f in the Supporting
Information). The latter comes about through the H bond of
Arg107/Cys139, and simultaneously through Arg107 and
Gly111, which form H bonds with the side-chain and back-
bone nitrogen of Asp144, respectively. Another H bond
participating in the surface network of this segment is
Met137/Ser141. Structurally, the previously described seg-
ment in mutant XI appears to be almost the same as that in
the mutant EGFD. It differs from that of WT LipA in which
the H bonds Arg107/Cys139 (in WT LipA corresponding to
Arg107/Tyr139) and Met137/Ser141 are absent.

Only the point mutation at site F (Tyr139Cys) participates
directly in the newly created H-bond network. This surprising
result serves as a warning in the interpretion of results of
directed evolution studies because focusing solely on the
actual point mutations may blend out important structural
manifestations occurring elsewhere. In addition to the
previous effects, the MD calculations suggest that every
mutation induces slight side-chain conformational changes in
the vicinity, which assist the ultimate networking in the last
step of the evolutionary process. Mutation Arg33Gly (site B)
is involved in connecting loop Gly67–Val71, the N terminus,
loop Val27–Lys35, and the aF helix. Mutations at sites D, F,
and E contribute cooperatively to make a more intricate H-
bond connections in last segment of the H-bond network,
including new H bonds such as Arg107/Cys139 and Met137/
Ser141, which stabilize and connect the aC helix, loop
Leu102–Ile123, and loop Ser132–Ala146. Mutation at site G
seems to induce the formation of the H bond Asn18/Tyr161
through hydrophobic interaction with Leu160; this affects
positioning of Tyr161 or restricts directly the motion of
Asn18. This H bond connects the aF helix and the loop
His10–Phe19. For additional comments see the Supporting

Information; for details regarding the distance between donor
and acceptor atoms of H bonds in the network see Figure S9
in the Supporting Information).

Finally, we have performed packing density calculations[18]

which predict, inter alia, higher packing densities at the C-
and N-terminal segments of mutant XI relative to those of
mutant EGFD (see Packing Density Calculations in the
Supporting Information). It is likely that this phenomenon
likewise contributes to the enormously high thermostability
of this mutant enzyme.

This discussion does not cover all features of the amino
acid network, nor do we address all effects that may possibly
be operating on a molecular level.[10, 11b] For example, in a
study regarding the thermostabilization of LipA based on
epPCR, which led to very different point mutations, Sankar-
anarayanan, Rao, and co-workers postulated stacking of
tyrosines, peptide plane flipping and other subtle effects.[11b]

Suffice it to say that the zip effect in our study includes
cooperative interactions in long-range as well as local
communication. Other factors yet to be studied may also
play a role; for example, the structural changes brought about
on the surface by the long-range cooperative effects may well
influence the way the enzyme interacts with the environment
(water, protein–protein interactions, etc.).

In conclusion, we have applied a systematic deconvolution
strategy which allows the analysis of epistatic effects operat-
ing between the evolved five point mutations and between all
combinations thereof at all stages of a five-step evolutionary
process based on the B-FIT method,[9] in which the thermo-
stability of the lipase from Bacillus subtilis (LipA) was
increased by 45 8C. We also constructed the fitness-pathway
landscape featuring 120 pathways leading from the WT LipA
to the thermostabilized mutant XI, and likewise analyzed the
respective epistatic interactions. The crucial lesson learned
from the detailed analyses is the realization of pronounced
cooperative effects between distal residues, especially in the
final step of the evolutionary process. MD simulations point
to the stepwise formation of an extensive H-bond/salt-bridge
network of structurally coupled residues on the surface of the
enzyme. All five point mutations are necessary for high
thermostability, yet only one of them participates directly in
the extended network. At this point it is not certain whether
the zip effect will always accompany B-FIT studies, although
cooperative effects can be expected. In future protein
engineering research, the laboratory evolution and identifi-
cation of structural and functional amino acid networks as
described herein deserves increased attention.
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