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Abstract

Understanding the driving forces behind protein evolution requires the ability to correlate the molecular impact of
mutations with organismal fitness. To address this issue, we employ here metallo-3-lactamases as a model system, which
are Zn(ll) dependent enzymes that mediate antibiotic resistance. We present a study of all the possible evolutionary
pathways leading to a metallo-3-lactamase variant optimized by directed evolution. By studying the activity, stability and
Zn(Il) binding capabilities of all mutants in the preferred evolutionary pathways, we show that this local fitness landscape
is strongly conditioned by epistatic interactions arising from the pleiotropic effect of mutations in the different molecular
features of the enzyme. Activity and stability assays in purified enzymes do not provide explanatory power. Instead,
measurement of these molecular features in an environment resembling the native one provides an accurate description
of the observed antibiotic resistance profile. We report that optimization of Zn(ll) binding abilities of metallo-S-lacta-
mases during evolution is more critical than stabilization of the protein to enhance fitness. A global analysis of these
parameters allows us to connect genotype with fitness based on quantitative biochemical and biophysical parameters.
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Introduction

Protein evolution can be described as a walk on sequence
space where a fitness is assigned to each particular sequence,
giving rise to the so-called fitness landscape (Smith 1970).
Each step on the sequence space represents a mutation,
which can exert beneficial, neutral, or deleterious effects on
fitness. This fitness landscape can be smooth with a single
peak, or rugged with multiple peaks and valleys, depending on
the extent of epistatic interactions between mutations
(Romero and Arnold 2009; Carneiro and Hartl 2010).
Epistasis means that the fitness effect of one mutation de-
pends on the presence or absence of another, that is, on the
genetic background where mutations take place. A particular
type of epistasis, known as sign epistasis, does not only
change the magnitude but also the sign of the fitness effect
(Poelwijk et al. 2007). The impact of epistasis in the long-term
fixation of mutations is matter of intense debate, including
a large amount of theoretical analyses (Breen et al. 2012;
McCandlish et al. 2013). Instead, experimental descriptions
of epistasis in local fitness landscapes are scarce, despite being
essential to understand its impact in protein evolution. A
successful approach in this direction is the study of all possible
combinations (2") of a given set of n mutations, known as
combinatorial complete fitness landscape (Weinreich et al.
2013), which helps providing a thorough picture of the multi-
dimensional patterns of epistasis (de Visser et al. 2011).
This strategy has been used for a reduced number of sys-
tems, providing experimental evidence of epistasis in the

following evolutionary models: lysozyme (Malcolm et al.
1990), serine-fB-lactamase TEM (Weinreich et al. 2006), iso-
propylmalate dehydrogenase (Lunzer et al. 2005), sesquiter-
pene synthetase (O'Maille et al. 2008), dihydrofolate
reductase from a malaria parasite (Lozovsky et al. 2009),
and deer mouse hemoglobin (Natarajan et al. 2013).
Moreover, some of these studies have disclosed how sign
epistasis limits the available adaptive pathways to a fitness
optima (Weinreich et al. 2006; Lozovsky et al. 2009; Natarajan
et al. 2013); that is, those that proceed by accumulation of
beneficial mutations.

Protein intragenic epistasis for fitness is thought to arise
because of pleiotropic effects of mutations on different pro-
tein molecular traits or phenotypes. These traits include but
are not limited to: 1) functional phenotypes, such as catalytic
activity for enzymes or binding specificity for a transcription
factor; and 2) native-fold related phenotypes, like thermody-
namic stability and folding, aggregation, and degradation
rates (DePristo et al. 2005). The pleiotropic effects of muta-
tions can be well exemplified in the case of resurrected alco-
hol dehydrogenases from yeast, where mutations changing
one kinetic parameters also changed another, reflecting a
complex interplay (Thomson et al. 2005). The use of
Fisher’s geometry model of evolution (Fisher 1958) as a frame-
work for the analysis of pairwise epistasis has provided infor-
mation about the shape and size of phenotypic space for
different  examples (Weinreich and  Knies  2013).
Nevertheless, only a few studies have been able to provide
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a complete description of the molecular traits affected by
mutations in a combinatorial complete fitness landscape
(Lunzer et al. 2005; Natarajan et al. 2013).

A major challenge to understand the biological mecha-
nisms of adaptation is the attempt to correlate genotype
with phenotype and fitness at a molecular level (Dean and
Thornton 2007). This requires properly addressing the effect
of each mutation on different molecular features, accounting
for the epistatic phenomena and the pleiotropic effects,
which will ultimately determine fitness. Large scale studies
of the distribution of fitness effects in the serine-3-lactamase
TEM (Jacquier et al. 2013; Firnberg et al. 2014) have been
successful in describing the contribution of protein properties
to fitness over a large number of mutations. These high-
throughput approaches, however, only rely on computational
predictions of the thermodynamic stability, due to the diffi-
culties of addressing experimentally this feature over a large
number of mutants. Moreover, these analyses have been fo-
cused mostly in single mutations, not being able to address
the role of epistatic interactions in fitness. Finally, many ele-
gant experimental approaches have addressed the role of
epistasis in protein function without pondering the contribu-
tion of stability (Lunzer et al. 2005 O’'Maille et al. 2008;
Natarajan et al. 2013).

Here, we present a study of the evolutionary pathways
leading to an optimized enzyme obtained by directed molec-
ular evolution, being able to dissect the contribution of four
different mutations, their epistatic interactions and their
pleiotropic effects. The model system here employed is a
metallo-S3-lactamase (MBL), belonging to a family of Zn(ll)-
dependent enzymes, that have recently emerged as a worri-
some problem in the clinical setting (Crowder et al. 2006),
outcompeting serine--lactamases in some cases (Fisher et al.
2005; Walsh et al. 2011; Meini et al. 2014). Serine- 8-lactamases
have been successfully employed as model systems for the
study of protein evolution (Orencia et al. 2007; Sideraki et al.
2001; Wang et al. 2002; Bershtein et al. 2006; Weinreich et al.
2006; Salverda et al. 2011; Gong et al. 2013). MBLs have an
additional constraint for fitness compared to serine-f-lacta-
mases: binding of the Zn(ll) cofactor, which is essential for
substrate recognition and catalysis (Rasia and Vila 2004;
Gonzalez et al. 2012).

We report the existence of strong sign epistasis for
fitness between mutations which influences the available
adaptive pathways to the local optimum. When trying to
dissect the mechanisms underlying the epistatic interactions
in terms of biochemical and biophysical traits, the classical
characterization of kinetics and folding stability of purified
enzymes failed to describe the effects of mutations on fitness.
Instead, quantitation of these features in periplasmic extracts,
that is, under conditions mimicking the native environment
of the MBLs, allowed us to correlate genotype with pheno-
types and fitness. Based on this approach, we provide a
quantitative description of the protein fitness landscape
based on the biochemical (k./Km) and biophysical traits
(stability and Zn(ll) binding affinity) affected by each
mutation.

Results and Discussion

Epistatic Interactions between Mutations Limit the
Number of Adaptive Evolutionary Pathways to a
Local Optimum

We have previously obtained an optimized variant of the MBL
enzyme Bcll from Bacillus cereus by directed molecular evo-
lution, which presents four mutations: G262S, L2505, V112A,
and N70S; GLVN hereafter (fig. 1A) (Tomatis et al. 2005). This
variant was selected after four rounds of mutagenesis and
selection toward increasing concentrations of cephalexin (a
poor wild-type [wt] Bcll substrate, see table 1), giving rise to a
2°-fold increase in the MIC (minimal inhibitory concentra-
tion) with respect to wt-Bcll (Tomatis et al. 2005).

These four mutations can give rise to 2* = 16 possible mu-
tational combinations in the enzyme Bcll. If we assume that
mutations accumulate stepwise, there are 4!=24 possible
pathways to the quadruple mutant. However, if epistatic in-
teractions are present, the probabilities of fixation of each
mutation will be different depending on the genetic context,
giving rise to distinct accessibility for each trajectory in adap-
tive evolution (Weinreich et al. 2006).

We now constructed all the aforementioned 16 possible
mutational combinations and determined their MIC for
cephalexin in Escherichia coli cells. MIC values for each variant
and the possible mutational trajectories upon accumulation
of successive single mutations are shown on figure 1B.
Mutations G262S and L250S are beneficial when acting on
the wt genetic background, because they improve the MIC
value from 32 pg/ml to 128 and 64 pg/ml, respectively. In
contrast, mutation V112A is neutral and N70S is deleterious
on the wt background. A different situation is met when a
second mutation is added: L250S, V112A, and N70S are ben-
eficial in the G262S background, all leading to an MIC value of
256 ig/ml. Although there is no epistasis between mutations
G262S and L2506, a strong positive epistasis is seen for the
cases of G262S/V112A and G262S/N70S. Particularly, in the
case of N70S, the sign of the effect changes in G262S back-
ground, giving rise to sign epistasis. None of the double com-
binations between mutations L250S, V112A, and N70S
(variants LV, LN, and VN) performs better than wt-Bcll. In
the case of the triple mutants, any mutation added to a
double mutant that includes the G262S mutation leads to
MIC values of 512 pg/ml. In contrast, the triple mutant LVN
(harboring all mutations except G262S) is not able to provide
more resistance than the wt enzyme. Therefore, although
mutation L250S is also beneficial in the wt background;
G262S stands out as a gateway for evolution, defining the
preferred pathways. Finally, the four substitutions (variant
GLVN) are required to achieve the maximum level of resis-
tance: 1,024 pg/ml.

Analysis of the MIC values allows us to conclude on the
accessibility of the pathways during adaptive evolution. Half
of the possible pathways (12 out of 24) are interrupted by a
mutation that produces a decrease on MIC (being N70S in
ten cases). These pathways are unlikely to occur under strong
selection pressure, that is, the conditions that led to the
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Fic. 1. Structure of the Bcll variant GLVN and mutational trajectories from wt-Bcll to the evolved mutant GLVN. (A) Representation of the GLVN
variant structure determined by X-ray crystallography (PDB 3FCZ) (Tomatis et al. 2008). Residues from the active site are shown as sticks, Zn(ll) ions as
black spheres and sites of mutations as magenta spheres. (B) Each combination of the four mutations G262S, L2508, V112A, and N70S was constructed
to determine MICs (pig/ml) toward cephalexin conferred to Escherichia coli. The letter coding refers to residues from wt-Bcll to indicate the presence of
each mutation (G stands for G262S, L for L250S, V for V112A, and N for N70S). The single letter coding is used for the protein variant, whereas the two
letter-coding including numbering refers to the mutation. MIC values are sequentially ordered according to increasing number of mutations, from wt to
the GLVN mutant. Arrows indicate whether the mutation added is beneficial (green), neutral (light blue), or deleterious (light purple) in that genetic
background. The circles’ colous indicate whether the variant shows an increment (green), no change (light blue), or a decrease (light purple) in the MIC
value with respect to wt-Bcll. Trajectories including a deleterious mutation are represented by dotted arrows. These are not expected to be successful
under strong selection pressure, that is, the conditions that led to selection of mutant GLVN (Tomatis et al. 2005).

optimized variant GLVN (Tomatis et al. 2005). Among the
other 12 pathways, 8 are most likely to occur because each
step involves a beneficial mutation, 6 of them starting with
G262S.

In addition, we analyzed other clones found in the libraries
selected at high cephalexin concentration (> 512 pig/ml) on
the mentioned directed evolution experiment (Tomatis et al.
2005; supplementary results S1 and table S1, Supplementary
Material online) and found that mutations G262S, V112A,
and N70S are present in all clones with MIC values of
1,024 pig/ml. These clones also harbor other mutations differ-
ent from L250S. Therefore, the genetic background of mutant
GVN allows several mutations to increase the MIC from 512
to 1,024 pug/ml. Consequently, our results demonstrate that
sign epistasis limits the accessible evolutionary pathways to a
local optimum and at the same time gives rise to a favorable
genetic background for the occurrence of other mutations
that diversifies the pathways to alternative optima.

The Catalytic Efficiency of Purified Enzymes Is
Insufficient to Describe the Fitness Landscape
To assess the contribution of the catalytic efficiency to MIC
values, we purified the eight enzyme variants present in the
favored trajectories, that is, those variants including mutation
G262S. All eight mutants showed k.,/Ky values toward
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cephalexin two orders of magnitude higher than wt-Bcll
(fig. 2A and table 1).

We also tested the catalytic efficiency against other
B-lactam antibiotics (penicillin G, imipenem, and cefotaxime).
Despite the fact that none of these substrates was employed
as selection pressure during directed evolution, all variants
showed slightly improved hydrolytic rates (2—4 times) com-
pared with the wt enzyme (table 1). Moreover, some variants
(G, GN, GVN, and GLVN) showed increased k,./K, values by
6-to 20-fold for ceftazidime, which is another poor substrate
of wt-Bcll. In summary, optimization of cephalexin hydrolysis
did not compromise the activity against other substrate but
instead, resulted in an expanded substrate profile.

Mutation G262S alone is responsible for the substantial
improvement in catalytic efficiency toward cephalexin, a
fact that explains the large increment observed in MIC in
the case of variant G (fig. 1B). However, the catalytic efficien-
cies of the other variants do not correlate with the successive
increases on MICs (R®=0.24, fig. 2B), failing to account for
the enhanced resistance observed upon addition of muta-
tions L2505, V112A, and N70S in the G262S context. These
experimental conditions (see supplementary table S2,
Supplementary Material online), however, might not reflect
the scenario in the bacterial periplasm, where S-lactamases
exert their physiological function.

The poor correlation between in vitro and in vivo param-
eters has been already subject of different studies aimed to
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Table 1. Steady-State Kinetic Parameters of wt-Bcll and Its Variants toward Different f-Lactam Antibiotics.

Variant Cephalexin Cefotaxime Ceftazidime Penicillin G Imipenem
kea (5_1)
wt 411 100+ 20 > 25 1,300+ 70 35020
G 260+ 10 400+ 20 > 160 590+ 20 56+t2
GV 260+ 10 354+ 6 ND 1,080+ 20 68+2
GL 340+ 8 490+ 6 ND 1,180+ 30 118+3
GN 350+ 10 236+3 > 100 1,300+ 20 85+2
GLV 340+ 7 40415 ND 1,230+ 30 143+ 4
GLN 2506 32020 ND 980+ 30 86%3
GVN 300+ 10 291+ 4 > 200 1,540 £ 60 73+1
GLVN 360+ 6 3005 > 180 1,380+ 30 94+ 4
Km (1M)
wt 130+ 10 43+ 4 > 1,000 660+ 70 690+ 10
G 140+ 20 54+3 > 1,000 190+ 10 77£9
GV 11020 41+3 ND 210+20 71£9
GL 140+ 10 57+2 ND 22020 716
GN 140+ 10 37£2 > 300 260+ 20 4216
GLV 130+ 10 6615 ND 130+ 10 70+8
GLN 1009 4018 ND 230+ 30 54+7
GVN 120+ 10 52+3 > 400 380+ 50 44+5
GLVN 160+ 10 43+ 4 > 600 290+ 30 76+8

keae/ Ky (M s77)

wt 0.033 + 0.004 23+03 ~0.025 1.9+0.2 0.5+ 0.1
G 1.8+03 74+12 ~0.16 3.0+ 04 0.7+ 0.1
GV 23+04 87+0.8 ND 50103 1.0£0.1
GL 24+02 8.6+ 0.4 ND 5.51+0.5 1.7£0.2
GN 251+0.2 7.5+ 0.6 ~0.30 5.0+ 0.4 2.0+03
GLV 251+0.2 6.1+0.5 ND 9.6+0.9 20+03
GLN 261+03 74+ 1.4 ND 42+05 1.6+03
GVN 251+03 56103 ~0.50 41+£05 1.7£02
GLVN 22401 7.0+ 0.6 ~0.30 47+05 1.2£0.1

Note.—Reactions were carried out in 10 mM Hepes, pH 7.5, 200 mM NaCl, 20 uM ZnSO,, and 0.05 mg/ml bovine serum albumin at 30 °C. The values shown are the average of
at least two independent determinations = standard error. ND, not determined.

A 30- B 1000 R2=0.24
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Fic. 2. Catalytic efficiencies determined with purified enzymes. (A) Catalytic efficiency toward cephalexin (ke/Ky) for wt-Bell and its variants
determined with purified enzymes. (B) MIC values plotted versus k.,./Kn for each variant toward cephalexin.

understand the role of the physiological environment in pro- many cases, measurements performed in vitro differ substan-
tein function and structure (Ghaemmaghami and Oas 2007; tially from those observed in the cellular context, not only
Ignatova and Gierasch 2004; Ignatova et al. 2007; Gierasch because of the crowding effect but also because of nonspecific
2011; Latham and Kay 2012, 2013; Sarkar et al. 2013). In weak interactions with other molecules (Latham and Kay
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2012, 2013; Sarkar et al. 2013). Remarkably, this approach has
not been explored in the study of protein evolution. The
accurate quantitation of catalytic efficiencies within the cell
is not feasible. Instead, we have recently demonstrated the
usefulness of activity measurements in periplasmic extracts as
a better correlate of the native conditions (Gonzalez et al.
2014).

Enzymatic Activities in Periplasmic Extracts Correlate
with MIC Values

We obtained periplasmic extracts of E. coli cells expressing
each of these eight variants (Tomatis et al. 2008). We deter-
mined protein concentration of the enzymes on the periplas-
mic extracts by Western Blot assays employing anti-Bcll
antibodies and internal calibration curves performed with
known quantities of the purified enzymes (fig. 3 and supple-
mentary fig. S1, Supplementary Material online). No signifi-
cant differences in the protein levels of wt-Bcll and the
different variants were found on these extracts (fig. 3B). We
conclude that mutations have not largely affected protein
abundance, and so the differences observed in MIC cannot
be attributed to that trait.

We then determined the enzymatic parameters toward
cephalexin of the different variants in periplasmic extracts
aiming to mimic the native environment. Periplasmic extracts
were diluted in the same buffer employed to study the activity
of purified enzymes, to a similar final protein concentration.
Activity measurements with MBLs are routinely performed
with excess Zn(ll) in the solution and added bovine serum
albumin to avoid non-Michaelian behavior that results from
protein inactivation due to various processes, including en-
hanced Zn(ll) dissociation in the presence of substrate
(Gonzalez et al. 2012). However, we observed that excess
Zn(ll) was not required to ensure Michaelian behavior
during activity assays performed with enzymes in periplasmic
extracts (supplementary fig. S2, Supplementary Material
online). Then, activity measurements in these extracts were
done without Zn(ll) supplementation in order to avoid alter-
ing the metal content of the enzymes. Supplementary
table S2, Supplementary Material online, summarizes the
experimental conditions used in the different activity
measurements.

In this way, we estimated apparent k.. and Ky, values for
the enzymes in the periplasmic extracts (supplementary table
S3, Supplementary Material online) from the Michaelis—
Menten curves. The resulting picture differs from the one
obtained by measuring the activity of purified enzymes.
Again, mutation G262S gives rise to a substantial increment
in activity compared with the wt enzyme (supplementary
table S3, Supplementary Material online), but also the other
accumulating mutations further increase the activity (fig. 4A).
Moreover, MIC values showed a better correlation with
keat/Km app Parameters determined in periplasmic extracts
(R*=0.68) (fig. 4B); in contrast to the poor correlation ob-
served with data from purified enzymes (fig. 2B).

In the case of the serine-3-lactamase TEM-1, it was recently
shown that the effects of mutations impact fitness mostly
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through changes in specific activity rather than perturbing
protein abundance (Firnberg et al. 2014). This could be a
possible scenario for our model, because mutations do not
severely affect protein levels and the purified enzymes activ-
ities after mutation G262S do not show substantial differ-
ences (fig. 2A). Consequently, the discrepancy between
purified enzymes and periplasmic extracts data can only be
attributed to the existence of distinct fractions of active pro-
tein in the native environment. We hypothesized that these
levels of active protein reflect changes in the polypeptide
stability and/or in the Zn(ll) cofactor binding capabilities of
the different variants.

Stability Studies in Periplasmic Extracts Identify a
Compensatory Stabilizing Mutation

A series of elegant studies in the TEM lactamases (Wang et al.
2002), the HIV protease (Parera et al. 2009), an influenza nu-
cleoprotein (Gong et al. 2013), and DNA gyrase B (Blance et al.
2000) have shown that many mutations eliciting a gain of
function are detrimental for the protein stability, therefore
reducing the levels of active protein. These deleterious effects
are ameliorated by the accumulation of compensatory mu-
tations, which increment fitness by stabilizing the polypep-
tide. Thermodynamic stability studies employing purified
proteins have been of great help in identifying compensatory
stabilizing mutations. However, many examples document
the inability of these data to properly account for in vivo
stabilization (Sideraki et al. 2007; Jacquier et al. 2013).

In order to assess the stability of all mutants in a physio-
logically relevant context, we devised an assay to probe the
thermal stability of all variants in periplasmic extracts.
Periplasmic extracts of E. coli cells expressing each of the var-
iants were incubated for a fixed time at increasing tempera-
tures and the remaining lactamase activity was measured. The
thermal inactivation process was irreversible for all variants.
The measured activity values versus the incubation temper-
ature revealed in all cases a sigmoidal behavior that was fit to
obtain apparent melting temperatures (Tp,pp) (table 2 and
supplementary fig. S3, Supplementary Material online). The
parameters obtained showed substantial differences between
some variants. Mutation G262S is clearly detrimental for pro-
tein stability, because it elicits a large decrease in Ty,pp, (from
71°C to 61°C, table 2). Subsequent addition of mutation
V112A to the variant G, instead, increases Tapp t0 66 °C
(table 2) giving rise to the most stable variant, GV. Similarly,
the less stable mutant (GLN, with a Ty, of 54 °C, table 2) is
also stabilized by incorporating mutation V112A. In both
cases, addition of mutation V112A results in a larger MIC
(fig. 1B). V112A behaves as a classical compensatory mutation
(Wang et al. 2002; DePristo et al. 2005), restoring stability in
different genetic backgrounds. Residue A112 is located in a
conserved hydrophobic core in the protein structure, located
ca. 15A far from G262 (fig.1A), suggesting that mutation
V112A could act as a global suppressor able to rescue the
protein stability (Huang and Palzkill 1997; Bershtein et al.
2008). The effect of V112A constitutes an excellent example
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on each band was obtained by densitometry and the response correction factor previously obtained (see supplementary fig. S1, Supplementary
Material online) was applied for each variant. MWM: PageRuler Plus Prestained Protein Ladder, Thermo Scientific. For Coomassie visualization extracts
were further concentrated 4-fold. MWM, molecular weight markers are indicated in the figure. Total protein concentration was determined with Pierce
BCA Protein Assay Kit. (B) Protein abundance in periplasmic extracts. The results are the average of three replicates + standard error. A one way
ANOVA test of this data showed that there is no significant difference between the means concentrations for each variant (P = 0.99).

of the role of stability-mediated long distance epistatic effect

(Lunzer et al. 2010).

In contrast, melting temperatures determined with puri-
fied enzymes do not differ considerably among these variants

(table 3). As a
V112A can onl

result, the compensatory role of mutation
y be identified by measurements performed

in periplasmic extracts. This fact could be attributed to the
destabilizing effect of nonspecific weak interactions in the
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Fic. 4. Catalytic efficiencies determined with periplasmic extracts (A) Catalytic efficiency toward cephalexin (k.../Km apparent values) for wt-Bcll and its
variants determined with periplasmic extracts. (B) MIC values plotted versus k.,./Ky apparent values determined with periplasmic extracts for each

variant toward cephalexin.

Table 2. Ty,,, Values Obtained from
Thermostability Curves Followed by Activity
with Periplasmic Extracts of wt-Bcll and Its

Variants.

Variant Trapp (°C)
wt-Bcll 70.7+0.5
G 60.8+ 0.6
GL 59+2
GV 65.7+ 0.4
GN 6012
GVL 58+ 1
GLN 54.11+09
GVN 6241
GLVN 6241

NOTE—Tjapp Values shown are the average of at least
three experiments performed with independent periplas-
mic extracts=+ the standard error.

Table 3. Comparison of Ty, Values Obtained from Thermostability
Curves Monitored by Different Methods.

Tmapp (°C)

Method Activity in Activity of Circular
Variant Periplasmic Purified Dichroism

Extracts Enzymes at 220 nm
G 60.8+ 0.6 66.4+0.2 65.6+0.9
GV 65.7 £ 0.4 682+ 0.4 67.9+0.2
GLN 54.1+09 63.6+ 0.6 64.11+0.2
GLVN 62+1 63.9+0.1 649403

periplasm (Sarkar et al. 2013), and highlight the importance of
testing protein stability in native-like environments.
Moreover, the irreversibility of the assays point out that pro-
tein inactivation in the periplasmic extracts is governed by
kinetic, instead of thermodynamic factors. Kinetic stability
describes more accurately the protein behavior in a dynamic
and crowded cellular medium, where stability is affected
mostly by irreversible processes like degradation and aggrega-
tion (Sanchez-Ruiz 2010).
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The role of mutations N70S and L250S in protein stability,
however, is not evident. These mutations, when operative on
the G262S genetic background, elicit MIC enhancements as
high as the one induced by V112A (fig. 1B) which cannot be
attributed to stabilizing effects, based on the Ty,pp, values
(table 2). We conclude that protein stability is not a major
factor in describing the fitness increments in all the favored
trajectories. However, it is remarkable that the identification
of a compensatory stabilizing mutation which explains the
epistatic interaction between mutations G262S and V112A
could only be accomplished by means of stability measure-
ments in periplasmic extracts.

Cofactor Binding Capabilities Are Selected During
Evolution

MBL-mediated resistance to S-lactam antibiotics requires
binding of two equivalents of the Zn(ll) cofactor in the
active site, which is essential for substrate binding and catal-
ysis (Rasia and Vila 2004; Tioni et al. 2008; Tomatis et al. 2008;
Gonzalez et al. 2012). In MBLs, Zn(ll) binding takes place in
the periplasmic space after translocation of the polypeptide
and processing of the signal peptide (Moran-Barrio et al.
2009). Escherichia coli is capable of sequestering Zn(ll) from
the external medium to maintain Zn(ll) levels in the cyto-
plasm even at stringent conditions (Outten and O’Halloran
2001). In the periplasmic space, instead, there is a strong
competition for Zn(ll) uptake among proteins present in
this compartment (Ma et al. 2009) and available Zn(ll) de-
pends mostly on the Zn(ll) concentration in the external
milieu (Hu et al. 2008). In the case of pathogenic bacteria,
Zn(I) availability is highly limited in the course of host infec-
tion because the host elicits a response, known as “nutritional
immunity,” during which Zn(ll) is sequestered by the protein
calprotectin (Kehl-Fie et al. 2011; Brophy et al. 2012).
Consequently, Zn(ll) binding is crucial for in vivo activation
of MBLs.

MBL mutants with low Zn(ll) binding affinities give rise to
MIC values highly dependent on the Zn(ll) concentration in
the environment (Gonzalez JM, et al. 2012; Gonzalez LJ, et al.
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Table 4. MIC Values for Cephalexin in Growth Medium with
Different Zn(ll) Awvailability for Escherichia coli Cells Expressing wt-
Bcll or Bcll Variants.

Table 5. Macroscopic  Zn(ll) Dissociation ~ Constants  (Kgs)
Determined for the Different Bcll Variants by Competition
Experiments with the Colorimentric Chelator PAR.

MIC (ug/ml)

E coli + LB + EDTA LB (15uM LB + ZnSO,
pKP- 5uM Zn(Il)) 500 M
— 16 16 16
wt-Bcll 16 32 64
G 32 128 512
GL 64 256 1,024
GV 256 256 1,024
GN 256 256 1,024
GLN 512 512 1,024
GLV 512 512 1,024
GVN 512 512 1,024
GLVN 1,024 1,024 1,024

Note.—The MICs assays were performed on LB-agar plates containing: EDTA 5uM,
no supplementation and supplemented with ZnSO4 500 LM.

2014). Therefore, the effect of Zn(ll) availability on the MIC
values can be exploited as a bona fide indicator of the in vivo
Zn(I1) binding capabilities of different MBL variants. We de-
termined the effect of Zn(ll) availability on antibiotic resis-
tance by measuring cephalexin MIC values for all variants
upon addition of the metal chelator ethylenediaminetetra-
acetic acid (EDTA) or excess Zn(ll) (500 uM) to the Luria-
Bertani (LB) growth medium (table 4). It is worth mentioning
that the variant GLVN was obtained after selection on LB
growth medium, which has a Zn(ll) concentration of 15 M.

Antibiotic resistance of cells expressing wt-Bcll is sensitive
to Zn(ll) availability, with MIC values varying between 16 and
64 1g/ml. This sensitivity increases markedly in variant G,
whose MICs values span from 32 pg/ml (in the presence of
EDTA) to 512 pug/ml (in excess Zn(ll)), and decreases as the
other three mutations accumulate (table 4). Indeed, the qua-
druple mutant GLVN is insensitive to changes in the Zn(ll)
levels, being able to confer a MIC value of 1,024 pg/ml for
cephalexin even in the presence of EDTA. These results sug-
gest that these mutations tune the Zn(ll) binding affinity of
the different variants.

We measured the macroscopic Zn(ll) dissociation constant
of the two Zn(ll) binding events (K4, and Kg,) of all five
purified variants involved in one of the favored pathways
(G-N-GN-GVN-GLVN) by competition binding experiments
with the chromogenic chelator 4 -(2-pyridylazo)resorcinol
(PAR; table 5 and supplementary fig. S4, Supplementary
Material online), as previously reported by us (Gonzalez
et al. 2012). Mutations specifically affect the second Zn(ll)
binding event (Kg,), which gives rise to the active di-Zn(Il)
enzyme. Mutation G262S impairs the Zn(ll) binding affinity of
the wt enzyme, as reflected by a 20-fold increase in Ky, in
variant G. The addition of mutation N70S on the G262S back-
ground, instead, restores a high Zn(ll) binding affinity (variant
GN). In contrast, mutation N70S in a wt background does not
alter the cofactor affinity (variant N). This pattern parallels the
behavior observed in the resistance profile: MIC values of
variant G shows a higher sensitivity to Zn(ll) availability

Ka1 (nM) K2 (nM)
Bcll-wt® <5 9+ 4
G 411 180+ 50
N <1 942
GN <0.7 2345
GVN 241 10+£2
GLVN <2 26t5

*From (Gonzalez et al. 2012).

than wt-Bcll, which is rescued by addition of mutation
N70S (table 4). These results allow us to explain the sign
epistasis observed between G262S and N70S by the beneficial
effect of G262S on catalytic efficiency toward cephalexin but
impaired Zn(ll) binding affinity and the restoring effect on
Zn(ll) binding affinity of N70S mutation in G262S context.

We then measured the activity against cephalexin with
periplasmic extracts at various Zn(ll) concentration (supple-
mentary fig. S5, Supplementary Material online). These values
increase with added Zn(ll), reaching a plateu at 1-20 pM
Zn(ll) (supplementary fig. S5, Supplementary Material
online). However, each enzyme variant shows a different be-
havior. The activity of variant G displays a strong dependence
on the Zn(ll) concentration in comparison to wt-Bcll, and
mutants GV, GL, and GLV present a similar behavior. On the
other hand, all variants harboring mutation N70S (GN, GLN,
GVN, and GLVN) are less sensitive to Zn(ll) availability. These
results are in agreement with the Zn(ll) dissociation constants
of the purified enzymes, confirming the detrimental effect of
G262S mutations on Zn(ll) binding affinity and the compen-
satory role of N70S. Also, these experiments shed light into
the good correlation found in the activity values measured
with periplasmic extracts and MICs (fig. 4), because activity
measurements without extra Zn(ll) added (i.e,, before reach-
ing the plateu) do more properly reflects the native metalla-
tion state on the periplasma in a nonsupplemented growth
medium.

We also tested the effect of Zn(ll) availability on the MIC
toward other two B-lactams: cefotaxime and ceftazidime
(supplementary table S4, Supplementary Material online).
We found that the impact of these mutations on Zn(ll) de-
pendence behavior show the same trend when the variants
are challenged against different substrates. However, the
quantitative effect is substrate-dependent, providing a differ-
ent landscape for selection. For example, though activity
against cefotaxime is increased 4-fold by G262S mutation
(table 1) it produces a decrease on MIC against cefotaxime
from 16 to 2 pg/ml. MIC against this drug is restored by the
other mutations or by excess Zn(ll) (supplementary table S4,
Supplementary Material online). In contrast to the scenario
described for cephalexin, mutation G262S would not have
been selected against cefotaxime during a directed molecular
evolution experiment without the presence of compensatory
mutations.
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Overall, these results highlight the pervasive role of Zn(ll)
binding affinity in defining the fitness landscape of MBLs,
which includes strong epistasis between mutations deriving
from pleiotropic effects on catalytic parameters and Zn(ll)
binding affinity.

Quantitative Description of Fitness in Terms of
Enzyme Biochemical and Biophysical Features

We modeled the quantitative effect of the molecular features
analyzed in shaping organismal fitness. Given that purified
enzyme activities do not correlate with the trends in MIC,
while measurements performed with periplasmic extracts do,
we tested how the analyzed molecular features stability and
Zn(I1) binding affinity, could account for these differences. We
assumed that MIC values are proportional to the catalytic
efficiency of the purified enzymes and the amount of active
enzyme in the periplasmic space, [Eyc¢]peri:

MIC o catalytic efficiency X [Eact]per (1)

where [E,Jperi depends on the fractions of correctly folded
protein and metallated protein. We defined two empiric fac-
tors that account for the effects of mutations on these two
traits:

Stability factor = Tmapp™ "/ Trvapp " 2

Zn factor = MICEDTA/MICZn(II) (3)

Zn factor globally includes the effects observed on Ky, and
activity dependence on Zn(ll) availability, as described in the
previous section.

Then, [E,cc]peri O¢ stability factor x Zn factor, which leads
to the following equation:

MIC o catalytic efficiency x stability factor x Zn factor  (4)

When catalytic efficiencies of the purified enzymes are
weighed only by the stability factor, the correlation with
MIC values does not improve (R>=0.23, fig. 5A). Instead,
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catalytic efficiencies scaled by the Zn factor elicit an excellent
correlation (R” = 0.94, fig. 5B). It is evident that the impact of
Zn(I1) availability in resistance decreases as mutations accu-
mulate in the favored trajectories (table 4), providing a quan-
titative basis for the role of this factor in the fitness landscape.

Conclusions

The reconstruction of combinatorial complete fitness land-
scapes provides experimental clues to answer fundamental
questions on protein evolution (Weinreich et al. 2013). We
have used an in vitro evolved MBL as a model to study protein
evolution. This system motivated attention to cofactor bind-
ing, an additional dimension to protein activity and stability in
our understanding of enzyme evolution. Despite the resulting
larger complexity, inclusion of the Zn(ll) binding affinity as a
biochemical and biophysical trait is essential to properly de-
scribe the fitness landscape.

This work reports strong sign epistatic interactions delin-
eating the adaptive pathways of MBLs, in agreement with
experimental studies in other model systems (Weinreich
et al. 2006; Lozovsky et al. 2009; Natarajan et al. 2013).
More importantly, these experiments provide a quantitative
framework for the contention that epistasis for fitness derives
from pleiotropic mutational effects simultaneously improving
one trait while degrading another (DePristo et al. 2005).

The key mutation involved in the interactions with strong
sign epistasis, G262S, is responsible for a large increment in the
catalytic efficiency, but is detrimental for the enzyme stability
and Zn(ll) binding affinity. Although we found a stabilizing
compensatory mutation (V112A), the polypeptide stability
does not globally contribute to explain the changes on MIC
upon mutations. Instead, optimization of Zn(ll) binding in the
periplasm stands as the major component shaping fitness for
enzymes with similar catalytic efficiencies. This occurs since
mutation N70S on G262S background compensates for the
impaired Zn(ll) binding affinity, as demonstrated by Ky
determinations.

We also report the successful use of activity and stability
measurements in periplasmic extracts. Stability data obtained
with periplasmic extracts show the advantage of this
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approach, which provides a strategy for medium-to-high
throughput screening as an experimental alternative to com-
putational predictions on stability in systems with a large
number of mutants. Moreover, our data strongly support
that the different models of protein evolution should consider
kinetic stability in addition to thermodynamic stability for
fitness (DePristo et al. 2005). More work in this direction in
different systems is clearly needed.

In contrast to activity parameters obtained with purified
enzymes, catalytic efficiencies measured with periplasmic ex-
tracts show a very good correlation with MIC values. This
occurs since in periplasmic extracts the original metallation
state is conserved, and provided that Zn(ll) is not added to
saturation during activity measurements, these are more rep-
resentative of the enzyme behavior in vivo. In fact, we could
weigh the catalytic efficiencies of purified enzymes by consid-
ering the Zn(ll) binding contribution, obtaining a great
improvement in their correlation with MICs. Then, the differ-
ences between purified enzymes and periplasmic extracts
catalytic efficiencies can be attributed to distinct fractions
of active protein in the periplasm. Overall, we conclude
that considering biophysical and biochemical factors report-
ing on the natural environment of the protein allowed us to
bridge the gap between in vivo and in vitro results. We foresee
that this approach could be exploited to study protein evo-
lution in other systems.

Materials and Methods

Site-Directed Mutagenesis and Plasmids Construction

The different variants with each mutational combination
(which are indicated by the original amino acid on wt-Bcll)
were constructed by site-directed mutagenesis. This was per-
formed by amplification of the entire plasmid using two
mutagenic primers and selecting by Dpnl digestion. Primers
used were 5'-GGTCTACATCGATTGAGAATGTGTCGAAGCG
ATATAGAAATATAAATGC-3" and 5'-GCATTTATATTTCTAT
ATCGCTTCGACACATTCTCAATCGATGTAGACC-3 for
L250S mutation (the codon is underlined and the mutation
is in bold), 5'-GCGTAACGGATGCCATTATTACACATGCGCA
TGCTGATCGAATTGG-3'and 5'-CCAATTCGATCAGCATGCG
CATGTGTAATAATGGCATCCGTTACGC-3 for V112A muta-
tion and the introduction of Sphl restriction site (the codons
and the restriction site are underlined and the mutations are
in bold). The plasmid pKP (Tomatis et al. 2005) containing the
wt bcll gene or the mutant bcll gene with mutations G262S
(variant G), N70S (variant N), or G2625/N70S (variant GN)
were used as template to add mutation V112A in order to
obtain the genes with the following mutations: V112A (var-
iant V), G262S/V112A (variant GV), V112A/N70S (variant
VN), G262S/V112A/N70S (variant GVN).

Plasmids pKP containing the wt or the mutant bcll gene of
variants G, V, N, GV, GN, and VN were used as templates to
add the mutation L250S in order to obtain the genes with
mutations: L250S (variant L), G262S/L250S (variant GL),
L250S/V112A (variant LV), L250S/N70S (variant LN), G262S/
L250S/V112A (variant GLV), G262S/L250S/N70S (variant
GLN), and L250S/V112A/N70S (variant LVN).

PCR reactions were performed on a Perkin Elmer Gene
Amp PCR System 2400 equipment, with 100 p reaction mix-
tures containing 0.3 mM of each dNTP, 0.2 nmol/pl of each
primer, MgSO,4 1 mM, 400 ng of the plasmid used as template,
10 pl of the 10x buffer provided with the polymerase, and 2
U of Pfx Platinum DNA polymerase (Invitrogen). After an
initial step of 30s at 95°C, 18 cycles of the following steps
were performed: 30s at 95 °C, 1 min at 55 °C, 5 min at 68 °C
followed by a final extension step of 5 min at 68 °C. Template
plasmid was digested by the addition of 1 U of Dpnl and
incubation Th at 37°C and the reaction mixture was then
transformed on E. coli JM109 cells. The presence of the desired
mutations on the DNA plasmid preparation from recovered
transformants was corroborated by sequencing (University of
Maine Sequencing Facility).

The fragment from the coding region of bcll gene was cut
with BamHI and Xhol and ligated back into pKP plasmid lac
or pET-term plasmid. pKP plasmid was used for MIC assays
(Tomatis et al. 2005). It contains a promoter for isopropyl
B-D-galactopyranoside (IPTG) induction, a leader sequence
pelB from pectate lyase in order to target the corresponding
enzymes to the periplasm and a kanamycin resistance cas-
sette. pET-Term plasmid was used for overexpression
(Llarrull, Fabiane, et al. 2007). It contains the complete
gene sequence of mature Bcll protein as an N-terminal
fusion to glutathione-S-transferase (GST) from Schistosoma
japonicas and the terminator sequence of bcll gene. The
induction is under control of T7-promoter and the selection
is performed with ampicillin. All plasmids sequences used in
this work were checked by restriction patterns and DNA
sequencing.

Minimal Inhibitory Concentrations

The MICs for cephalexin, cefotaxime, and ceftazidime
were determined by the agar dilution method on LB
medium. E. coli XL1-Blue cells were transformed with pKP
plasmid (negative control), or pKP containing the wt bcll
gene or each of the mutant variants, linked to the leader
sequence pelB from pectate lyase. Single colonies from each
transformation were grown in liquid media overnight (LB
with 50 pg/ml kanamycin) at 37 °C with shaking. The satu-
rated cultures were diluted 100 times into fresh media,
grown to Optical Density (OD)sgo nm ~ 0.5, adjusted to
ODg¢go nm =0.01, and inoculated with a multiple inoculator
with 3-mm inoculating pins on selective media LB agar with
50 pg/ml kanamycin, 0.5 mM IPTG, and variable amounts
cephalexin, cefotaxime, or ceftazidime. Alternatively, to deter-
mine the influence of Zn(ll) availability to MICs, they were
determined on LB-medium supplemented with 500 M
ZnSO, or with 5 M EDTA added.

Plates were incubated overnight at 37°C and the MICs
were determined form at least three independent experi-
ments. For correlations, we employed the average for the
MICs values with their standard error. For tables and figures,
the number corresponding to the upper limit was employed
to follow the conventional 2-fold dilution series scale.
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Protein Expression, Purification, and Sample
Preparation

The enzymes wt-Bcll and the eight variants of interest (G, GV,
GL, GN, GLV, GLN, GVN, GLVN) were expressed using the
pET-Term expression vector fused at their N-terminal to GST
on the cytoplasm of E. coli BL21(DE3)pLysS cells. Induction of
expression and purification was performed following the pro-
tocol for wt-Bcll (Llarrull, Fabiane, et al. 2007). Briefly, over-
expression induction was performed at 37°C for 4h by
addition of IPTG 5mM. Cells were harvested and resus-
pended on MTPBS buffer. After cell disruption and ultracen-
trifugation, the fusion protein GST-Bcll was isolated from the
crude extract by affinity chromatography employing a glu-
tathione-agarose resine. After that, the fusion was cleaved by
thrombin and Bcll was isolated from GST by ion exchange
chromatography using CM-sepharose resin. All the purifica-
tion steps were performed at 4°C, except thrombin treat-
ment that was performed at 26 °C.

Some modifications were necessary because induction of
protein overexpression at 37 °C gave rise to unstable and
poorly metallated preparations for some of the variants
(G, GVN, GLN). In the case of the triple variant GLN, most
of the protein was found in the insoluble fractions. Milder
induction conditions (20°C for 16 h) and supplementation
with Zn(ll) (by adding 500 LM ZnSO, to the LB medium)
gave rise to reproducible and stable protein samples, with
acceptable Zn(ll) content (1.4-1.8 Zn(ll) equivalent
per protein molecule) and protein yields (10-15mg
protein/I of culture). In the case of the GLN mutant, these
conditions allowed us to obtain sufficient amounts of
soluble protein after cells disruption.

Protein samples were quantified spectrophotometrically,
using a molar extinction coefficient of 30,500M™'cm ™'
(Llarrull, Fabiane, et al. 2007), and their purity was checked
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE).

Determination of the Zn(ll) content was performed under
denaturing conditions using the colorimetric metal chelator
PAR as previously described (Fast et al. 2001).

Circular Dichroism spectroscopy was used to test the
global folding state of proteins. CD spectrums were per-
formed at the far-UV (200-250nm) and near UV (250-
330 nm) on a Jasco J-810 spectropolarimeter with quartz cuv-
ettes of 0.1 and 1cm and enzyme concentration of 10 uM
and 30 [LM respectively, buffer Hepes 10 mM, NaCl 200 mM,
pH 7.5, at a constant temperature of 25°C. As none of
the mutations involved aromatic residues, the near UV spec-
trum represents a fingerprint of the global fold. All variants
showed spectra similar to those of wt-Bcll, both in the near
and far UV (supplementary fig. S6, Supplementary Material
online).

Steady-State Kinetic Measurements

Kinetic parameters were determined spectrophotometrically
using a Jasco V-680 spectrophotometer following initial reac-
tion rates at different substrate concentrations. To estimate
the antibiotic hydrolysis the following differential molar
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extinction coefficients were used: cephalexin, Aé&,g5nm =
—7800M 'em™'; cefotaxime, A€y nm=—7500M "
cm™; ceftazidime Ag,g, nm=—9000M~"'cm™; imipenem,
A€300 nm = —9000M ™ 'em ™ and Penicillin G,
A&y350m=—775 M~ 'em™". Reaction medium was 10 mM
Hepes pH 7.5, 200 mM NaCl, 20 uM ZnSO,, and 0.05 mg/ml
bovine serum albumin at 30 °C.

The plots of the dependence of initial rates on substrate
concentration were fitted to the Michaelis—Menten equation
using SigmaPlot 8.0. Reported kinetic parameters correspond
to the average of at least two determinations with indepen-
dent protein samples. The k., values were corrected by the
Zn(ll) content of the protein samples as previously described
(Llarrull, Tioni, et al. 2007). Antibiotics were purchased from
SIGMA, with the exception of imipenem and ceftazidime
(USP Pharmacopeia). All of them had a purity > 95%.

Periplasmic Extracts

Periplasmic extracts were prepared as previously described
(Tomatis et al. 2008; Gonzalez et al. 2012). Briefly, 5ml of
induced cell culture expressing wt-Bcll or Bcll variants at
ODgoonm = 1 were washed in 30 mM Tris-HCl, 20 % sucrose
buffer (pH 8.0), and then were subjected to osmotic shock
with 2 ml of ice-cold 5 mM MgSO,. Considering an average
cell volume of Tum?® and that the periplasm represent
between 20% and 40% of this volume (Stock et al. 1977),
the periplasmic components are diluted ca.1,500-fold on
the periplasmic extract assuming a 100% efficiency of the
extraction method. These extracts were concentrated 5-fold
with Amicon Ultra centrifugal filters MWCO10 kDa and total
protein concentration was determined employing Pierce BCA
Protein Assay Kit.

SDS—-PAGE and Western Blot Assays

From the 5-fold concentrated periplasmic extracts, dilutions
were adjusted to load the same protein amount (2.3 ig) on
each line of SDS-PAGE 14%. PageRuler Plus Prestained
Protein Ladder, Thermo Scientific was employed as molecular
weight marker for Western Blots assays. The proteins were
transferred to a nitrocellulose membrane and the Bcll pro-
teins were identified by rabbit polyclonal antibodies against
Bcll as described previously (Gonzalez et al. 2012). In addition,
calibration curves were performed with known quantities of
purified enzymes in order to evaluate the response of rabbit
polyclonal antibodies against wt-Bcll for the different variants.
Enzyme quantity on each band was obtained by densitometry
using GealAnalizer software. Linear response was generally
found in the range 0-60ng. In each case response toward
the variant was compared with response toward wt-Bcll in
the same Western Blot assay. In this way a “correction factor”
= wt response/variant response was obtained for each variant,
that was later applied to quantified each variant in periplas-
mic extracts employing an internal wt-Bcll calibration curve.
The enzyme concentrations on the periplasmic extracts were
estimated by densitometry from the corresponding Western
Blot band employing an internal wt-Bcll calibration curve and
the response factors previously determined for each variant.
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The results are the average of three replicates + standard
error. After confirming a normal distribution of the residues
and equality of variances, a one way analysis of variance
(ANOVA) test showed that there is no significant difference
between the means concentrations for each variant (P = 0.99).
These tests were performed with MatLab R2008a software.

Determination of Zn(ll) Content by Inductively
Coupled Plasma-Mass Spectrometry

In order to determine the total Zn(ll) concentration on peri-
plasmic extracts, 0.5 ml of periplasmic extract (at a concen-
tration between 80 and 100ng/pl of total protein as
determined by Pierce BCA Protein Assay Kit) was added to
4.5 ml of 2% nitric acid subboiling quality and ultrapure water.
Then, they were injected into the inductively coupled plasma
mass spectrometry (ICP-MS) instrument (Agilent 7500 cx).
The same procedure was follow with the periplasmic extrac-
tion solution (MgSO, 5 mM), the buffers employed for activ-
ity measurements (Hepes 10mM, NaCl 02M, pH 7.5)
untreated and treated with CHELEX-100 to remove Zn(ll)
traces, and with the LB growth medium. Results are shown
on supplementary table S5, Supplementary Material online.
These measurements were performed by the ISIDSA service of
the Universidad Nacional de Cordoba, Argentina.

Steady-State Kinetic Measurements Performed with
Periplasmic Extracts

Initial reaction rates of cephalexin hydrolysis were determined
spectrophotometrically at various substrate concentrations
employing aliquots from periplasmic extracts of E. coli XL1-
Blue cells containing wt-Bcll or each of the mutant variants.
The periplasmic extracts were diluted between 20 and 30
times to obtain final enzyme concentrations on the cuvette
between 0.9 and 2nM (the range usually employed with
purified enzymes). Reaction was performed on 10mM
Hepes pH 7.5, 200mM NaCl at 30°C. As determined by
ICP-MS (see supplementary table S5, Supplementary
Material online), the Zn(ll) concentration on this buffer solu-
tion was 0.16 UM and the maximum extra Zn(ll) carried from
the periplasmic extract was 0.015 LM.

The plots of the dependence of initial rates on substrate
concentration were fitted to the Michaelis—Menten equation
using SigmaPlot 8.0.This was repeated at least two times for
each variant.

Activity Dependence on Reaction Medium Zn(ll)
Concentration Measured with Periplasmic Extracts

Reactions were carried out on buffer Hepes 10 mM, NaCl
0.2 M, pH 7.5. First, this solution was extensively stirred with
CHELEX-100 in order to remove remaining Zn(ll). Then,
known quantities of Zn(ll) were added from an Standard
Spectroscopy Solution of ZnCl, (SIGMA). As determined by
ICP-MS, the concentration of Zn(Il) on the untreated buffer
was 0.164+0.01puM and <0.02 uM after treatment with
CHELEX-100.

Vimax app Values were measured at a cephalexin concentra-
tion of 400 WM. Final enzyme concentrations on the cuvette

were between 0.9 and 2nM. For comparison of absolute
activities, each Vi, 5pp Was divided by the estimated protein
concentration (Vmax app/[E])- In order to compare the depen-
dence of activity on Zn(ll) concentration independently of
the activity magnitude, each Vi, app Was divided by V oy app
at a concentration of added [ZnCl,]= 0.

Stability Measurements Performed with Periplasmic
Extracts

Aliquots of periplasmic extracts from E. coli XL1-Blue cells
transformed with pKP containing the wt bcll gene or each
of the eight variants of interest were incubated for five min-
utes at a fixed temperature between 30°C and 80°C and
then diluted on the cuvette to measure initial rates as
described in the previous section at 30°C. This was per-
formed with cephalexin in all cases, except for wt-Bcll, for
which cefotaxime was used (also some curves corresponding
to the variants were repeated with cefotaxime and confirmed
that they are superimposable to the curves perfomed with
cephalexin).

The initial rates from samples incubated at each tempera-
ture were divided by the rate corresponding to same sample
incubated on ice. In each case, the points were fit to a four
parameter sigmoid function with SigmaPlot 8.0 to obtain the
apparent transition temperature (Tpmapp)- These curves were
repeated with at least three independent periplasmic
preparations.

Stability Measurements Performed by CD
Spectroscopy and Activity

Aliquots of purified protein of variants G, GV, GLV, and GLVN
(at a concentration of 10 tM on Buffer Hepes 10 mM, NaCl
0.2 M, pH 7.5) were incubated for 5min at a fixed tempera-
ture between 30 °C and 80 °C and then the circular dichroism
spectrum was performed at the far-UV region (200-250 nm).
The signal at 220 nm was plot against incubation tempera-
ture. The same samples were employed to monitor the resi-
dual activity and plot it versus incubation temperatures.
Reaction medium was 10 MM Hepes pH 7.5, 200 mM NaCl,
20 uM ZnSO,, and 0.05 mg/ml bovine serum albumin at 30
°C. In each case, the points were fit to a four parameter
sigmoid function with SigmaPlot 8.0 to obtain the apparent
transition temperatures (Tp,pp)- These curves were repeated
with at least two independent preparations.

Zn (I1) Binding Affinities Measured by Competition
with PAR

Zn(I1) binding affinity for Bcll mutants G, N, GN, GVN, and
GLVN was determined by competition experiments with the
chelator PAR as previously described by us (Gonzalez et al.
2012).

Supplementary Material

Supplementary file S1 is available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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