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Abstract

Understanding how novel functions evolve (genetic adaptation) is a critical goal of evolutionary biology. Among asexual
organisms, genetic adaptation involves multiple mutations that frequently interact in a non-linear fashion (epistasis). Non-
linear interactions pose a formidable challenge for the computational prediction of mutation effects. Here we use the recent
evolution of B-lactamase under antibiotic selection as a model for genetic adaptation. We build a network of coevolving
residues (possible functional interactions), in which nodes are mutant residue positions and links represent two positions
found mutated together in the same sequence. Most often these pairs occur in the setting of more complex mutants.
Focusing on extended-spectrum resistant sequences, we use network-theoretical tools to identify triple mutant trajectories
of likely special significance for adaptation. We extrapolate evolutionary paths (n=3) that increase resistance and that are
longer than the units used to build the network (n = 2). These paths consist of a limited number of residue positions and are
enriched for known triple mutant combinations that increase cefotaxime resistance. We find that the pairs of residues used
to build the network frequently decrease resistance compared to their corresponding singlets. This is a surprising result,
given that their coevolution suggests a selective advantage. Thus, B-lactamase adaptation is highly epistatic. Our method
can identify triplets that increase resistance despite the underlying rugged fitness landscape and has the unique ability to
make predictions by placing each mutant residue position in its functional context. Our approach requires only sequence
information, sufficient genetic diversity, and discrete selective pressures. Thus, it can be used to analyze recent evolutionary
events, where coevolution analysis methods that use phylogeny or statistical coupling are not possible. Improving our
ability to assess evolutionary trajectories will help predict the evolution of clinically relevant genes and aid in protein design.
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Introduction

Evolutionary biology seeks to understand how proteins rapidly
evolve novel functions and adapt to new environments, while
retaining their functional specificity [1-4]. Improved understand-
ing of the genetic basis of adaptive evolution should help anticipate
the functional impact of mutations, which has critical clinical and
biotechnological implications [2,3,5].

It has been noted that for a given protein target under selective
pressure, the contribution of individual amino acid substitutions to
adaptation is highly variable [1,4]. A few residues have a large
impact on increasing fitness under selective conditions, whereas
the contribution of most residues is more modest [6]. The
difference between these two classes of mutations cannot always be
explained only by properties of the specific sites: The impact of
mutations is context-dependent and reflects a complex network of
interactions between multiple residues within a protein [1,4,7].

Bacterial B-lactamases, enzymes that break up the functional
ring of B-lactam antibiotics, are a good model system for the study
of genetic adaptation. The reason is that acquisition of resistance
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to inhibitors and newer B-lactam antibiotics [7,8] requires only a
small number of mutations. This is also a system where the
impacts of individual mutations on adaptive fitness can be readily
assessed.

Since the discovery of a B-lactamase known as TEM-1 in 1963,
over 170 mutants have been identified in clinical environments, in
addition to dozens more described in laboratory evolution
experiments (reviewed in [9]). Here we compiled a comprehensive
database of clinically or experimentally derived TEM-1 f-
lactamase mutant sequences. Our assumption is that the majority
of mutations within these mutants involve a degree of positive
selection, and that coevolution of two given residue positions
points to a functional interaction between them. We generated a
graphic representation of these genetic interactions an
undirected network of mutated residue positions, in which edges
are weighted based on co-occurrence frequency relative to the
frequency of the constituent single mutations. We found that this
network segregates mutant positions according to known selective
pressures, namely broad-spectrum, extended-spectrum and inhib-
itor resistance.
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Author Summary

Understanding how new biological activities evolve on the
molecular level has critical implications for biotechnology
and for human health. Here we collect a database of
mutations that contribute to the evolution of -lactamase
resistance to inhibitors and to new f-lactam antibiotics in
bacterial pathogens, such as Escherichia coli. We compiled
a database of TEM B-lactamase sequences evolved under
antibiotic pressure and identified functional interactions
between individual residue positions. We visualized these
complex molecular interactions as a network and used
network theory to derive information regarding the origin
of individual mutations and their contribution to the
observed resistance. Our approach should help interpret
sequence databases for clinically relevant proteins under-
going high mutation rates and under selective (drug,
immune) pressure, such as surface proteins of pathogens
(particularly of RNA viruses such as HIV) or targets for
chemotherapy in microbial pathogen or tumor cells.
Notably, our approach only requires sequence data;
detailed phylogenetic or tertiary structure information for
the target gene is not necessary. Our analysis of how
individual mutations work together to produce new
biological activities should help anticipate evolution driven
by a variety of clinically-relevant selections such as drug
resistance, virulence, and immunity.

We then focused on a network model of mutant positions
mvolved in extended-spectrum resistance, which is the best-
represented resistance phenotype class in our TEM mutant
sequence database. We reasoned that generating adaptive
evolutionary trajectories involves assembling combinations of
mutations that fulfill the specific functional milestones required
for genetic adaptation. If we assume that every mutant position
represents a potential functional milestone, adaptation involves
information transfer across the network. We focused on the most
experimentally tractable evolutionary trajectories (trajectories
involving three mutations) and identified mutation paths that
facilitate the transfer of information across the network as paths of
likely special significance for adaptation. The particular signifi-
cance of these evolutionary trajectories identified by our analysis is
demonstrated because they frequently increase protection over
constituent double mutation pairs. Even though most of these
trajectories had been previously described, our ability to identify
them implies that our analysis has predictive value because it had
no information about the original sequence context of the co-
occurring pairs of mutations.

Our network approach attempts to maximize the amount of
genetic information that can be derived from sequences, in the
setting of rapid evolution under defined selective pressures, such as
drug resistance, virulence, or immune evasion. Detailed phyloge-
netic or structural information is not required for our method in its
current form, but our approach is amenable to the incorporation
of biophysical, tertiary structure, and phylogeny variables.

Results

In order to study how new biochemical activities arise during
evolution, we compiled a database of TEM mutant sequences that
have evolved under antibiotic selective pressure. Our database
includes clinical (n =144 [10,11]) and laboratory evolved (n =217
[12—-26]) sequences. This database of TEM B-lactamase mutants is
available in Tables S1 and S2 (annotated amino acid residue
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substitutions) and in Datasets S1-S8 (FASTA sequences and
references).

Mutations within TEM B-lactamase sequences can be grouped into
the following three phenotypic classes, corresponding to specific
functional selections: mutations associated with resistance to penicillins
and some earlier generation cephalosporins (broad-spectrum resis-
tance or Class 2b), mutations conferring resistance to later generations
of cephalosporins and monobactams (extended-spectrum resistance or
Class 2be), and mutations that make P-lactamases resistant to
inhibitors (inhibitor resistance or Class 2br) [27].

Our first assumption was that a majority of mutations present in our
database would have undergone a degree of positive selection. This
assumption was based on the fact that the rapid evolution of B-
lactamases in recent years has been linked with the widespread use of
antibiotics [28,29]. Also, a concordance between clinical and
experimental B-lactamase evolution has been established [9]. PAML
(codeml) analysis [30] of the naturally occurring sequences, further
supports our assumption by showing enrichment of non-synonymous
vs. synonymous mutations (0>>1) in most residue positions (T'able S3).

Our second hypothesis was that co-occurrence of pairs of mutated
residue positions within the same sequence 1s indicative of a functional
relationship between these positions. We constructed an undirected,
weighted network representation of co-occurring residue pairs in order
to map out potential functional interactions underlying the evolution of
B-lactamase under antibiotic selective pressure. In this network model
(shown in Figures 1 and 2), mutated residue positions are represented
as nodes. Links connect pairs of nodes corresponding to residue pairs
observed to be co-mutated in at least one TEM sequence. In order to
give an idea of how important each residue node is for the network,
node size is proportional to weighted degree centrality, which shows
how well a node is connected to its neighbors and how many neighbors
it has (Methods). To indicate the potential strength of the interaction,
links within our network are weighted in proportion to the number of
residue pair co-occurrence events. Epistatic information is implicitly
mcorporated into link weights, through a normalization factor
comparing the frequency of a given mutated position pair with the
frequency of the corresponding individual mutations at the two
positions (Methods).

The TEM coevolution network is scale-free and modular

The weighted degree distribution of the network, ze. the
aggregate weight of the links incident on each individual node,
reveals overall few highly connected nodes, with a majority of
nodes exhibiting low connectivity (Figure S1).

The TEM coevolution network also has a modular structure, with a
modularity score [31] Q =0.522, where 0=Q=1.0; This modularity
occurs at two levels: at a broad (community) level and at a narrower
(subcommunity) level (Figures 1 and 2). The Clauset community-
finding algorithm [31] (Methods) identified three major network
communities (Figure 1). We found a clear correspondence between
cach of these communities and ecach of the B-lactamase phenotype
classes defined by Bush and Jacobi [27]: 1) broad-spectrum antibiotic,
2) extended-spectrum antibiotic, and 3) inhibitor resistance. The
broad-spectrum antibiotic community includes mutations previously
reported as nearly neutral or as preserving the parental TEM-1
phenotype, since catalytic efficiency for broad-spectrum B-lactams has
evolved to “perfection” in TEM-1 [32]. The extended-spectrum
community contains mutations at eight positions that are known to
extend the substrate spectrum of the enzyme: 39, 51, 104, 164, 173,
237, 238, 240 [9,17,19,21,24,3341], as well as four stabilizing
mutations: 153, 182, 224, 268 [9,25,39,41-43]. Likewise, the inhibitor
community contains five positions known to confer inhibitor
resistance: 69, 165, 244, 275, 276 [9,13,4449] and three enhancer
stabilizing mutations: 147, 201, 275 [9,25,43,45,50-52].
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Figure 1. The TEM coevolution network and its communities. The network was constructed based on frequencies of co-occurring mutated
residue positions in 363 mutant TEM fB-lactamase sequences. Node size is proportional to how well connected a node is to its neighbors and how
many neighbors it has (weighted degree centrality, Methods). Link thickness is proportional to the number of sequences in our database in which
both positions are mutated, normalized by the number of sequences in which only one or the other position is mutated (Methods). Node (residue)
numbers are shown in Ambler notation. The Clauset community-finding algorithm [31] identified three major communities, corresponding to three
Bush-Jacobi B-lactamase phenotype classes: broad-spectrum antibiotic resistance or 2b (gray), extended-spectrum antibiotic resistance or 2be (blue)
and inhibitor resistance or 2br (orange). Mutated positions with phenotypic effects documented in [9]: extended-spectrum resistance 51, 173, 237,
240, 39, 164, 104, 238, 153, 265, 92, 224; inhibitor resistance 165, 69, 275, 276, 244, 201; inhibitor and extended-spectrum resistance: 182, 268. Image

created with CytoScape [78].
doi:10.1371/journal.pcbi.1002184.g001

On a narrower level, within the two adaptive community
networks (the extended-spectrum and inhibitor-resistant commu-
nity networks), we found subcommunities, ze. subnetworks of
densely connected nodes. These subcommunities likely represent
parallel strategies of adaptation within a community’s phenotype
class, namely trajectories leading to different local maxima within
the fitness landscape (Discussion).

Functional information within the 2be community
network

We reasoned that by analyzing the connectivity of the TEM -
lactamase coevolution network, we could extract functional
information about amino acid residue positions in this enzyme.
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We focused our analysis on the extended-spectrum community,
which is the adaptive community network based on the largest
number of available mutant sequences.

We used the occurrence count of mutations at a given position
as an indication of functional importance for extended-spectrum
B-lactamase resistance (Table 1, column 2) and compared these
counts with two well-established network centrality metrics: the
degree and the node betweenness centrality ranks (Table 1,
columns 3, 4). The degree centrality rank is an indication of how
well connected a node is to its neighbors and how many neighbors
it has (Methods). Node betweenness centrality can be interpreted
as a measure of information flow through a given node from the
entire community. All the frequent mutant positions (n>10)
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Figure 2. The TEM extended-spectrum community network and its two subcommunities. The network was constructed in the same way
as Figure 1, but here we only used sequences associated with extended-spectrum antibiotic resistance. We identified two large subcommunities, the
first containing the active-site residue 238 (light-blue), and the second containing the active-site residue 164 (dark-blue). Node size is proportional to
how well connected a node is to its neighbors and how many neighbors it has (weighted degree centrality, Methods). Link thickness indicates how
frequently two residues (nodes) are mutated in the same sequence, normalized by the number of sequences in which only one or the other position

is mutated (Methods). Image created with CytoScape [78].
doi:10.1371/journal.pcbi.1002184.g002

ranked high by both metrics, suggesting that node centralities in
the network are good indicators of the corresponding residue
functional relevance for extended-spectrum p-lactamase resis-
tance. However, the sensitivity of the metrics is revealed in the less
frequently mutated positions such as 120, 51, and 268, as these
would not have been predicted to have a high functional impact
based on frequency alone. Within this category, node betweenness
centrality ranks tend to be higher than node degree ranks,
suggesting that node betweenness centrality is a more sensitive
metric for assessing the functionality of individual nodes within the
network.
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Using the network to identify evolutionary trajectories of
potential special significance for adaptation

Each link in the TEM coevolution network represents a
potential step within an adaptive evolutionary trajectory.
Although, by construction, all two-node paths have been seen in
natural or laboratory evolution, by defining longer paths within
the network, we should be able to derive evolutionary trajectories
consisting of more than two mutations. We chose to analyze two-
edge (three-node) shortest paths, each of which represents an
evolutionary trajectory that produces a triple mutant sequence,
because they are the most tractable to enumerate and explore.
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Our hypothesis was that adaptive evolution often involves
discrete steps in the form of functional modifications: improved
active site fit to a new substrate, suitable chemical environment in
the active site, increased thermodynamic stability, etc. Therefore,
adaptive evolutionary trajectories can be conceptualized as a
successful combination of functional milestones. In this scenario,
the evolution of new biochemical activities involves transfer of
information within our network, where each node is a potential
functional milestone. We reasoned that efficient information
transfer would improve the chances of generating mutant
combinations with high fitness.

We identified evolutionary trajectories of special significance for
adaptive evolution based on shortest path betweenness-centrality —
a metric that can be interpreted to measure the efliciency of
information transfer through the network. We found that a subset of
all possible three-node paths in the network (48 out of 214) had a
shortest path betweenness centrality greater than zero. These triple
mutant trajectories are listed in Table 2, ranked in descending order
of betweenness centrality. Shown is also the number of times (count)
that each residue position in the trajectory was seen mutated in the
201 extended-spectrum resistant TEM sequences in our database.
Note that many nonzero betweenness trajectories consist of at least
one infrequent mutation and therefore would not have been
predicted as critical based on frequency alone. Note also that these
48 triplets consist of combinations of only 16 residue positions out of
a total of 55 residue positions in the network. These positions could
be of special significance for the evolution of extended-spectrum B-
lactamase resistance (see below).

Evidence that trajectories with high betweenness

centrality are significant for adaptation
We investigated the significance of betweenness centrality as an
indicator of potential adaptive evolution. Below we show that: 1)
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Table 1. The mutated residue positions most important for TEM extended-spectrum antibiotic resistance, according to measures
from network theory (centrality rankings).
Count
within Node Node
Residue Data- Degree Between-
Number* base Rank ness Rank Described Function References
104 48 1 1 The long K chain of E104K mutants interacts directly with carboxylic acid group of the substrate.  [9,73]
164 48 2 2 Forms two salt bridges, to E171 and D179, critical for correct positioning of E166. The smaller [9,74]
mutant chain collapses the Q-loop, resulting in an active site with greater accessibility.
238 38 3 3 Expands the active site either by repositioning the B3 B-strand or by tilting the Q-loop [73,75]
240 31 4 4 Interacts with substrate; possibly stabilizing. [73,76]
182 27 5 5 Increases the thermodynamic stability of the protein; could suppress misfolding and aggregation  [9,43,77]
caused by other mutations. Acts as a global suppressor.
265 20 7 9 Unknown mechanism. Possibly important for enzyme stability. [9]
237 9 6 8 Introduces another H-bond with carbonyl group of B-lactam ring. [9,73]
173 5 9 6 Increased resistance, specific for subset of cephalosporins. [9]
120 3 17 8 Unknown mechanism. Possibly important for enzyme stability. [25,50,51]
254 3 8 N/A Unknown mechanism. Possibly stabilizing. [9,25]
51 2 15 7 Unknown mechanism. Possibly important for both enzyme activity and stability. [9,35]
268 2 10 8 Unknown mechanism. Possibly stabilizing. [9]
Degree centrality rank is based on how well connected a node is to its neighbors and how many neighbors it has (Methods). We interpret betweenness centrality as a
representation of the information flow through a node from the entire community (Methods).
*Based on Ambler TEM B-lactamase numbering scheme [65]. Mutated residues that are highly ranked by the network centrality metrics have known functional impact
previously described in the literature. While many of the mutations known to contribute to extended-spectrum resistance are highly frequent, the network also ranks
highly the less frequent mutations with known contributions.
doi:10.1371/journal.pcbi.1002184.t001

the triple mutant trajectories listed in Table 2 as of potential
special significance for adaptation are enriched for triple mutants
that have been previously reported; 2) the reported triple mutant
combinations consistently increase extended-spectrum resistance
over constituent double mutants, confirming they resulted from a
functional selection; 3) using reported triplet mutants as a proxy
for increased resistance, we can estimate the “success rate” of our
method. Our success rate is considerably higher than what would
be anticipated based on the simple assumption that the most
successful triplet combinations consist of the most frequent single
mutations in our database. Together, these three lines of evidence
strongly support the predictive value of our extrapolation to triple
mutant evolutionary trajectories.

1. Nonzero betweenness centrality triplets frequently identify triple mutants
assoctated with extended-spectrum resistance. In addition to listing
nonzero shortest path betweenness centrality trajectories,
Table 2 also shows which of these trajectories were previously
reported in clinical or experimental studies. Trajectories are
listed in descending order of betweenness centrality value. We
noted that this list is rich in triple mutant combinations that
have been previously described in clinical or experimental
reports, with 23 previously described out of the 48 predicted
paths. In addition, we found a strong association between the
chance of having been previously reported and the corre-
sponding shortest path betweenness centrality value: while all
of 10 top-ranked triplet paths are already known; only 1 of the
6 paths with the lowest positive betweenness centrality (value of
1) is known.

2. Trajectories produced during experimental or natural evolution increase
extended-spectrum resistance. We interpreted the occurrence of a
given path (evolutionary trajectory) in clinical isolates or
published laboratory evolution experiments as an indication
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Table 2. Prediction of critical triple mutant evolutionary trajectories in the extended-spectrum antibiotic resistance community.

Betweenness
Evolutionary Trajectory Centrality Count Previously Reported in Clinical and/or Laboratory-evolved Isolates
238_104_164 96 48,48,38 TEM-008* TEM-134*, [36]***
173_164_104 92 48,48,5 [17]**
182_104_164 66 27,48,48 TEM-043* TEM-063*, [36]***
240_164_104 62 31,48,48 TEM-046*
268_240_164 41 2,31,48 TEM-136%, [36]***
120_238_104 39 3,38,48 [24]%%, [36]***
39_240_164 32 1,31,48 [36]***
237_164_104 28 9,48,48 TEM-130%, [36]***
104_238_153 23 48,38,9 TEM-021%, [36]***
240_164_173 22 31,48,5 TEM-132%, [36]***
104_164_40 18 48,48,1
238_104_51 16 38,48,2
215_104_164 15 48,38,20 TEML-136*
104_238_265 15 2,48,48 [177%%, [151**, [36]***
39_240_238 12 1,31,38
182_104_51 11 27,48,2
173_164_51 9 5,48,2
215_104_238 8 2,48,38
182_238_120 7 27,38,3 [24]**
240_164_51 6 31,48,2
224_164_173 6 3,485 [19]**
173_164_237 6 5,48,9 [171%%, [29]**
224_164_240 5 3,48,31
173_164_40 4 27,38,20
182_104_215 4 27,48,2
182_238_153 4 5481 [36]***
240_238_153 4 31,38,9
182_238_265 4 27,38,9 [36]***
51_164_40 3 20,38,31
40_164_240 3 2,319
224_164_251 3 3,482
51_164_237 3 1,48,31
268_240_237 3 2,48,1 TEM-136%, [36]***
265_238_240 3 2,489 [36]***
39_240_237 2 3,389 [36]***
39_240_268 2 2,383
120_238_153 2 31,383 [24]**
240_238_120 2 3,489
120_238_265 2 1,312
268_238_120 2 2,389
268_238_153 2 3,38,20
224_164_237 2 1,319 [36]***
224_164_40 1 2,38,20
237_164_40 1 9,48,1
51_104_215 1 48,48,3
104_164_224 1 20,38,9 [36]***
265_238_153 1 3,481
268_238_265 1 2,482
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Table 2. Cont.

Triple mutant trajectories are shown as an ordered list of three residue positions, where an ordered pair represents a link in the network. The shortest path betweenness
centrality is listed for each triple mutant trajectory, in descending order. We interpret the betweenness centrality of a trajectory as a representation of information flow
through this path for the entire community network: Trajectories with high betweenness centrality have the highest information flow (Methods). The count shows the
number of times that each residue position in the trajectory was seen mutated in the 201 extended-spectrum resistant TEM sequences in our database. Note that many
trajectories consist of at least one infrequent mutation and therefore would not have been predicted as critical based on frequency alone. Some of the triple mutants
have been seen either alone or in combination with other mutations in clinical isolates (¥), in laboratory-evolved isolates that were included in our database (**), or in
laboratory-evolved isolates that were not in our network database, from a recent report that was published after our analysis was completed (***) [36].
doi:10.1371/journal.pcbi.1002184.t002

of likely fitness advantage, i.e. of likely increased resistance to evolution of TEM B-lactamase under extended-spectrum
extended-spectrum P-lactam antibiotics. We confirmed this antibiotic selection and therefore reported.
interpretation experimentally, using cefotaxime as a represen- 3. The success rate of our analysis is not due to chance. Our experimental
tative extended-spectrum f-lactam antibiotic as done previ- results show that observed triple mutants consistently increase
ously in similar studies [7,25,36]. We tested 15 triple mutants cefotaxime resistance. Thus, we reasoned that to be reported as
that span a range of shortest path betweenness centrality having extended-spectrum resistance is a viable proxy for
values, by measuring growth (in centimeters) along an LB agar having increased fitness. By this logic, the predictive success
plate containing a cefotaxime gradient (Methods). Of these 15 rate of our method is 23 out of 48. To demonstrate that this
triple mutant trajectories, 9 had already been described, and 6 success rate is not due to chance, we ran a simulation in which
were new. The results (Table 3) show that observed mutants we randomly selected 48 triple mutants only from TEM
consistently increased resistance over both ordered, constitutive residue positions previously reported in association with
pairs: 8 out of the 9 previously reported triple mutants. By extended-spectrum antibiotic resistance. We sampled these
contrast, none of the non-observed mutant sequences we tested positions according to their mutation frequency in our
improved on both constitutive double mutants. These results database. The 10,000 random sets of 48 triple mutants selected
confirm the intuitive notion that combinations of mutants that in this way followed a normal distribution, as expected. This
increase fitness are more likely to have been selected during simulation produced an average success rate of 12.8+3.08

Table 3. Triple mutant trajectories critical to the extended-spectrum antibiotic community network are shown experimentally to

increase resistance over their constituent doublets.

Triplet Triplet
Resistance Improvement Improvement
Between ness Resistance Outcome over Doublet 1 Resistance over Doublet 2

Triplet Centrality Reported? outcome [cm] Doublet 1 [cm] [em] Doublet 2 Outcome [cm] [cm]

104_164_173 92 Y 16.49 104_164 8.42 8.07 164_173 6.95 9.54

182_104_164 66 Y 16.86 182_104 2.82 14.04 104_164 8.42 8.44

39_240_164* 32 Y 9.10 39_240 2.16 6.94 240_164 9.48 -0.38**

104_238_153 23 Y 17.65 104_238 16.83 0.82** 238_153 115 6.15

240_164_173 22 Y 17.48 240_164 9.48 8.00 164_173 6.95 10.53

104_164_40 18 N 5.06 104_164 8.42 -3.36 164_40 213 293

238_104_51 16 N 1.88 238_104 16.83 -14.95 104_51 1.65 0.23**

104_238_265 15 Y 19.40 104_238 16.83 257 238_265 10.84 8.56

39_240_238 12 N 9.59 39_240 2.16 743 240_238 12.04 -245

182_104_51 11 N 2.54 182_104 2.82 -0.28** 104_51 1.65 0.89

173_164_51 9 N 1.79 173_164 6.95 -5.16 164_51 1.9 -0.11%**

215_104_238 8 N 11.26 215_104 239 8.87 104_238 16.83 -5.57

182_238_153* 4 Y 17.95 182_238 16.17 1.78 238 153 115 6.45

120_238_153 2 Y 14.36 120_238 7.22 7.14 238_153 115 2.86

104_164_224* 1 Y 9.31 104_164 8.42 0.89*** 164_224 3.9 541

Each mutant trajectory is shown as an ordered list of three mutated residue positions (column 1). Each ordered pair of mutated residue positions represents a link in the

extended-spectrum community network. The shortest path betweenness centrality is listed for each trajectory (column 2). This metric is unitless and is a measurement

of the path’s importance in the network. 9 of the 15 tested trajectories were reported in clinical or directed evolution isolates (column 3). The level of cefotaxime

resistance (an indicator of extended-spectrum antibiotic resistance) is shown in centimeters of linear growth on a 0.04 ug/ml cefotaxime gradient. The level of resistance

is shown for each triple mutant trajectory (columns 1 and 4) and its two ordered constituent double mutants (columns 5 and 6, and 8 and 9). The differences

representing the improvement in resistance conferred by the triple mutant trajectory with respect to each double mutant, is shown in columns 7 and 10. Trajectories

marked with * had not been reported when this work was done and were not included in input to the network. They were subsequently reported in a recent

publication [36]. (**) Triplet improvement over pair is outside the margin of standard error (for the number of replicates (n) refer to Table S4). (***) Improvement is

outside the margin of standard error if the variability between gels is subtracted out (Figure 3).

doi:10.1371/journal.pcbi.1002184.t003
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Table 4. Experimentally determined epistatic interactions between single mutations in the extended-spectrum antibiotic

M1 M1 Growth [cm] M2 M2 Growth [cm] M1_M2 Growth [cm] M1_M2 - (M1+M2) [cm] Significant Epistastic Effect*
Q39R 2.09 G238S 9.61 7.76 -2.35

Q39R 2.09 E240K 1.58 2.16 0.08

L40W 2.08 R164H 343 2.13 -1.79 negative
L51P 1.93 E104K 2.20 1.65 -0.89 negative
L51P 1.93 R164H 3.43 1.90 -1.87 negative
E104K 220 H153R 217 273 -0.05

E104K 2.20 R164H 3.43 8.42 4.38 positive
E104K 2.20 1173V 2.10 10.84 8.13 positive
E104K 2.20 M182T 2.15 2.82 0.06

E104K 2.20 K215E 1.90 239 -0.12

E104K 2.20 A224V 1.86 1.90 -0.57

E104K 2.20 G238S 9.61 16.83 6.61 positive
R120S 1.94 G238S 9.61 7.22 -2.74 negative
H153R 217 G238S 9.61 11.50 1.31

R164H 3.43 1173V 2.10 6.95 3.01 positive
R164H 3.43 A224V 1.86 3.90 0.20

R164H 3.43 E240K 1.58 9.48 6.06 positive
1173V 2.10 E240K 1.58 3.62 1.53 positive
M182T 2.15 G238S 9.61 16.17 6.00 positive
K215E 1.90 G238S 9.61 6.34 -3.58 negative
G238S 9.61 E240K 1.58 12.04 244

G238S 9.61 T265M N/A 10.84 N/A

represents epistasis, is shown in column 6.

were previously reported as positive are highlighted here in bold.
doi:10.1371/journal.pcbi.1002184.t004

observed triplets out of 48. Since our success rate of 23 out of
48 is well outside the range of standard error, our analysis has
predictive value (Discussion).

We next addressed the functional significance of links present in
our network. To that end, we compared the level of resistance of
pairs of mutations present in nonzero betweenness centrality
trajectories to their constituent mutations (Table 4; original
measurements in Table S4). Given that our network is largely
constructed with mutations that have experienced some degree of
positive selection, and that mutant positions are linked when they
co-occur in the same sequence, we expected a predominance of
positive interactions. To our surprise, we found that almost half of
the 21 pairs tested showed a negative trend, and that 5 out of 12
significant sign-epistatic interactions were negative. When we
compared the effect of single mutations on mutation pairs in triple
mutant trajectories (Table 5), we found 8 significant negative
epistatic interactions versus 19 positive ones. Overall, our analysis
revealed a surprising number of negative interactions: 22 out of 60
tested interactions had a negative trend, which was statistically
significant in 13 cases. Thus, while links in our network represent
potential functional interactions, these links are not necessarily
indicative of positive epistasis. In fact, their interaction is frequently
negative. Because all the pairs we tested co-occurred in at least one
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Mutated residues (columns 1 and 3) and their individual cefotaxime resistance levels (columns 2 and 4) are compared to resistance levels when they occur together in
the same sequence (column 5). The level of cefotaxime resistance (an indicator of extended-spectrum antibiotic resistance) is shown in centimeters of linear growth on
a 0.04 ug/ml cefotaxime gradient. The difference between the combined effect (column 5) and the sum of the individual effects (column 2 + column 4), which

*Significant epistatic effect = differences that exceed the margin of standard error (for the number of replicates (n), refer to Table S4). The sign of significant sign-
epistatic interactions is shown in column 7. These interactions are mapped onto edges in our extended-spectrum community network (Figure 4A,B). Six interactions that

TEM sequence, we inferred that the interaction was positive in the
original sequence, .e. in the presence of additional mutations.

The observed disconnect between co-occurrence and the
cefotaxime resistance phenotype of pairs of mutations included
in our network suggests that the adaptive value of a given mutation
or mutation pair is highly dependent on sequence context. Thus,
an accurate assessment of the contribution of a given mutation to
adaptation involves testing the effect of the mutation in the
presence of different additional mutations, ze. in a range of
sequence contexts. Table 6 shows the impact of 14 of 16 mutations
identified as of likely significance for extended-spectrum f-
lactamase resistance based on shortest path betweenness centrality.
Both the average effect (column 5) and the range of effects (in
centimeters of continuous growth; column 6), obtained in a variety
of sequence contexts, are shown. The number of sequence
contexts tested (7 on average) is listed in column 4. The sequences
tested and their measurements are listed in Table S4.

Note that, in agreement with the epistatic analysis presented in
Tables 4 and 5, most mutant positions exhibit a wide range of
effects, and that these effects are frequently sign-epistatic (z.e. that,
in addition to positive effects, include neutral and negative
combined effects). The effect of the RI164H mutation on
cefotaxime resistance for example can go from —5.5 cm to
+14.04 cm, that of HI153R, from —8.19 cm to 7.14 cm. The
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Table 5. Experimentally determined epistatic interactions between single mutations and mutation doublets in the extended-
spectrum antibiotic resistance community network.
M1_M2 Growth M1_M2 - (M1+M2) Significant Epistastic
M1 M1 Growth [cm] M2 M2 Growth [cm] [em] [em] Effect*
Q39R 2.09 E240K R164H 9.48 9.10 -0.88
Q39R 2.09 E240K G238S 12.04 9.59 -2.95 negative
L40W 2.08 E104K R164H 8.42 5.06 -3.85 negative
L51P 1.93 M182T E104K 2.82 254 -0.62
L51P 1.93 1173V R164H 6.95 1.79 -5.50 negative
L51P 1.93 G238S E104K 16.83 1.88 -15.29 negative
E104K 2.20 R164H L40W 213 5.06 232 positive
E104K 220 R164H A224V 3.90 9.31 4.80 positive
E104K 220 K215E G238S 6.34 11.26 431 positive
E104K 220 1173V R164H 6.95 16.49 8.93 positive
E104K 220 G238S T265M 10.84 19.40 7.95 positive
E104K 2.20 G238S H153R 11.50 17.65 554 positive
R120S 1.94 G238S H153R 11.50 14.36 2.51
R120S 1.94 E240K G238S 12.04 12.92 0.53
H153R 217 R120S G238S 7.22 14.36 6.56 positive
H153R 217 E104K R164H 8.42 11.50 2.50 positive
H153R 2.17 E104K 1173V 10.84 2.65 -8.77 negative
H153R 217 M182T G238S 16.17 17.95 1.20
H153R 217 E104K G238S 16.83 17.65 0.24
R164H 343 Q39R E240K 2.16 9.10 5.10 positive
R164H 343 E104K H153R 273 11.50 6.93 positive
R164H 343 M182T E104K 2.82 16.86 12.20 positive
R164H 343 E104K 1173V 10.84 16.49 3.81 positive
R164H 343 H153R G238S 11.50 6.00 -7.34 negative
1173V 2.10 R164H L51P 1.90 1.79 -0.62
1173V 2.10 E104K H153R 273 2.65 -0.59
1173V 2.10 E104K R164H 8.42 16.49 7.56 positive
1173V 2.10 E240K R164H 9.48 17.48 7.49 positive
M182T 215 E104K L51P 1.65 254 0.33
M182T 2.15 E104K R164H 8.42 16.86 7.88 positive
M182T 2.15 G238S H153R 11.50 17.95 5.89 positive
K215R 1.90 E104K G238S 16.83 11.26 -5.88 negative
A224V 1.86 E104K R164H 8.42 9.31 0.62
G238S 9.61 E104K L51P 1.65 1.88 -7.79 negative
G238S 9.61 Q39R E240K 2.16 9.59 -0.59
G238S 92.61 K215R E104K 2.39 11.26 0.85
E240K 1.58 Q39R R164H 3.70 9.10 541 positive
E240K 1.58 R164H 1173V 6.95 17.48 10.54 positive
E240K 1.58 R120S G238S 7.22 12.92 571 positive
T265M N/A E104K G238S 16.83 19.40 N/A
Mutated residues (columns 1) and residue pairs (column 3) and their corresponding cefotaxime resistance levels (columns 2 and 4, respectively) are compared to
resistance levels when they occur together in the same sequence (column 5). The level of cefotaxime resistance (an indicator of extended-spectrum antibiotic
resistance) is shown in centimeters of linear growth on a 0.04 ug/ml cefotaxime gradient. The difference between the combined effect (column 5) and the sum of the
individual effects (column 2 + column 4), which represents epistasis, is shown in column 6.
*Significant epistatic effect = differences that exceed the margin of standard error (for the number of replicates (n), refer to Table S4). The sign of significant epistatic
interactions is shown in column 7.
doi:10.1371/journal.pcbi.1002184.t005

average increase in cefotaxime resistance corresponds roughly to H153R and I173V, two mutations with intermediate count
the count in our database, with frequent mutations (n> = 20) (5<n<20), also have a clear impact on resistance, with maximal
having a large impact on cefotaxime resistance (4.3*1.6 cm). effects in the same order as those of frequent mutations. The
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Table 6. Experimentally determined effects of individual mutated residue positions found in critical extended-spectrum antibiotic

Count within

Number of different sequence

Average effect

Mutant position database Mutation tested contexts tested [em] Interval (min, max) [cm]
164 48 R164H 13 4.18 (-5.5, 14.04)
104 48 E104K 15 4.04 (-0.28, 9.54)
238 38 G238S 11 8.03 (0.23,14.63)
240 31 E240K 8 3.96 (0.07,10.53)
182 27 M182T 6 3.92 (0.62, 8.44)
265 20 T265M 2 1.90 (1.23, 2.57)
153 9 H153R 8 0.95 (-8.19, 7.14)
173 5 1173V 8 3.82 (-0.11, 8.64)
237 9 N/A N/A N/A N/A

224 3 A224V 4 0.33 (-0.3, 0.89)
120 3 R120S 0.43 (-2.39, 2.86)
215 2 K215E* 4 -2.89 (-5.57, 0.19)
51 2 L51P 6 -3.69 (-14.95, 0.34)
268 2 N/A N/A N/A N/A

40 1 L4OW** 3 -1.39 (-3.36,0.49)
39 1 Q39R 6 -0.56 (-2.45, 0.58)

two exceptions:

(column 6).
doi:10.1371/journal.pcbi.1002184.t006

average effect of infrequent mutations (n<<5), by contrast, is
negative (—1.3%1.6 cm), questioning the relevance of these
mutations for extended-spectrum resistance. The large negative
effects that some of these mutations — L51P (—14.95 cm), K215E
(—5.57 cm); R120S (—2.39 cm) — have in specific contexts
suggests that they are functionally important but that their effect is
highly context-dependent. The two strongest negative epistatic
effects we detected for infrequent mutations, those of L51P and
K215E, are shown in Figure 3B.

Discussion

Here we assembled a large database (n = 361) of mutants of the
enzyme TEM-1 B-lactamase to study the genetic basis for adaptive
evolution.

In the construction of this database we made the following two
assumptions:

1) That most mutated positions would have undergone a degree
of positive selection, which was supported by a PAML (codeml)
analysis of clinical mutants (Table S3).

2) That experimental evolution is comparable to clinical
evolution, given that both scenarios share a selective pressure
(antibiotic resistance selection) and yield similar mutations [9].

We then used co-occurrence, i.e. presence of two mutations in
the same sequence, as an indicator of potential functional
interaction. Pairwise interactions were visualized using a network
representation where each node is a mutant position, and each link
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Critical triple mutant trajectories (Table 3) contain only 16 unique individual residue positions (column 1). The number of sequences in experimental and clinical isolates
that have this residue position mutated is shown in column 2. For each residue position, we tested the most frequent amino acid substitution in these sequences, with

"K215E has equal frequency to K215R and K215Q in the extended-spectrum phenotype sequence database;

“L40W and L40V have equal frequencies (column 3). We tested the level of cefotaxime resistance of each mutation (centimeters of linear growth on a 0.04 ug/ml
cefotaxime gradient) in a variety of sequence contexts. Each context consists of the relevant mutation plus different additional mutations, all of which are found in the
critical triple mutant evolutionary trajectories. The number of sequence contexts tested is shown in column 4 and the different mutant combinations comprising each
sequence context are shown in Table S4. Averaging the effect of each mutation across all its sequence contexts yields a measure of its global contribution to
extended-spectrum antibiotic resistance (column 5). In general, the effects are highly dependent on sequence context, as shown by the wide range of outcomes

represents occurrence of two mutated positions in the same
sequence. The resulting undirected, weighted network has a few
highly connected nodes and a majority of nodes exhibiting low
connectivity (Figure S1). This connectivity property [53] is
reminiscent of the link distribution in networks representations
of other biological processes, such as cell signaling or differenti-
ation, where it helps in buffering noise caused by random variation
within the system. In the case of proteins, it may contribute to
robustness to mutation.

We distinguished two levels of modular organization within our
network of genetically defined interactions in TEM B-lactamase:

Large “communities”: These correspond to three distinct
phenotypic categories: broad-spectrum, extended-spectrum and
inhibitor resistance (Figure 1). The observed segregation of residue
positions according to the selection driving their evolution is
remarkable given that no phenotype class information was used to
construct the network. This effect is consistent with previously
described antagonistic pleiotropy between different resistance
phenotypes [54]. Within the two adaptive communities (extend-
ed-spectrum and inhibitor resistance) we found that community
annotation largely matched phenotypic data: Five mutant
positions were correctly classified as inhibitor resistance mutations
and 12 positions were accurately classified as extended-spectrum
mutations (see legend to Figure 1). Interestingly, mutations that are
known or suspected to contribute to both inhibitor and extended-
spectrum antibiotic resistance (182, 268, 201) are at the interface
between the two communities. Positions 100 and 147 are similarly
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Cefotaxime gradient (concentration pg/ml)

Figure 3. Cefotaxime plate growth assays for selected clones. Cultures of cells expressing the B-lactamase mutants listed at the top of the
gradients were stamped on LB plates containing a cefotaxime gradient. The direction of the gradient is from top (minimal concentration) to bottom
(maximal concentration). The maximal concentration of the gradient is listed at the bottom. Note that in part B more than one concentration is
shown to cover the wide range of resistance phenotypes of the panel of mutants being tested. (A) Two mutant triplets predicted to be of special
significance by our analysis but that were not present in the sequence database used to build the network but were subsequently reported in [36],
and a third triplet also predicted by our analysis but that showed only a marginal increase. Only the doublet with the highest level of resistance is
shown. (B) Triplets with the strongest negative epistatic effects. The mutation responsible for the negative effect is highlighted in bold.

doi:10.1371/journal.pcbi.1002184.g003

located at this interface. These are positions with likely
compensatory, thermodynamically stabilizing mutations [25,26,
43,51] that have been found in extended-spectrum evolution
experiments too [19,24,36]. They may also belong to the dual
resistance phenotype category, as experimental data on inhibitor
resistance evolution is scarce. The only clearly misclassified mutant
positions are: 175 (involved in extended-spectrum resistance [55]
but classified as inhibitor resistance) and 130 (an inhibitor
resistance mutation classified as broad-spectrum). In the case of
the catalytic site residue 130, the misclassification was due to the
fact that the S130G mutation confers resistance to inhibitors on its
own and therefore rarely co-occurs with other mutations. Its
assignment to the broad-spectrum community is based on a single
co-occurrence event in our database.

“Subcommunities” within these communities: We hypothesize
that subcommunities are likely to represent parallel strategies of
adaptation within the community’s phenotype class. This appears
to be the case in the two adaptive phenotypic classes included in
this study:

Inhibitor-resistance community: this network contains two
subcommunities, corresponding to two distinct mechanisms
disrupting inhibitor binding at the active site [56]. One involves
positions 69 and 276, which are strongly connected in one
subcommunity, and the other one involves 244, which is in a
separate subcommunity (Figure 1).

Extended-spectrum resistance community: this network con-
tains two large subcommunities (Figure 2). Central to each
subcommunity is one position involved in substrate recognition,

164 and 238 respectively. R164H/S/C mutations are thought to
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lead to the collapse of the Q-loop, creating greater active site
accessibility (Figure S2A); G238S on the other hand, appears to
increase affinity for the substrate and/or cause repositioning of the
Q-loop (Figure S2B). These two mutations were recently shown to
represent alternative evolutionary solutions, leading to parallel,
divergent mutation trajectories with different fitness optima [36].
In that study, divergent evolution appeared as a contingency effect
of trajectories involving the negatively epistatic G238S or R164S
mutations. Specifically, the first mutation significantly impacted
the composition of subsequent evolutionary trajectories [36]. In
our network analysis, divergent evolution is represented by the two
subcommunities defined by residues 164 and 238. Most nodes
have strong connections (high-weight links) to one of these
subcommunities and much weaker connections (very low-weight
or absent links) to the other subcommunity. For example, position
237 is strongly linked to 164, but is weakly connected to nodes
from the 238 subcommunity. This non-uniform node connectivity
agrees with a recent laboratory evolution study [36], which
reported that E104K is preferentially selected in G238S
trajectories, while E240K is more frequently found in R164S
trajectories. Therefore, our network can be used to make
inferences on evolutionary contingency effects, at least for the
two main fitness peaks present in extended-spectrum evolution.
The observation that other residue positions are frequently linked
with both 164 and 238 in our network, even if we typically find a
preference for one or the other, indicates that the evolutionary
divergence associated with the two fitness peaks is only partial.
In sum, we find that both distinctive selective pressures and
peaks within the enzyme’s fitness landscape leave recognizable
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footprints on the network’s connectivity. Furthermore, the amino
acid positions within network modules are not necessarily
physically close in the protein’s tertiary structure, as interactions
are defined genetically (functionally) rather than physically. To
illustrate this point, Figure S3 maps nodes (mutant positions)
belonging to the three major communities in the TEM coevolution
network (Figure S3A) and the two main extended-spectrum
resistance subcommunities (Figure S3B) onto the tertiary structure
of the TEM enzyme (PDB ID: lero). It is apparent that neither
community is physically localized to a defined area of the protein.

Link weights in our network are proportional to the number of
sequence co-occurrence events for the corresponding mutated
residue pairs. We implicitly incorporated epistatic information into
this metric by using a normalization factor: We compared the
number of mutated position pair occurrences with the mutation
count at each of the corresponding individual residues (Methods,
Equation 1). In addition, we calculated the difference between the
raw co-occurrence weights and weights normalized in this way
(Table S5): A positive difference indicates a trend toward positive
epistasis between the two residue positions involved, whereas a
negative difference is indicative of possible negative epistasis.
Positive epistasis trends predicted in this way appear to be in
agreement with experimentally proven epistatic interactions: 10
interactions were described as such in the literature, and only 2
cases, both involving position 237 (Table S5), have been reported
as negative. The negative difference also correctly predicts the
negative-epistatic interactions within residue pairs 173-182 and
164-238. Negative pairwise interactions are, however, underrep-
resented in the input to our network because mutations at these
residue positions are infrequently selected together.

By connecting individual nodes (representing mutated residue
positions), paths through our network define potential evolutionary
trajectories. Network metrics allowed us to extend the trajectories
beyond the pairs of co-occurring nodes used to build the network.
We focused on combinations of three mutations, which are the
most experimentally tractable ones. Our basic hypothesis was that
genetic adaptation necessitates a specific combination of functional
milestones, where each amino acid mutation represents a potential
milestone. According to this hypothesis, combinations of muta-
tions that facilitate information flow through the network should
contribute prominently to genetic adaptation. We used shortest
path betweenness centrality (a metric that can be interpreted as
measuring a path’s importance for information flow within the
network) to identify trajectories of potential special significance for
extended-spectrum B-lactamase resistance (Table 2). The follow-
ing points support the special significance of triple mutant
trajectories with nonzero betweenness centrality:

® They occur frequently in natural or experimental extended-
spectrum PB-lactamase evolution experiments (Table 2, column
4).

® The higher the betweenness centrality, the more likely they are
to have been previously seen (Table 2).

® Presence of these mutations in reported (previously seen)
sequences is associated with increased cefotaxime resistance,
an indicator of extended-spectrum activity (Table 3).

All predicted triple mutant combinations that were experimen-
tally tested and that significantly improved resistance over
constituent mutant pairs (a total of 8) have been previously
described. Of these, only two (M182T G238S H153R and E104K
R164H A224V) were absent from our original database and have
been reported only recently [36]. Their impact on cefotaxime
resistance is shown in Figure 3A.
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By construction, the network only contains information about
mutation pair occurrence counts (regardless of whether the pairs
are components of more complex mutant sequences). Therefore,
all mutation triplets with increased resistance constitute predictive
successes, regardless of whether or not sequences containing these
mutations were part of the original database. We used the strong
association between previous observation of a TEM mutant and its
increased resistance to estimate our success rate at 23 out of 48. As
a control, we ran a computational simulation to find the success
rate we would have obtained by random sampling from positions
mvolved in extended-spectrum resistance weighted by residue
mutation frequency in our database. The average result of 10,000
random samplings was 12.6£3.08 out of 48, proving that our
method is able to extrapolate triple mutant trajectories from pairs
of coevolving mutations more accurately than simply combining
mutations of high frequency.

At this time, the predictive value of our method can only be
rigorously supported with respect to known TEM mutant
combinations. 4 priori, there is no reason to believe that our
method cannot find adaptive combinations of mutations that have
never been seen before. However, the success rate for new
sequence space should vary substantially between genes, depend-
ing on how extensively they have already been sampled by natural
and/or experimental evolution.

Our method for identification of paths of special significance for
adaptation has limitations, because it assumes that each mutant
position has a discrete effect on adaptation and that this effect is
sufficiently unique that adaptation requires a composite solution.
Therefore, global suppressors (such as mutations at position 182)
or mutations with a large impact on their own (S130G, associated
with inhibitor resistance, and G238S conferring extended-
spectrum resistance) will not be adequately accounted for by our
“information flow” metric.

Another example of this method’s limitations is illustrated by the
absence of the high fitness extended-spectrum triple mutant 104-
238-182 in our list of nonzero betweenness centrality triplets
(Table 2). Amino acid substitutions at 104-238-182 were the most
frequent combination obtained from TEM-1 libraries subjected to
cefotaxime selection in a recent study [36]. The presence of a
global suppressor (182) and of a mutation with a large impact on
its own (G238S) likely explains why this triple mutant combination
is not among the nonzero betweenness paths in Table 2. However,
parallel, divergent evolutionary trajectories identified by this study
are enriched for triple mutant trajectories with high betweenness
centrality (detailed in Table S6 and Text S1 Results). Overall,
triple mutant trajectories with nonzero betweenness centrality are
frequently contained within mutational trajectories parallel to
E104K M182T G238S. Thus, our method is able to identify paths
of special significance for genetic adaptation, although with
decreased sensitivity to mutations with a large impact on their
own and to global suppressors.

Next, we investigated whether links connecting co-occurring
pairs in our network represent positive functional interactions. We
tested the individual vs. combined effects of the mutations in the
mutant triplets from Table 3. The results are listed in Table 4: A
difference between adding the individual fitness effects of two
mutations (M1+M2) and the combined fitness effect of the double
mutant (M1_M?2) is indicative of epistasis. This table includes six
interactions previously reported as positive epistatic (highlighted in
bold). In agreement with previous reports, our experiments show
significant positive epistasis in all cases but E104K M182T, which
in our hands is simply additive. We also found two new examples
of positive epistasis involving 1173V (E104K 1173V and 1173V
E240K), and we identified five new examples of negative epistasis.
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Figure 4. Pairwise epistatic interactions in the TEM extended-spectrum community either previously described in the literature or
identified in our experiments [19,79-83]. Network is represented as in Figure 2. The subcommunity containing the active-site residue 238 is
light blue and the subcommunity containing the active-site residue 164 is dark blue. Node size is proportional to weighted degree centrality
(Methods). Link thickness indicates how frequently two residues (nodes) are mutated in the same sequence, normalized by the number of sequences
in which only one or the other position is mutated (Methods). (A) Black links indicate positive epistatic interactions. (B) Red links indicate negative
epistatic interactions. Because the network is constructed from co-occurring mutated residue pairs, negative-epistatic pairs may be underrepresented
in or absent from the network, e.g. 39 and 173. Image created with CytoScape [78].

doi:10.1371/journal.pcbi.1002184.g004

The high count of negative interactions in our tested pairs is
surprising given that each connected pair of nodes represents pairs
of mutations that co-occur in at least one sequence. We assume
that the reported sequences containing these negatively epistatic
mutations must have additional mutations producing an overall
positive outcome. Similarly, we found a number of significant
negatively epistatic interactions in the triple mutants tested (8 out
of 27; Table 5). Thus, even in a network model representation
intrinsically biased against negative epistasis, we frequently identify
negative epistatic interactions among linked mutation pairs. This
observation highlights the pervasiveness of negative epistasis in
TEM extended-spectrum resistance evolution and shows that links
within our network are more indicative of potential functional
interactions than of positive epistasic interactions.

Figure 4 maps experimentally determined pairwise epistatic
interactions (either from previous reports in the literature or from
this study) onto the TEM extended-spectrum coevolution network:
Figure 4A shows the positively epistatic interactions, and Figure 4B
shows negatively epistatic interactions. Some known negative
epistatic interactions may, however, be absent from our network
representation, as they would rarely co-occur in the same
sequence.

The 48 triple mutant paths we identified as of special
significance (Table 2) consist of different combinations of only
16 residue positions (listed in Table 6, column 1). These include 10
positions with a demonstrated effect on extended-spectrum -
lactamase resistance, out of 12 known to date [9]. The two false
negatives are positions 175 and 179, each of which arises
independently only once (Text S1 Methods) in our extended-
spectrum sequence database. 175 is one of a number of positions
in the Q-loop (involved in active-site formation) that are known to
play a role in extended-spectrum resistance [9,55]. 179 was
previously reported in a clinical isolate [20,57] and in several
experimental isolates [58] but appears to have a narrower
substrate specificity than other mutations present in the extend-
ed-spectrum network community [9]. Our analysis suggests that
the remaining 6 mutant positions present in the nonzero
betweenness triple mutant paths (40, 120, 153, 215, 224, and
265) should be considered as potentially important for adaptation.

We evaluated the relevance of 14 out of the 16 positions
identified by our betweenness centrality analysis by experimentally
determining their cefotaxime resistance phenotype. In order to
factor in the prevalent role of epistasis in extended-spectrum TEM
evolution, we determined the impact of a given mutation on
cefotaxime resistance as the average phenotype in a variety of
sequence contexts (in the presence of a variety of additional
mutations). The results are summarized in Table 6, with the
number of sequence contexts tested listed in column 4, the average
effect (in cm) shown in column 5, and the range of effects listed in
column 6. Our results show a relationship between average
phenotypic effect and representation in our database, with
frequent mutations (n>4) having a clear average positive effect
(> =1 cm). Our phenotypic analysis also confirms the relevance of
mutations at three positions whose phenotypic impact on
extended-spectrum resistance had, to our knowledge, not been
previously demonstrated: 265 (average 1.9 cm, up to 2.6), 153
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(average 1.0 cm, up to 7.1), and 120 (average 0.4 cm, up to 2.9).
The effect of 153 is strikingly sequence-context dependent, with
values ranging from —8.19 to +7.14 cm, which may explain why
the role of this mutation has been hard to experimentally
demonstrate. R164H and L51P, two mutations with a known
effect on resistance phenotype, had large negative impacts in some
sequence contexts: —5.5 and —14.95 cm, respectively. These
observations imply that a strong negative epistatic effects may be
as indicative of functional interactions as a positive epistatic effects.
Therefore, the large negative effects K215E (—5.57 cm) and
L40W (—3.4 cm) suggest an important role for these residue
positions that is only revealed in specific sequence contexts,
although this remains to be experimentally confirmed.

In sum, positions present in triple mutant paths with nonzero
betweenness centrality identified all but two of the positions with
known phenotypic effect on extended-spectrum resistance. We
experimentally demonstrated the impact of the additional
mutations identified by our analysis, either directly by showing
increased cefotaxime resistance (120, 153, 265) or indirectly, by
showing large negative effects on resistance (215 and 40). These
results suggest that our method is able to accurately identify
positions that play an important role in genetic adaptation. It is
able to do so because it evaluates mutations in the context of their
genetically defined functional interactions.

Many current state-of-the-art bioinformatics methods for
predicting mutation effects consider only evolutionary history
and/or biophysical properties of single residue positions [59,60].
Previous methods that consider interactions among residue
positions include evolutionary trace, statistical-coupling and
residue coevolution networks [61-64]. Evolutionary trace (ET)
[61] uses a phylogenetic tree to group protein sequences and rank
the functional importance of amino-acid residues by correlating
their evolution with divergence in the tree. Residues traced in this
way are mapped onto a protein structure, and sites of clustering
can be used to infer functionally important sites. Statistical
coupling analysis [62] relies on partitioning and perturbation of
large and diverse multiple sequence alignments of homologous
proteins to study higher-order interaction patterns. More similar to
our approach are two previous studies of protein residue
coevolution networks, based on large, diverse protein families.
They found that node connectivity and centrality had utility in
predicting functionally important residues [63] and that function-
ally important residues tend to coevolve with other sites more than
other residues [64].

In contrast to these methods, our approach uses network
analysis to infer higher-order evolutionary interactions between
groups of coevolving residues that may not be co-localized in a
protein structure. Our focus is not on finding functionally
mmportant residues. Rather, we identify communities of residue
positions associated with different antibiotic resistance phenotypes
and subcommunities representing distinct strategies to acquire a
given resistance phenotype. We are also able to extrapolate
adaptive evolutionary trajectories — combinations of triple mutants
that increase cefotaxime resistance — based only on the initial
knowledge of the co-occurrence of mutated residues in resistant
mutant sequences. Our method can be applied to protein
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subfamilies in which there is low sequence diversity, and it does
not require a reliable phylogeny or tertiary protein structure on
which to base inference.

While we use TEM f-lactamase as a model system in this
paper, we believe that our network analysis is generalizable to
other genes evolving under defined selective pressures. This
model presents a desirable alternative to phylogeny in many
situations, e.g. genes in clinical isolates for microorganisms with
frequent horizontal transfer or/and high geographic mobility,
and microorganisms with high genetic variation, where
positively selected mutations are in the minority, such as RNA
viruses. If however, reliable phylogenetic data is available,
phylogeny could be incorporated into our analysis to help
estimate how many times pairs of mutated residues arise
independently and to reveal the ordering of mutation events.
The construction of a directed rather than undirected network
model could enable us to better project the order of mutations in
future predicted trajectories.

Materials and Methods

Data collection

We compiled a set of 363 TEM mutant protein sequences from
existing databases and literature: the Lahey Clinic B-lactamase
database [10], the Lactamase Engineering Database (LacED) [11],
and from published directed evolution experiments that select for
TEM mutants exhibiting various resistant phenotypes [12-26].

Sequence alignment

Using TEM-1 as the reference sequence [10] and the Ambler
TEM amino acid residue numbering scheme [65], we constructed
a multiple sequence alignment of naturally occurring and
laboratory-evolved TEM mutants (Tables S1 and S2). To estimate
the number of times that mutations at two residue positions have
coevolved, we counted independently selected mutation pairs
(Text S1 Methods). FASTA-formatted TEM mutant sequences are
provided as Datasets S1-S8.

TEM coevolution network construction

We constructed an undirected, weighted network in which two
nodes (two mutated amino acid residue positions) are linked if
mutations at both residues exist in at least one TEM sequence in
the alignment. The weight w of each link is proportional to the
number of sequences in which both positions are mutated,
normalized by the number of sequences in which only one or
the other position is mutated:

c(Mi,M;)—(1—¢)
o(M;)+c(M;) —e(Mi, M))

w(Ml»,Mj) = (1)

where ¢(M;) and ¢(M;) are the number of times a the ith and jth
column (residue position), respectively, are mutated in the
alignment. ¢(M;M;) is the number of times both columns are
mutated together, and w(M;,M;) is the network weight of the link
between nodes ¢ and j (or residue positions ¢ and j).

We included a correction term to ensure that mutated pairs,
which occur in a single sequence together and never by
themselves, are not overweighted. Without this term, these pairs
would always have (the maximum) link weight 1.0. ¢ is the inverse
of the number of aligned sequences used to construct the network
(a heuristic choice that works well in practice).
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Annotation of TEM sequences by their phenotype class

We were able to associate 380 out of 405 TEM naturally
occurring or TEM laboratory-evolved mutant sequences in our
database with a single major B-lactamase phenotype class (113
broad-spectrum 2b sequences, 201 extended-spectrum 2be
sequences, 49 inhibitor-resistant, 2br, sequences). There were also
17 sequences with a combined extended-spectrum antibiotics and
mhibitor resistant phenotype class, 2ber, that were not used in our
network. The phenotype class of naturally occurring TEMs is
determined experimentally, and TEM sequence-to-phenotype-
class associations can be found in the Lahey Clinic B-lactamase
online database [10]. We assumed that the resistance selection
criterion used in the directed evolution experiments [12-26]
determined the phenotype class of the TEM sequences coming
from such experiments.

2be phenotype class network construction

To explore the subcommunity structure of the 2be phenotype
class, we constructed an undirected, weighted coevolution network
(as above), using only 201 (naturally occurring and laboratory-
evolved) extended-spectrum sequences.

We observed a few differences between the wiring of the
extended-spectrum phenotype network and its corresponding
community in the TEM coevolution network. In the first case,
all residue positions that can be associated with extended-spectrum
resistance were included in the sequences used to build the
network. In the second case, some mutated residue positions (as
opposed to mutant sequences) can be associated with more than
one phenotype class (pleiotropy). However, by construction, the
community-finding algorithm associates the corresponding nodes
with only one community. These differences were minor and did
not have an impact on the conclusions of our analysis.

Network analysis

Network modularity. To identify highly connected subnet-
works (communities) of mutated residue positions, we used the
Community-Structure-Partition algorithm [31], implemented in
the Graph Utilities Package in Mathematica 7.0 [66].
Communities with five or fewer nodes were merged onto one of
the larger communities. The choice of a larger community onto
which to merge the smaller community was determined by
calculating the overall network modularity function [31] after a
suggested merge. The merge that resulted in the highest network
modularity was the one that was chosen.

Central nodes in the network. We used three standard
graph-theoretical node centrality metrics to identify important
residue positions in our undirected, weighted network: degree
centrality, closeness centrality and betweenness centrality. To
calculate the closeness and betweenness centrality metrics, we
transformed link weights into link costs by taking the mverse of
each pair association weight. A detailed description of all node
centrality metrics used in our study can be found in Text S1
Methods.

Length of shortest paths. A path is a set of adjacent links in
a network, which connects a pair of nodes v and w. The length of
the shortest path between two nodes dG(v, w) in a weighted
network is the minimum sum of link costs along an optimal path
between nodes » and w. We compute link costs as the inverse of
link weights.

Path betweenness centrality. We adapted the equation for
weighted node betweenness centrality (Equation S3) to multiple-
node path betweenness centrality
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where P is a path comprised of distinct adjacent nodes in the
network, and o,(P), is the number of distinct shortest paths
connecting the network nodes s and ¢ and containing P as a
subpath. This metric counts the number of times a subpath occurs
as a component of all shortest paths between all pairs of nodes in a
network.

Codon-model analysis of selection

We performed a PAML (codeml) analysis [67] for the naturally
occurring TEM B-lactamase sequences. We used PHYLIP [68] to
build a phylogenetic tree (gamma distribution, four classes, o
parameter: 0.348). We used a log-likelihood test to compare the fit
of codeml models 2 (three-classes of unselected/selected codon
positions) and 1 (two-classes of unselected/selected codon
positions) to the data, and found that model 2 was a better fit
(%2 test, p-value <<<0.01). Using model 2's three site classes, we
found that out of 35 mutated residue positions in the network of
naturally occurring TEM sequences, 11 are identified as strongly
positively selected (@ >=8.4) and 22 are positively selected
(relaxed to @>=0.8) (Table S3).

Experimental tests of TEM mutants

Selection of mutants to be tested. 48 out of a possible 214
three-node shortest paths in the 2be community network had
nonzero betweenness centrality, and we focused our experiments
on the corresponding 48 triple mutants. Because all triplets
represent a mutational trajectory and are therefore ordered, we
compared the activity of each triplet to each possible trajectory (..
doublet) that led to it.

Site-directed mutagenesis of TEM p-lactamase. Our
target TEM-1 B-lactamase sequence is in pGPS-ori, a pGPS3-
derivative with a B-lactamase gene moved close to the origin of
replication and with kanamycin as selectable marker [69]. We
used previously described P-lactamase mutants generated under
aztreonam selection [18]. Additional mutants were generated
using the “megaprimer” protocol [70]. Briefly, we amplified the p-
lactamase gene with a forward or reverse primer bearing the
desired point mutation and an additional 5" or 3 flanking primer
(all primers used are listed in Table S7). The PCR product was
purified by gel electrophoresis and served as a “megaprimer” for
whole plasmid amplification in the next PCR reaction, using
pGPSori as the template. Standard PCR conditions apply, except
elongation time is extended to 2 minutes/kb. When the reaction is
complete, the PCR product is treated with the restriction enzyme
Dpnl, which digests only methylated (template) DNA. 8 ul of the
megaprimer product are transformed into chemically competent
TOPI0 cells (Invitrogen) and selected on kanamycin (30 ug/ml).
Incorporation of the intended point mutations was verified by
sequencing of purified plasmids. All DNA isolation procedures
were performed with Machery Nagel’s Nucleospin Plasmid
miniprep kit. Sequencing was carried out by Sequetech
(Mountain View, CA).

Cefotaxime protection. We found that JS200 (a B strain of E.
coli) was more sensitive to cefotaxime than BL21, which is a
standard K strain (not shown). Therefore we used JS200 (SC-18
recA718 polAl2ts uvrAld5 tpE65 lon-11 sulAl) cells
complemented with pHSG-Pol I plasmid as hosts [71]. To
determine extended-spectrum B-lactamase protection, we used
cefotaxime as antibiotic of choice, following the example of previous
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experimental studies of extended-spectrum B-lactamase evolution
[9,24]. Given the large number of clones involved in our study, we
established a gradient plate assay to determine cefotaxime resistance
levels in an efficient manner. This assay is conceptually similar to
inhibition zone assays, but produces growth rather than absence of
growth as output. This method is described in detail in [72]. Briefly,
25 ml LB agar containing a given concentration of cefotaxime is
poured on a tilted plate and allowed to solidify. Then the plate is
placed flat on a surface and drug-free agar is poured on top, creating
a gradient of drug concentrations along the length of the plate.
Individual B-lactamase mutants were transformed and individual
colonies were grown to late exponential phase. We tested 3 to 4
independent clones for each mutant, and frequently more. All the
measurements are listed in Table S4, with the number of
measurements shown in column Al Cultures of transformant cells
were stamped on LB agar plates containing cefotaxime gradients
and grown overnight at 37°C.. The next day the plates were imaged
and length of continuous growth along the drug gradient (in
centimeters) was measured; a detailed description of this technique
can be found in [72]. Given the wide range of resistance phenotypes
present in our mutant panel, we tested each clone in gradients
containing different cefotaxime concentrations
concentration providing adequate resolution. Wild-type TEM and
a TEM-deleted plasmid (delta) provided good resolution at
gradients containing a maximal concentration of 0.04 ug/ml
(Table S4). Additional concentrations used were: 0.08, 0.12, 0.3,
0.6, 2 and 4 ug/ml (Table S4). Our negative controls were pGPSori
and a plasmid encoding no B-lactamase (delta).

Quantification of cefotaxime protection. Our gels
produced reproducible measurements, with an average standard
error of 19% for all the 58 clones tested at the optimized
concentration of cefotaxime (Table S4). In addition, each gel had
one clone of known level of resistance as a control. We also had to
find a way compare results from gradients containing different drug
concentrations because, as mentioned above, the concentration of
cefotaxime necessary to produce the intermediate level of growth in
our gradient required for optimal resolution varied substantially
depending on the level of resistance of each individual clone. To
that end, we measured the growth distance for a number individual
reference clones at two contiguous concentrations and averaged the
difference; this average difference was used to extrapolate
measurements to the concentration used to run the wild-type and
clones with low levels of resistance (0.04 ug/ml); the number of
clones tested for each conversion step (n), the difference between
contiguous concentrations, and the aggregate average difference
(conversion factor) are listed in Table S8. Note that the introduction
of this conversion factor should not affect comparisons between
clones showing similar levels of resistance, since these would have
been run in gels with the same drug concentration; its purpose is to
allow comparisons between clones showing substantial differences in
level of resistance and should therefore not alter the results

to find one

qualitatively.

Supporting Information

Figure S1 The weighted degree distribution of the TEM
coevolution network (Figure 1). The distribution of nodes by
aggregate weight of links per node (weighted degree centrality,
Equation S1) is shown. Many nodes (residue positions) with high
weighted degree are functionally important (Table 1). The
distribution reveals that the network contains very few highly
connected nodes, with a majority of the nodes exhibiting low
connectivity. This topology is similar to that of scale-free networks
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[53], and is reminiscent of the connectivity distribution of other
biological processes such as signaling or cellular differentiation.

(TIF)

Figure S2 Structural impact of extended-spectrum
antibiotic resistance mutations. (A) Mutations at residue
164. An arginine to serine (or arginine to histidine) substitution at
position 164 (blue spheres) has been hypothesized to collapse the
critical Q-loop (green) in the active site, thus opening the active site
to B-lactams with larger side chains [9,74,77] (PDB ID [84]). The
ligand (shown in stick representation) is an N-Formimidoyl-
Thienamycine pseudo-substrate from PDB ID 1jvj [85]. (B)
Mutations at residue 238. A glycine to serine (or glycine to alanine)
substitution at position 238 has been hypothesized to expand the
active site by either repositioning the B3 B-strand (positions 235-
240) [73] (yellow) or by tilting the Q-loop (green) (positions 161-
179) [75] that connects the two sub-domains of the protein.
Mutations at both positions are associated with increased
resistance to third generation cephalosporins [38].

(TIF)

Figure 83 Locations of amino acid residues in the TEM
coevolution network and the TEM extended-spectrum
community network, mapped onto the TEM tertiary
structure (PDB lero). (A) Residues in the TEM coevolution
network and their three major communities (Figure 1). Residues
are colored by community membership: gray (broad-spectrum
resistance), blue (extended-spectrum resistance) and orange
(inhibitor resistance). The communities do not map to distinct
regions of the tertiary structure. Image created with UCSF
Chimera [86]. (B) Residues in the TEM extended-spectrum
community network and their two major subcommunities
(Figure 2). Residues are colored by subcommunity membership:
light blue (subcommunity containing the active-site residue 238)
and dark blue (subcommunity containing the active site residue
164). The subcommunities do not map to defined regions of the
tertiary structure. Image created with UCSF Chimera [86].
(TIF)

Table S1 Lists of all naturally occurring TEM-1 mutants
in our database. Each mutant is listed in column 1 and amino
acid substitution mutations are indicated by residue position
according to the Ambler system [65]. The mutants are listed in
three worksheets by Bush-Jacoby phenotype class [27]: broad-
spectrum antibiotic resistance (2b), extended-spectrum antibiotic
resistance (2be), and inhibitor resistance (2br). FASTA sequences
for all TEM-1 mutants from clinical isolates are included in
Datasets S5-S8.

(XLSX)

Table 82 Lists of all laboratory-evolved TEM-1 mutants
in our database. Each mutant is listed in column 1, and amino
acid substitution mutations are indicated by residue position
according to the Ambler system [65]. The mutants are listed in
three worksheets by Bush-Jacoby phenotype class [27]: broad-
spectrum antibiotic resistance (2b), extended-spectrum antibiotic
resistance (2be), and inhibitor resistance (2br). References for each
directed evolution experiment are provided in Dataset S4. FASTA
sequences for all TEM-1 mutants from laboratory-evolved isolates
are included in Datasets S1-S3.

(XLSX)

Table S3 Codon-based analysis of positive selection. We
performed a PAML (codeml) [67] analysis for the naturally
occurring sequences. Residue position number according to the
Ambler system [65] (column 1); wild-type amino acid residue in
TEM-1 (column 2); ® value (ratio of non-synonymous to
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synonymous nucleotide substitutions at a codon position) (column
3). "Site class" identified by codeml. Class 3 = strong positive
selection, Class 2 = "relaxed" positive selection, Class 1 = no
selection or negative selection (column 4). Node degree centrality
= weighted degree centrality computed in a network constructed
with only sequences from clinical isolates (column 5).

(XLSX)

Table S4 Cefotaxime gradient measurements. All mu-
tants and controls tested experimentally for cefotaxime resistance
are listed in column A. The concentration empirically found to
produce adequate resolution (i.e. intermediate level of growth in
the gradient) is listed in column B. Columns C through AF list
measurements (in centimeters) of continuous growth at the
optimized concentration. The limit of continuous growth at the
optimized cefotaxime concentration is listed (in centimeters). The
average of all the measurements for a given clone is shown in
column AG, with the corresponding standard deviation, standard
error and % standard error in columns AH, AJ, and AK
respectively. The total number of measurements (n) for each clone
is provided in column Al

(XLSX)

Table 85 Network link weight normalization is predic-
tive of epistasis. Links between nodes were weighted according
to the frequency in which the relevant pair (i.e. the mutant
positions joined by the link) occurred in our database. This metric
was further modified using a normalization factor comparing
frequency of co-occurrence to that of the corresponding
individual mutations. The two positions are listed as M1 and
M2 i columns 1 and 2. The difference between observed co-
ocurrence in the same sequence and the predicted frequency
based on the frequency of each individual mutation constituting
the pair is shown in column 3 (“predicted interaction based on
link-weight normalization"). A positive difference indicates a
trend toward positive epistasis between the two residue positions
involved, whereas a negative difference of is indicative of possible
negative epistasis. Column 4 indicates whether we found the
interaction to be significantly epistatic in our cefotaxime
resistance assays (Table 4), and column 5 lists the experimentally
determined trend. Column 6 lists demonstrated epistatic
interactions reported in the literature, and column 7 lists the
corresponding references (the full reference is found at the bottom
of the worksheet).

(XLSX)

Table S6 Presence of triple mutants predicted to be of
special significance for adaptation within cefotaxime-
driven evolutionary trajectories. Cefotaxime-driven evolu-
tionary trajectories reported by Salverda et al. [36] are listed in
column 2. This work investigated the role of contingency of the
first mutation to be fixed under a given selective pressure on
subsequent evolution. The clone number for each independent
isolate, reported in [36] (figures 2A, 3A and 5A), is listed in column
1. Each directed evolution experiment is listed on a separate tab of
this worksheet, with the sequence used to generate the original
libraries for each of these experiments listed in column 3: 7EM-/
evolution: 7 trajectories (out of 12) contained the triple combination
of E104K MI182T G238S mutations, and the 5 remaining
trajectories represent parallel evolutionary trajectories; RI164S
evolution; A257T evolution; R164S/G238S evolution; A237T/G238S
evolution. The triple mutant combinations present in the reported
sequences and corresponding to evolutionary trajectories of special
significance listed in Table 2 are highlighted in bold in column 2
and listed in column 4. Betweenness centrality values, indicative of
the amount information flow (Methods), for trajectories of special
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significance are listed in column 5 and the average betweenness
centrality values per clone are shown in column 6.
(XLSX)

Table S7 Primers used for site-directed mutagenesis of
TEM p-lactamase. The primers used for site-directed muta-
genesis by the megaprimer protocol [70] are listed, grouped by
orientation. For each primer, the name, sequence, and amino acid
substitution are shown.

(XLSX)

Table S8 Calculation of conversion factor used to
extrapolate growth to the gradient concentration used
for wild-type. A conversion factor was used to compare results
from gradients containing different drug concentrations. To that
end, we measured the growth distance for a number individual
reference clones at two contiguous concentrations and averaged
the difference. This average difference was used to extrapolate
measurements to the concentration used to run the wild-type and
clones with low levels of resistance (0.04 ug/ml). The number of
clones tested for each conversion step (n) is listed in column 2, the
difference between contiguous concentrations in column 3, and
the aggregate average difference (conversion factor), in column 4.

(XLSX)

Table 89 Calculation of average effect of mutations at
individual positions tested in a variety of sequence
contexts. 14 out of 16 positions identified in high betweenness
centrality trajectories were tested experimentally in a variety of
sequence contexts. For each position, the most frequent mutation
found in our database was used (see Table 6). The position being
tested (M1) 1s listed in column 1, and its count in our database in
column 2. Additional mutations (M2) are listed in column 3. The
growth, in centimeters (extrapolated to a cefotaxime gradient of
0.04 ug/ml, see Table S8) is listed in columns 3 (M1), 6 (M2) and
8 (M1+M2). The difference between M1+M2 and M2 measure-
ments, representing the effect of M1 on resistance, is listed in
column 11. We conservatively estimated the combined standard
error to be the sum of the standard errors (p<<0.05) of M2 and
MI1+M2 (column 10). The effect of M1 was considered to be
significant (p<<0.05) when the value for the combined margin of
error was smaller than the p-value of the effect (column 12).
Columns 13-15 list the average for each MI position, the
maximal positive effect, and the maximal negative effect,
respectively. These values are listed also in Table 6 of the main
text, columns 5 and 6.

(XLSX)

Text S1 Supporting Methods and Results sections. The
Methods section outlines important processing steps for TEM
mutations before their inclusion in the network. Key node network
centrality metrics are also presented. The Results section highlights
the observation that the evolutionary trajectories we predicted by
our betweenness centrality ranking are enriched in paths that are
parallel to the 104-238-182 evolutionary trajectory.

(DOC)

Dataset S1 FASTA formatted protein sequences used in
the construction of the TEM coevolution network.
Sequences are collected from published laboratory evolution

References

1. Soskine M, Tawfik DS (2010) Mutational effects and the evolution of new
protein functions. Nat Rev Genet 11: 572-582.

2. Tokuriki N, Tawfik DS (2009) Protein dynamism and evolvability. Science 324:
203-207.

@ PLoS Computational Biology | www.ploscompbiol.org

18

Network Models of TEM B-Lactamase Mutations

experiments selecting for resistance to extended-spectrum -
lactam antibiotics.

(FA)

Dataset S2 FASTA formatted protein sequences used in
the construction of the TEM coevolution network.
Sequences are collected from published laboratory evolution
experiments selecting for resistance to B-lactamase inhibitors.

(FA)

Dataset S3 FASTA formatted protein sequences used in
the construction of the TEM coevolution network.
Sequences are collected from published laboratory evolution
experiments selecting for resistance to broad-spectrum B-lactam
antibiotics.

(FA)

Dataset S$4 References for the laboratory-evolved TEM
sequences in Datasets S1 through S3.
(XLSX)

Dataset S5 FASTA formatted protein sequences used in
the construction of the TEM coevolution network.
Sequences are collected from clinical isolates that have been
demonstrated to confer resistance to extended-spectrum B-lactam
antibiotics.

(FA)

Dataset S6 FASTA formatted protein sequences used in
the construction of the TEM coevolution network.
Sequences are collected from clinical isolates that have been
demonstrated to confer resistance to P-lactamase inhibitors.

(FA)

Dataset S7 FASTA formatted protein sequences used in
the construction of the TEM coevolution network.
Sequences are collected from clinical isolates that have been
demonstrated to confer resistance to broad-spectrum B-lactam
antibiotics.

(FA)

Dataset S8 FASTA formatted coding DNA sequences
used in the TEM phylogenetic analysis. Sequences are
collected from clinical isolates that have been demonstrated to
confer resistance to extended- or broad-spectrum B-lactam
antibiotics, or to B-lactamase inhibitors.

(FA)

Acknowledgments

We thank Dr. Merijn Salverda for sharing his unpublished manuscript and
for input on our manuscript.

All data is provided and all algorithms and metrics (computed with
custom Python code) are available from the authors on request.

Author Contributions

Conceived and designed the experiments: VBG MC RK. Performed the
experiments: VBG JA. Analyzed the data: VBG MC RK. Contributed
reagents/materials/analysis tools: VBG MC RK. Wrote the paper: VBG
MC RK.

3. Bloom JD, Arnold FH (2009) In the light of directed evolution: pathways of
adaptive protein evolution. Proc Natl Acad Sci U S A 106 Suppl 1: 9995-10000.

4. Camps M, Herman A, Loh E, Loeb LA (2007) Genetic constraints on protein
evolution. Crit Rev Biochem Mol Biol 42: 313-326.

September 2011 | Volume 7 | Issue 9 | 1002184



23.

24.

28.

29.

30.

31.

32.

34.

. Peisajovich SG, Tawfik DS (2007) Protein engineers turned evolutionists. Nat

Methods 4: 991-994.

. Taverna DM, Goldstein RA (2002) Why are proteins so robust to site mutations?

J Mol Biol 315: 479-484.

. Bershtein S, Segal M, Bekerman R, Tokuriki N, Tawfik DS (2006) Robustness-

epistasis link shapes the fitness landscape of a randomly drifting protein. Nature
444: 929-932.

. Matagne A, Lamotte-Brasseur J, Frere JM (1998) Catalytic properties of class A

beta-lactamases: efficiency and diversity. Biochem J 330 (Pt 2): 581-598.
Salverda MLM, de Visser JAGM, Barlow M (2010) Natural evolution of TEM-1
beta-lactamase: experimental reconstruction and clinical relevance. FEMS
Microbiol Rev. pp 1-22.

. Jacoby G, Bush K (2011) TEM Extended-Spectrum and Inhibitor Resistant B-

Lactamases. Available: http://www.lahey.org/Studies/temtable.asp.

. Thai QK, Bos F, Pleiss (2009) The Lactamase Engineering Database: a critical

survey of TEM sequences in public databases. BMC Genomics 10: 390.
Stemmer WP (1994) Rapid evolution of a protein in vitro by DNA shuffling.
Nature 370: 389-391.

. Vakulenko SB, Geryk B, Kotra LP, Mobashery S, Lerner SA (1998) Selection

and characterization of beta-lactam-beta-lactamase inactivator-resistant mutants
following PCR mutagenesis of the TEM-1 beta-lactamase gene. Antimicrob
Agents Chemother 42: 1542-1548.

. Zaccolo M, Gherardi E (1999) The effect of high-frequency random mutagenesis

on in vitro protein evolution: a study on TEM-1 [beta]-lactamase. J Mol Biol
285: 775-783.

. Long-McGie J, Liu AD, Schellenberger V (2000) Rapid in vivo evolution of a

beta-lactamase using phagemids. Biotechnol Bioeng 68: 121-125.

. Orencia MC, S.Y]J, E.NJ, P. SW, SR C (2001) Predicting the emergence of

antibiotic resistance by directed evolution and structural analysis. Nat Struct Biol
8: 238-242.

. Barlow M, Hall BG (2002) Predicting evolutionary potential: in vitro evolution

accurately reproduces natural evolution of the tem beta-lactamase. Genetics 160:
823-832.

. Camps M, Naukkarinen J, Johnson BP, Loeb LA (2003) Targeted gene evolution

in Escherichia coli using a highly error-prone DNA polymerase I. Proc Natl
Acad Sci U S A 100: 9727-9732.

. Barlow M, Hall BG (2003) Experimental prediction of the natural evolution of

antibiotic resistance. Genetics 163: 1237-1241.

. Fujii R, Kitaoka M, Hayashi K (2004) One-step random mutagenesis by error-

prone rolling circle amplification. Nucleic Acids Res 32: e145.

. TFujii R, Kitaoka M, Hayashi K (2006) RAISE: a simple and novel method of

generating random insertion and deletion mutations. Nucleic Acids Res 34: ¢30.

. Holloway AK, Palzkill T, Bull JJ (2007) Experimental evolution of gene

duplicates in a bacterial plasmid model. J Mol Evol 64: 215-222.

Kopsidas G, Carman RK, Stutt EL, Raicevic A, Roberts AS, et al. (2007) RNA
mutagenesis yields highly diverse mRNA libraries for in vitro protein evolution.
BMC Biotechnol 7: 18.

Bershtein S, Tawfik DS (2008) Ohno’s model revisited: measuring the frequency
of potentially adaptive mutations under various mutational drifts. Mol Biol Evol
25: 2311-2318.

. Bershtein S, Goldin K, Tawfik DS (2008) Intense neutral drifts yield robust and

evolvable consensus proteins. J] Mol Biol 379: 1029-1044.

5. Goldsmith M, Tawfik DS (2009) Potential role of phenotypic mutations in the

evolution of protein expression and stability. Proc Natl Acad Sci U S A 106:
6197-6202.

. Bush K, Jacoby GA (2010) Updated functional classification of beta-lactamases.

Antimicrob Agents Chemother 54: 969-976.

Hawkey PM, Jones AM (2009) The changing epidemiology of resistance.
J Antimicrob Chemother 64 Suppl 1: i3-10.

Gniadkowski M (2008) Evolution of extended-spectrum beta-lactamases by
mutation. Clin Microbiol Infect 14 Suppl 1: 11-32.

Yang Z (1997) PAML: a program package for phylogenetic analysis by
maximum likelihood. Comput Appl Biosci 13: 555-556.

Clauset A (2005) Finding local community structure in networks. Phys Rev E 72:
026132,

Frere JM (1995) Beta-lactamases and bacterial resistance to antibiotics. Mol
Microbiol 16: 385-395.

Blazquez J, Morosini MI, Negri MC, Gonzalez-Leiza M, Baquero F (1995)
Single amino acid replacements at positions altered in naturally occurring
extended-spectrum TEM beta-lactamases. Antimicrob Agents Chemother 39:
145-149.

Chaibi EB, Farzaneh S, Peduzzi J, Barthelemy M, Labia R (1996) An additional
ionic bond suggested by molecular modelling of TEM-2 might induce a slight
discrepancy between catalytic properties of TEM-1 and TEM-2 beta-lactamases.
FEMS Microbiol Lett 143: 121-125.

. Caporale B, Franceschini N, Perilli M, Segatore B, Rossolini GM, et al. (2004)

Biochemical characterization of laboratory mutants of extended-spectrum beta-
lactamase TEM-60. Antimicrob Agents Chemother 48: 3579-3582.

Salverda MLM, Dellus E, Gorter FA, Debets AJM, van der Oost J, et al. (2011)
Initial mutations direct alternative pathways of protein evolution. PLoS Genet 7:
e1001321.

. Driffield KL, Bostock JM, Miller K, O’neill AJ, Hobbs JK, et al. (2006)

Evolution of extended-spectrum beta-lactamases in a MutS-deficient Pseudo-
monas acruginosa hypermutator. J Antimicrob Chemother 58: 905-907.

@ PLoS Computational Biology | www.ploscompbiol.org

19

38.

40.

41.

42.

44.

48.

49.

50.

53.

54.

56.

57.

58.

59.

60.

61.

66.

67.

Network Models of TEM B-Lactamase Mutations

Vakulenko SB, Taibi-Tronche P, Toth M, Massova I, Lerner SA, et al. (1999)
Effects on substrate profile by mutational substitutions at positions 164 and 179
of the class A TEM(pUC19) beta-lactamase from Escherichia coli. J Biol Chem
274: 23052-23060.

. Vakulenko S, Golemi D (2002) Mutant TEM beta-lactamase producing

resistance to ceftazidime, ampicillins, and beta-lactamase inhibitors. Antimicrob
Agents Chemother 46: 646-653.

Blazquez J, Negri MC, Morosini MI, Gomez-Gomez JM, Baquero F (1998)
A237T as a modulating mutation in naturally occurring extended-spectrum
TEM-type beta-lactamases. Antimicrob Agents Chemother 42: 1042-1044.
Hall BG (2002) Predicting evolution by in vitro evolution requires determining
evolutionary pathways. Antimicrob Agents Chemother 46: 3035-3038.

Huang W, Palzkill T (1997) A natural polymorphism in beta-lactamase is a
global suppressor. Proc Natl Acad Sci U S A 94: 8801-8806.

. Kather I, Jakob RP, Dobbek H, Schmid FX (2008) Increased folding stability of

TEM-1 beta-lactamase by in vitro selection. ] Mol Biol 383: 238-251.

Chaibi EB, Peduzzi J, Farzaneh S, Barthelemy M, Sirot D, et al. (1998) Clinical
inhibitor-resistant mutants of the beta-lactamase TEM-1 at amino-acid position
69. Kinctic analysis and molecular modelling. Biochim Biophys Acta 1382:
38-46.

. Chaibi EB, Sirot D, Paul G, Labia R (1999) Inhibitor-resistant TEM beta-

lactamases: phenotypic, genetic and biochemical characteristics. J Antimicrob
Chemother 43: 447-458.

. Delaire M, Labia R, Samama JP, Masson JM (1992) Site-directed mutagenesis

at the active site of Escherichia coli TEM-1 beta-lactamase. Suicide inhibitor-
resistant mutants reveal the role of arginine 244 and methionine 69 in catalysis.

J Biol Chem 267: 20600-20606.

. Imtiaz U, Billings E, Knox JR, Manavathu EK, Lerner SA, et al. (1993)

Inactivation of class A .beta.-lactamases by clavulanic acid: the role of arginine-
244 in a proposed nonconcerted sequence of events. J Am Chem Soc 115:
4435-4442.

Saves I, Burlet-Schiltz O, Swaren P, Lefevre F, Masson JM, et al. (1995) The
asparagine to aspartic acid substitution at position 276 of TEM-35 and TEM-36
is involved in the beta-lactamase resistance to clavulanic acid. J Biol Chem 270:
18240-18245.

Baldwin AJ, Busse K, Simm AM, Jones DD (2008) Expanded molecular
diversity generation during directed evolution by trinucleotide exchange
(TriNEx). Nucleic Acids Res 36: ¢77.

Osuna J, Perez-Blancas A, Soberon X (2002) Improving a circularly permuted
TEM-1 beta-lactamase by directed evolution. Protein Eng 15: 463-470.

. Hecky J, Mueller KM (2005) Structural perturbation and compensation by

directed evolution at physiological temperature leads to thermostabilization of
beta-lactamase. Biochemistry 44: 12640-12654.

. Marciano DC, Pennington JM, Wang X, Wang J, Chen Y, et al. (2008) Genetic

and structural characterization of an L201P global suppressor substitution in
TEM-1 beta-lactamase. ] Mol Biol 384: 151-164.

Albert R, Barabasi A-L (2002) Statistical mechanics of complex networks. Rev
Mod Phys 74: 47-97.

Novais A, Canton R, Coque TM, Moya A, Baquero F, et al. (2008) Mutational
events in cefotaximase extended-spectrum beta-lactamases of the CTX-M-1
cluster involved in ceftazidime resistance. Antimicrob Agents Chemother 52:

2377-2382.

5. Chouchani C, Berlemont R, Masmoudi A, Galleni M, Frere JM, et al. (2006) A

novel extended-spectrum TEM-type beta-lactamase, TEM-138, from Salmo-
nella enterica serovar Infantis. Antimicrob Agents Chemother 50: 3183-3185.
Drawz SM, Bonomo RA (2010) Three Decades of Beta-Lactamase Inhibitors.
Clin Microbiol Rev 23: 160-201.

Delmas J, Robin F, Bittar F, Chanal C, Bonnet R (2005) Unexpected enzyme
TEM-126: role of mutation Aspl79Glu. Antimicrob Agents Chemother 49:
4280-4287.

Blazquez J, Morosini MI, Negri MC, Baquero F (2000) Selection of naturally
occurring extended-spectrum TEM beta-lactamase variants by fluctuating beta-
lactam pressure. Antimicrob Agents Chemother 44: 2182-2184.

Ng PC, Henikoff S (2003) SIFT: Predicting amino acid changes that affect
protein function. Nucleic Acids Res 31: 3812-3814.

Sunyaev S, Ramensky V, Koch I, Lathe W, 3rd, Kondrashov AS, et al. (2001)
Prediction of deleterious human alleles. Hum Mol Genet 10: 591-597.
Lichtarge O, Bourne HR, Cohen FE (1996) An evolutionary trace method
defines binding surfaces common to protein families. ] Mol Biol 257: 342-358.
Shulman Al, Larson C, Mangelsdorf DJ, Ranganathan R (2004) Structural
determinants of allosteric ligand activation in RXR heterodimers. Cell 116:
417-429.

. Lee B-C, Park K, Kim D (2008) Analysis of the residue-residue coevolution

network and the functionally important residues in proteins. Proteins 72:

863-872.

. Chakrabarti S, Panchenko AR (2010) Structural and functional roles of

coevolved sites in proteins. PLoS One 5: e8591.

. Ambler RP, Ambler RP, Coulson AF, Frere JM, Ghuysen JM, et al. (1991) A

standard numbering scheme for the class A beta-lactamases. Philos Trans R Soc
Lond B Biol Sci 276(Pt 1): 269-270.

Wolfram Research I (2008) Mathematica. Champaign, Illinois: Wolfram
Research, Inc.

Yang Z (2007) PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol
Evol 24: 1586-1591.

September 2011 | Volume 7 | Issue 9 | 1002184



68.

69.

76.

77.

78.

Felsenstein J (1993) PHYLIP (Phylogeny Inference Package). Department of
Genetics, University of Washington, Seattle.

Shinkai A, Patel PH, Loeb LA (2001) The conserved active site motif A of
Escherichia coli DNA polymerase I is highly mutable. J Biol Chem 276:
18836-18842.

. Xu Z, Colosimo A, Gruenert DC (2003) Site-directed mutagenesis using the

megaprimer method. Methods Mol Biol 235: 203-207.

. Shinkai A, Loeb LA (2001) In vivo mutagenesis by Escherichia coli DNA

polymerase I. Ile(709) in motif A functions in base selection. J Biol Chem 276:
46759-46764.

. Troll C, Alexander D, Allen J, Marquette J, Camps M (2011) Mutagenesis and

functional selection protocols for directed evolution of proteins in E. coli. J Vis
Exp. pp €2505.

. Knox J (1995) Extended-spectrum and inhibitor-resistant TEM-type beta-

lactamases: mutations, specificity, and three-dimensional structure. Antimicrob
Agents Chemother 39: 2593-2601.

. Jelsch C, Mourey L, Masson JM, Samama JP (1993) Crystal structure of

Escherichia coli TEM1 beta-lactamase at 1.8 A resolution. Proteins 16:

364-383.

. Cantu C, 3rd, Palzkill T (1998) The role of residue 238 of TEM-1 beta-

lactamase in the hydrolysis of extended-spectrum antibiotics. J Biol Chem 273:
26603-26609.

Raquet X, Vanhove M, Lamotte-Brasseur J, Goussard S, Courvalin P, et al.
(1995) Stability of TEM beta-lactamase mutants hydrolyzing third generation
cephalosporins. Proteins 23: 63-72.

Wang X, Minasov G, Shoichet BK (2002) Evolution of an antibiotic resistance
enzyme constrained by stability and activity trade-offs. J] Mol Biol 320: 85-95.
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, et al. (2003) Cytoscape: a
software environment for integrated models of biomolecular interaction
networks. Genome Res 13: 2498-2504.

@ PLoS Computational Biology | www.ploscompbiol.org

20

79.

80.

81.

82.

83.

84.

86.

Network Models of TEM B-Lactamase Mutations

Weinreich DM, Delaney NF, Depristo MA, Hartl DL (2006) Darwinian
evolution can follow only very few mutational paths to fitter proteins. Science
312: 111-114.

Sowek JA, Singer SB, Ohringer S, Malley MF, Dougherty TJ, et al. (1991)
Substitution of lysine at position 104 or 240 of TEM-1pTZ18R beta-lactamase
enhances the effect of serine-164 substitution on hydrolysis or affinity for
cephalosporins and the monobactam aztreonam. Biochemistry 30: 3179-3188.
Poyart C, Mugnier P, Quesne G, Berche P, Trieu-Cuot P (1998) A novel
extended-spectrum TEM-type beta-lactamase (TEM-52) associated with
decreased susceptibility to moxalactam in Klebsiella pneumoniae. Antimicrob
Agents Chemother 42: 108-113.

Raquet X, Lamotte-Brasseur J, Fonze E, Goussard S, Courvalin P, et al. (1994)
TEM beta-lactamase mutants hydrolysing third-generation cephalosporins. A
kinetic and molecular modelling analysis. ] Mol Biol 244: 625-639.

Giakkoupi P, Tzelepi E, Tassios PT, Legakis NJ, Tzouvelekis LS (2000)
Detrimental effect of the combination of R164S with G238S in TEM-1 beta-
lactamase on the extended-spectrum activity conferred by each single mutation.
J Antimicrob Chemother 45: 101-104.

Stec B, Holtz KM, Wojciechowski CL, Kantrowitz ER (2005) Structure of the
wild-type TEM-1 beta-lactamase at 1.55 A and the mutant enzyme Ser70Ala at
2.1 A suggest the mode of noncovalent catalysis for the mutant enzyme. Acta
Crystallogr D Biol Crystallogr 61: 1072-1079.

. Wang X, Minasov G, Shoichet BK (2002) The structural bases of antibiotic

resistance in the clinically derived mutant beta-lactamases TEM-30, TEM-32,
and TEM-34. J Biol Chem 277: 32149-32156.

Meng EC, Pettersen EF, Couch GS, Huang CC, Ferrin TE (2006) Tools for
integrated sequence-structure analysis with UCSF Chimera. BMC' Bioinfor-
matics 7: 339.

September 2011 | Volume 7 | Issue 9 | 1002184



